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Abstract

Hair Cell Regeneration in the Cristae of the Mouse Vestibular System

Amber D. Slowik

Chair of the Supervisory Committee:
Professor Olivia Bermingham-McDonogh
Department of Biological Structure
The sensory modalities of hearing and balance are mediated by the six sensory organs

of the inner ear that are each comprised of the same two main cell types, support cells and
mechanosensory hair cells. Loss of the sensory hair cells from these organs causes
permanent hearing loss and/or balance disorders, as there is currently no therapeutic
treatment for hair cell loss. In developing organs, hair cells can be generated through the
transdifferentiation of support cells caused by inhibition of the Notch signaling pathway,
which is normally required to determine and maintain the precise ratio of hair cells and
support cells through lateral inhibition. Although the efficacy of this method declines as the
organs mature and Notch signaling is downregulated, previous research has shown that the
Notch downstream effector, Hes5, is present in the adult cristae, suggesting that Notch
signaling may be active and that the cristae of the adult mouse may retain some regenerative
ability. In this dissertation, I tested this hypothesis and showed that Notch signaling is active
in the peripheral region of the adult cristae and, using hair cell counts and lineage tracing,

that supernumerary hair cells can be generated through inhibition of Notch signaling 7 vitro.



Further, through an analysis of the spatial distribution of hair cell birth in the developing
cristae, I showed that there is a correlation between the regions that maintain regenerative
competence in the adult and the last regions to exit the cell cycle. In addition, to aid future
regenerative studies, I identified a new support cell marker that can be used to lineage trace
support cells and have used this marker to characterize spontaneous hair cell regeneration in
the adult cristae 7z vivo. I also created standard protocols for lesioning hair cells 7z vivo in two
common mouse strains using the known ototoxin 3,3’-Iminodipropionitrile (IDPN) and for
quantifiably assaying vestibular behavior in mice with varying degrees of hair cell lesion.
Together, this work establishes the previously uncharacterized mouse cristae as an additional
model for studying the mechanisms of hair cell regeneration and provides some of the tools

necessary for future studies.
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CHAPTER ONE

INTRODUCTION

Modified and expanded from
Slowik and Bermingham-McDonogh (2013b)



11 THE INNER EAR

The mammalian inner ear is composed of six distinct sensory organs that contribute
to the sensory modalities of hearing and balance (Figure 1.1A, Supplemental Movie 1.1). The
cochlea, containing the sensory organ of Corti, is the only organ of the auditory system
(Figure 1.1B, blue), while the vestibular system contains two distinct types of sensory organs,
the cristac ampullaris (Figure 1.1B, orange) and the maculae, including the utricular macula
and the saccular macula (Figure 1.1B, green). All of the inner ear organs are designed to
respond to different types of sensory stimuli and are otherwise fairly similar at the cellular
and mechanistic levels. Each organ is comprised of two main cell types that are derived from

the same progenitor lineage (Fekete, ¢f al, 1998, Jiang, ¢f al, 2013). The mechanosensory hair
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Figure 1.1 The inner ear. A) Immunolabeling for Sox2 in an intact E15.5 inner ear shows the
location of the sensory organs. .C — lateral crista, AC- anterior crista, PC — posterior crista, U —
utricle, S — saccule, OC — organ of Corti. B) A color coded model of the position of the Sox2-
labeled sensory organs shown in A created by 3-dimensionally rendering tracings of the Sox2
regions in the individual confocal slices. In each of the inner ear organs, hair cells (orange) are
arranged above the support cell layer (green). In the organ of Corti, the hair cells and support
cells are highly specialized with obvious functional and morphological differences. In the
vestibular system, these differences are not as pronounced. IHC — inner hair cell, OHC — outer
hair cell, IP — inner phalangeal cell, PC — pillar cell, OP — outer phalangeal cell (Deiters’ cell).



cells (Figure 1.1B, orange cells) transduce hearing and balance information through actin-
rich stereocilia located on their apical surface. Non-selective mechanosensitive ion channels
located at the tips of the stereocilia open in response to direction-specific deflections of the
stereocilia allowing for a rapid influx of ions, mainly potassium and calcium, into the cell.
This influx causes the cell to depolarize and ultimately results in the release of the
neurotransmitter glutamate and the subsequent firing of the neurons in either the spiral
ganglion of the auditory system or Scarpa’s ganglion of the vestibular system (Fettiplace and

Hackney, 2006, Hudspeth, 2008, Kazmierczak and Muller, 2012).

Although the hair cells in each organ are very similar and express a core set of hair
cell machinery, there are two distinct types of hair cells in each system. These hair cell types
vary in many ways including in their locations, gene expression, nerve innervation, cell shape,
stereocilia bundle properties, ultrastructural features, etc. (reviewed in Eatock, ef al, 1998). In
the cochlea, the inner hair cells IHCs) and outer hair cells (OHCs) serve distinct functions,
which will be discussed below. In the vestibular system, though, it is not clear how the two

hair cell types, classified as either type I or type 11, differ functionally.

In addition to the hair cells, each organ also contains support cells (Figure 1.1B, green
cells). As their name suggests, support cells function in a variety of supportive roles
(reviewed in Monzack and Cunningham, 2013) including: structural support, trophic support
of the hair cells and the ganglion neurons (Montcouquiol, e a/., 1998, Stankovic, ez al.,, 2004,
Sugawara, ez al., 2005, Gomez-Casati, ¢z al., 2010b, Zuccotti, ¢z al.,, 2012), development of the
patterning and mapping of the organs (Tritsch, ez al., 2007, Tritsch and Bergles, 2010),

clearance of the neurotransmitter glutamate to prevent excitotoxicity (Furness and Lehre,



1997, Furness and Lawton, 2003, Glowatzki, ez a/., 2000), potassium recycling to maintain
the ionic gradients necessary for the endocochlear potential (Boettger, ez al, 2002, Spiess, ez
al., 2002, Boettger, et al., 2003, Jagger and Forge, 2000), mediation of hair cell death (Gale, e7
al., 2004, Lahne and Gale, 2008, Lahne and Gale, 2010), phagocytosis and ejection of dying
hair cells, and subsequent scar formation to maintain the reticular lamina (Forge, 1985,
Cotanche, ¢t al., 1987, Cotanche and Dopyera, 1990, Marsh, ¢z a/., 1990, Raphael and
Altschuler, 1991, Stone and Cotanche, 1992, Meiteles and Raphael, 1994, Li, ez al., 1995,
Hirose, et al, 1999, Gale, ef al., 2002, Ahmad, ¢ 2/, 2003, Hirose, e al., 2004, Hordichok and

Steyger, 2007, Bird, ¢ al, 2010).

In the cochlea, the support cells are highly differentiated and specialized with distinct
morphologies and positions. Inner phalangeal cells surround the inner hair cells, while outer
phalangeal cells, also known as Deiters’ cells, surround the outer hair cells. In addition, the
tunnel of Corti, which is created by the highly specialized inner and outer pillar cells,
separates the inner and outer hair cell rows. The support cells of the vestibular system, on
the other hand, do not have any specific classifications, as they appear to have a more
homogeneous appearance and lack the obvious morphological specializations seen in the
auditory system. However, different subpopulations of support cells can be identified by
their expression of distinct markers (Hartman, e a/., 2009, Gomez-Casati, ef al., 2010a) and it

is likely that they do have some specialized functions.

In each organ, hair cells and support cells are arranged in a mosaic such that hair cells
are surrounded by support cells and rarely are in contact with other hair cells. Further, the

cells are organized into pseudostratified layers where hair cell nuclei are always located



apically to the support cell nuclei, which rest near the basement membrane (Figure 1.1B). In
the organ of Corti, the hair cells are arranged into rows with one row of inner hair cells that
are the primary detectors of sound and three rows of outer hair cells that function primarily
as the cochlear amplifier to increase amplitude and frequency sensitivity through a positive

teedback mechanism. These rows of hair cells form a tonotopic map along the length of the
spiraling cochlea such that higher frequencies are detected by the hair cells in the base of the

cochlea and lower frequencies are detected by hair cells in the apex.

In the vestibular system, the two types of organs each have separate functions that
together provide the precise information on the location and the movement of the head
necessary for balance. The two maculae, the saccule and the utricle, are linear acceleration
detectors, which are primarily used for gravity sensation. They sense linear acceleration using
heavy calcium carbonate crystals, known as otoconia, that rest on a membrane (known as the
otolithic membrane) overlying the hair cells (Figure 1.1B, green). Further, the stereocilia on
these hair cells are arranged in specific orientations throughout the organs to allow for
detection of linear acceleration in different directions. The three cristac ampullaris detect
rotational velocity and acceleration caused by head motions. They are positioned at the base
of the semicircular canals and have their stereocilia embedded in a gelatinous membrane
known as the cupulla. Fluid motion through the canals caused by rotational head movements
results in bidirectional displacements of the cupulla, which allows the cristae to detect these
head movements in the three cardinal planes, one for each canal ampulla (Figure 1.1B,

orange).



1.1.1 INNER EAR DEFICITS

While there are many causes for inner ear deficits, the focus of this work will be on
those caused by hair cell loss. In the organ of Corti, loss of hair cells results in hearing loss,
while in the vestibular system it results in balance disorders and vertigo. In both the auditory
and vestibular organs, hair cell loss has been correlated with age (Richter, 1980, Soucek, ¢ a/,
1987, Wright, e al, 1987, Merchant, ez al., 2000, Rauch, ez al., 2001, Lopez, ¢t al., 2005). For
the cochlea in particular, this hair cell loss is in part due to environmental causes such as
noise exposure. Other causes for hair cell loss include genetic deficits, such as in Méniére's
disease, and drug-related ototoxicity, from drugs such as aminoglycoside antibiotics or
chemotherapy drugs such as cisplatin.

For hearing loss, there are many successful therapeutic options available including
hearing aids to replace the function of lost outer hair cells by amplifying sound and cochlear
implants to replace the function of lost inner hair cells by stimulating the spiral ganglion
nerve fibers directly. For vestibular deficits caused by hair cell loss, there are no current
effective treatments. Instead, severe vestibular impairment is treated by lesioning the organs
and allowing the other ear and/or the cerebellum to compensate for the lost sensory input.

Although hearing deficits gain more public attention than vestibular deficits, perhaps
due to the devastating effects of hearing loss on language acquisition and communication
and due to the prevalence of hearing aids and cochlear implants in the population, balance
disorders and vertigo also pose a very significant health problem. In the eldetly, it is thought
that balance disorders may account for half of the accidental deaths due to falls. In the 1989

Report of the Task Force on the National Strategic Plan of the National Institute for



Deatness and Communication Disorders (NIDCD) it was estimated that over 90 million
Americans aged 17 and over have experienced balance or dizziness problems, resulting in
approximately $500 million spent on balance related physician costs in 1976. More recently,
in the 2008 National Health Interview Survey conducted by the CDC, 11.4% of all
respondents reported a problem with dizziness or balance within the last twelve months. In
those aged 65 and above, this incidence was increased to 19.6%, accounting for
approximately 7 million people (Lin and Bhattacharyya, 2012). From studies conducted
worldwide as well as from meta-analyses, it appears that the prevalence of balance disorders
and vertigo could range from 21-30% overall (Neuhauser, ¢ a/., 2008, Mendel, ¢7 al., 2010)
and 36-45% in the elderly (Gopinath, ez al., 2009, de Moraes, ¢t al., 2011), which is at a similar
level to the incidence of hearing loss in those same populations (Morton, 1991). In addition,
balance dysfunction and vertigo have been linked to a decrease in quality of life,
characterized by increased sick leave, medical consultations, interruptions to daily life, and
increased levels of anxiety, stress, and depression (Neuhausert, ¢z al., 2008, Gopinath, ez al,
2009, Mendel, ez al, 2010, Lin and Bhattacharyya, 2012).

Approximately a third of all cases of balance dysfunction have a peripheral origin in
the vestibular system (Kroenke, e a/, 2000, Uno, e al., 2001, Neuhauset, ¢z al., 2008,
Gopinath, ez al,, 2009, Yin, ez al.,, 2009). Many of these cases of peripheral vestibulopathy
involve inflammation or displacement of the otoliths and are readily treatable. However,
there is no current effective treatment for approximately 19% of those with balance
dysfunction where the cause is either unknown or due to a loss of the sensory hair cells from

the vestibular organs (Kroenke, e a/., 2000). While multiple therapeutic strategies to treat



hair cell loss are currently under investigation, including protection and repair of hair cells as
well as vestibular prostheses similar to cochlear implants (Dai, ¢f al, 2011, Lewis, ez al., 2013,
Phillips, e al., 2014), regenerative therapies would provide the ability to replace already lost
hair cells.

1.1.2 SPONTANEOUS HAIR CELL REGENERATION

Robust hair cell regeneration is found in all non-mammalian vertebrates that have been
studied thus far (reviewed in Warchol, 2011), including fish (Corwin, 1981, Corwin, 1983,
Popper and Hoxter, 1984, Popper and Hoxter, 1990, Faucher, ¢z a/., 2009), amphibians
(Lewis and Li, 1973, Corwin, 1985, Baitd, ef al, 1993, Baitd, e al, 1996, Baird, ez al., 2000,
Taylor and Forge, 2005), reptiles (Avallone, e al., 2003, Avallone, e¢# al., 2008), and birds
(Jorgensen and Mathiesen, 1988, Roberson, ¢z al, 1992, Weisleder and Rubel, 1993, Kil, ¢z 4.,
1997, Stone, ¢ al., 1999, Stone and Rubel, 1999, Matsui, e /., 2000). In these systems, new
hair cells are generated either in response to damage or as part of a continuous turnover

process to maintain the sensory organs.

In mammals, while there have been some promising results, previous studies have found
only limited levels of regeneration in the adult vestibular system. In the saccule and utricle,
spontaneous regeneration of hair cells after lesion with aminoglycoside antibiotics has been
shown 7 vitro and in vive in the guinea pig (Forge, ez al,, 1993, Warchol, ez al,, 1993, Rubel, e
al., 1995, Yamane, ¢ al, 1995, Li and Forge, 1997, Forge, ¢ al, 1998, Walsh, ¢z al., 2000),
gerbil (Ogata, ez al,, 1999), bat (Kirkegaard and Jorgensen, 2000), rat (Meza, ez al., 1990,
Zheng and Gao, 1997, Berggren, ez al., 2003, Oestetle, ¢t al, 2003, Taura, ez al., 2006), and

mouse (Kawamoto, e al., 2009, Lin, ez al., 2011, Golub, ¢# al., 2012). In the cristae, all



evidence for spontaneous hair cell regeneration after lesion comes from the chinchilla
(Lopez, et al., 1997, Lopez, et al., 1998), where there is also some evidence for proliferating
support cells (Tanyeri, ez al, 1995) as well as re-innervation of new hair cells by nerve

terminals (Lopez, ez al., 2003).

Though spontaneous regeneration in the mammalian adult is limited, it may be possible
to generate new hair cells through manipulation of the developmental pathways involved in
hair cell differentiation. One very promising pathway is Notch signaling (see below), which is
necessary during inner ear development for both the specification of the sensory organs
(“prosensory”) and at a later stage of development for their patterning (“lateral inhibition”).
In addition, Notch signaling has been linked to regenerative potential in other systems where
adult neurogenesis is possible (Stump, e al., 2002, Aguirre, e al., 2010, Imayoshi, e al., 2010,
Lugertt, ez al., 2010), including the subventricular zone (Givogti, ez al., 2006, Andreu-Agullo, ez
al., 2009, Catlen, ¢t al, 2009) and the hippocampal progenitor zone (Breunig, ez al., 2007,

Ables, et al., 2010, Ehm, ¢# al., 2010).
1.2 THE CANONICAL NOTCH SIGNALING PATHWAY

The Notch signaling pathway was initially discovered in Drosophila where it earned
its name from a mutation that caused notches in the wings of the flies (Wharton, ez a/, 1985).
From this humble beginning, Notch is now recognized as a highly evolutionarily conserved
pathway important in the development of most organ systems in many species, including

mammals (reviewed in Andersson, ez al., 2011).
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Figure 1.2 Canonical Notch signaling. In the canonical Notch signaling pathway, there are
three main proteolytic cleavage events. The furin-mediated S1 cleavage is required to generate
the mature form of the Notch receptor, which is then expressed on the cell membrane. Notch
ligands expressed on neighboring cells bind to the receptor, which causes a conformational
change in the extracellular domain of the receptor. This allows ADAM metalloproteases to
perform the extracellular S2 cleavage. The freed extracellular domain bound to the ligand is
endocytosed and ultimately degraded by the signal sending cell. The Notch extracellular
truncation then undergoes a regulated cleavage at the S3 site by the y-secretase complex. This
cleavage releases the Notch intracellular domain (NICD), which then translocates to the
nucleus and forms an active transcriptional complex with CSL and MAML. This leads to the
transcription of various Notch effector genes such as the Hes/Hey genes.
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In mammals, there are four different Notch receptors, Notch1-4, and five canonical
Notch ligands, Jagged1/2 and DII1/3/4 (Figure 1.2)(Kopan and Ilagan, 2009, D'Souza, ¢ dL.,
2010, reviewed in Andersson, ez al., 2011). The Notch receptor is a transmembrane protein
with an extracellular domain for ligand binding and an intracellular cytoplasmic domain.
Activation of Notch signaling occurs through a series of proteolytic cleavages at different
sites on the receptor, known as S1-S3. The S1 cleavage is mediated by furin-like convertases
that generate the mature bipartite heterodimeric receptor that consists of an extracellular
domain non-covalently bonded to a transmembrane and intracellular domain. Upon binding
of the receptor to a ligand, the receptor undergoes conformational changes that expose the
S2 cleavage site on the extracellular domain to ADAM metalloproteases. This cleavage
results in the release of the extracellular domain, which is then endocytosed and degraded by
the ligand-expressing cell along with the bound ligand. The remaining domain, known as the
Notch extracellular truncation, then undergoes an intracellular S3 cleavage by the y-secretase
complex, which releases the Notch intracellular domain (NICD) from the membrane. Once
released, the NICD translocates into the nucleus and forms an active transcriptional
complex with CSL (RBPj-k) and mastermind-like (MAML) that can recruit additional co-

activators and drive transcription of target effector genes, such as the Hes and Hey genes.

There are many layers of regulation that can occur at each of these different steps
along the pathway. Indeed, considering the breadth of function of Notch in different organs
and different developmental stages, these would be required in order to generate such
diversity from what appears to be a very straightforward pathway. For example, in addition

to regulation at each of the proteolytic cleavages, the pathway can be regulated through
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modification of the Notch receptors. Glycosylation by Pofutl and Fringe proteins can
change the responsiveness of the receptors to different ligands while the presence of Numb
proteins can promote the degradation of the receptors through ubiquitination. Further, the
NICD itself can also be regulated through modifications, including phosphorylation,
hydroxylation, acetylation, and ubiquitination (reviewed in Andersson, ez a/, 2011, Moretti
and Brou, 2013). Thus, this basic signaling pathway very quickly becomes more complicated
as the co-expression of specific components and regulators of the pathway in specific
domains at different times can greatly change the cellular context of this signaling. Although
this work will largely be dealing with a very basic version of Notch signaling as outlined in
Figure 1.2, it is important to keep in mind that many of these regulatory mechanisms are
likely present even though it is currently unclear how they might be altering Notch signaling

in the contexts of inner ear development and regeneration.
1.3 THE ROLE OF NOTCH SIGNALING IN INNER EAR DEVELOPMENT

1.3.1 LATERAL INDUCTION

The earliest known role of Notch signaling in the development of the sensory organs
of the inner ear is in the specification of the regions that will become the various sensory
organs, i.e. the prosensory domains. This phenomenon is generally referred to as prosensory
specification (Kiernan, ef al, 2001, Brooker, ez al., 2000, Kiernan, ez al., 2006, Hayashi, 7 al.,
2008, Pan, ez al., 2010, Basch, et al, 2011, Yamamoto, ¢ al., 2011, Hao, ¢t al., 2012) (reviewed
in Cotanche and Kaiser, 2010, Murata, ¢# a/., 2012, Kiernan, 2013). In brief, an early loss of
Notch signaling either in Notch mutants or through pharmacological inhibition results in

absent or smaller sensory domains with an overall decrease in both hair cells and support
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Figure 1.3 Notch signaling in the inner ear. A) During the development of the prosensory
domains, progenitors express the Notch ligand Jagl and have reciprocal signaling such that
Notch is broadly activated throughout the prosensory domain. In these progenitors, Notch
signaling appears to act through the Hey family of Notch effectors as inhibition of Notch
signaling during the prosensory phase results in a down-regulation of Heyl and Hey2. B) Later in
development, as hair cells differentiate they begin to express the Notch ligands DII1 and Jag2.
These ligands then bind to the Notch receptors on the surrounding cells, where Notch signaling
is then activated. Here Notch signaling appears to largely act through Hes1 and Hes5 in order to
inhibit the proneural bHLH, Atohl, and prevent the cells from differentiating into hair cells.
Through this mechanism, hair cells, become surrounded by support cells, forming a mosaic-like
pattern in each of the sensory organs. Common inhibitors of the S2 and S3 cleavages are
depicted in red.
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cells. Since initially the expression of markers for the prosensory domain appear normal, it
seems that Notch signaling is required in these early stages to establish the proper domain
size and/or to maintain the prosensory domains (Figure 1.3A). This could in patt be
mediated through Notch-induced proliferation of the sensory progenitors as was shown in a
study generating ectopic sensory regions through transient NICD overexpression (Pan, e al,
2013). This phenomenon has been called “lateral induction,” similar to the classic role of
Notch signaling described below called lateral inhibition. When Notch ICD is experimentally
activated in non-sensory regions of the inner ear, cells with the activated Notch, as well as
their immediate neighbors, acquire a sensory identity. These neighboring cells are therefore

thought to acquire a sensory identity via “lateral induction.”
1.3.2 LATERAL INHIBITION

The more classic role of Notch signaling, lateral inhibition, occurs after prosensory
specification and is important in establishing the mosaic-like pattern of hair cells and support
cells where hair cells are surrounded by support cells and, in general, do not contact one
another in the mature organs (Figure 1.1B). This role has been well established in embryonic
and early postnatal animals in both the auditory system (Lanford, ef a/, 1999, Zhang, ez al.,
2000, Zheng, et al., 2000, Zine, et al., 2001, Kiernan, ez al., 2005, Brooker, ez al., 20006,
Yamamoto, ez al., 2006, Takebayashi, ef al., 2007, Hayashi, e al., 2008, Doetzlhofer, ¢t al.,
2009, Zhao, ¢t al., 2011, Du, et al., 2013, Korrapati, et al., 2013, Mizutari, ¢t al, 2013) and the
vestibular system (Zheng, ez al., 2000, Zine, ¢t al., 2001, Collado, ¢t al., 2011, Du, et al.,

2013) (reviewed in Cotanche and Kaiser, 2010, Murata, ¢# /., 2012, Kiernan, 2013). For

lateral inhibition, Notch signaling acts through effectors to inhibit proneural basic helix loop
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helix (bHLHs) transcription factors. This in turn keeps Notch expressing cells from
differentiating into neuronal cell types. In the inner ear, developing hair cells express the
Notch ligands Deltal (DII1) and Jagged2 (Jag2) that bind to the Notch receptors on the
surrounding cells (Figure 1.3B). The resulting release of the NICD in these cells ultimately
leads to the up-regulation of the effectors Hes1 and Hes5, which results in the inhibition of
the bHLH transcription factor Atohl (also known as Math1 in mice), which is essential for

hair cell formation.

Atoh1 is the earliest known hair cell marker and its expression begins a
transcriptional cascade necessary for hair cell differentiation (Bermingham, ez a/., 1999, Chen,
et al., 2002). Developmentally, most but not all inner ear cells that express Atoh1 will go on
to become hair cells. This has been demonstrated using both Atohl lineage tracing and
Atoh1 overexpression. Using an inducible Cre recombinase strategy to lineage trace Atohl-
expressing cells, Driver, ez a/. (2013) found that in embryonic day 13 (E13) cochleae cultured
tor 1 day 7n vitro (DIV, E13+1DIV), 70% of lineage-traced cells that had expressed Atohl
became hair cells. This number increased to 98.5% in E17+1DIV cochleae. Further,
misexpression of Atohl into competent regions both in and near the developing sensory
organs, such as the greater epithelial ridge (GER) and Kolliker’s organ can induce ectopic
hair cells that mature and can even become innervated by nerve fibers (Zheng and Gao,
2000, Zheng, et al., 2000, Shou, ¢t al., 2003, Woods, ¢t al., 2004, Gubbels, ¢ al., 2008, Kelly, e

al., 2012, Liu, et al., 2012a).

The ability of Atohl to cause an irreversible hair cell fate choice, either in

development or in overexpression studies, is likely linked to the level of Atohl expression
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and its ability to autoregulate its own promoter (Helms, ez 2/, 2000). In the immature
cochlea, the transdifferentiation of pillar cells and Deiters’ cells induced by overexpression of
Atoh1 required activation of endogenous Atohl expression, likely through activation of this
autoregulatory feedback mechanism (Liu, ¢7 2/, 2012a). In addition, Atoh1 has several known
enhancer sites (Helms and Johnson, 1998, Helms, ¢ a/, 2000) as well as multiple known
repressors and activators under the control of multiple signaling pathways (reviewed in

Mulvaney and Dabdoub, 2012).

Modulation of Notch signaling can alter the fate of Atohl-expressing cells. For
example, in the study by Driver, ¢f a/. (2013), inhibition of Notch signaling using the 7y-
secretase inhibitor, N-[N-(3,5-Difluorophenacetyl)-L-alanyl|-S-phenylglycine t-butyl ester
(DAPT), resulted in more lineage-traced hair cells, while Notch activation using DII1-Fc
shifted the fate of the lineage-traced cells from that of hair cells to support cells. Further,
overexpression of the Notch effector Hes1 with Atohl in eatly postnatal cochleae reduces
or abolishes the increase in ectopic hair cells seen with Atohl overexpression alone (Zheng,
et al., 2000). Conversely, DAPT treatment after Atohl overexpression in cultured cochleae
from postnatal day 2 (P2) mice results in even more ectopic hair cells than Atohl or DAPT

treatment alone (Kelly, ¢z /., 2012).

These effects are also seen in the zebrafish inner ear and the chicken basilar papilla.
In the developing zebrafish, overexpression of the NICD results in a loss of Atohla and
Atoh1b expression, thereby blocking hair cell formation (Millimaki, e# a/., 2007). In the post
hatch chick, DAPT treatment increases the number of Atohl-expressing cells and ultimately

the number of hair cells expressing Myosin6 (Myo6) (Lewis, ez al., 2012).
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Since Atohl expression possesses the ability to induce hair cell differentiation even in
non-sensory regions, many groups are investigating the use of Atohl overexpression to
regenerate hair cells (reviewed in Mulvaney and Dabdoub, 2012). However, thus far there
has been limited success using this method in mature organs since the ability to generate
ectopic hair cells through Atohl overexpression appears to be limited not only regionally but
also temporally; for example, Atohl overexpression in P14 mouse cochleae does not induce
ectopic hair cells as it does in younger organs (Figure 1.4) (Kelly, e a, 2012, Liu, ez al.,

2012a).
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Figure 1.4 The ability to generate hair cells through Atohl overexpression is gradually lost as the
inner ear matures. Atohl overexpression in the very apical portion of neonatal animals can
induce ectopic hair cells throughout the entire cochlear duct, while in the middle and basal
regions ectopic hair cells are induced in specific areas near the sensory domain. After a week of
age, ectopic hair cells are only generated in the GER of the apical portion of the cochlea and
later, Atoh1 overexpression either ectopically or in support cells specifically has no effect.
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1.4 THE ROLE OF NOTCH SIGNALING IN REGENERATION OF THE

INNER EAR

The importance of Notch signaling in defining the development of the sensory
epithelium and in determining the precise ratio of hair cells and support cells has naturally
led to speculation that it may play a role during regeneration. Several labs have used different
approaches to manipulate Notch signaling in order to regenerate hair cells (Hori, ez al, 2007,
Savary, et al., 2008, Hartman, ez al., 2010, Pan, ez al., 2010, Basch, ez al., 2011, Collado, et al,
2011, Jeon, et al, 2011, Lin, et al., 2011, Liu, ez al, 2012b, Jung, ¢ al, 2013, Mizutatri, ez al.,
2013, Pan, ez al., 2013). These approaches include (1) modulation of Notch signaling in the
culturing and differentiation of inner ear stem cells in order to increase hair cell yield, (2)
activation of Notch signaling in order to promote the formation of ectopic sensory regions
in normally non-sensory regions within the inner ear, and (3) inhibition of Notch signaling to
disrupt lateral inhibition, thereby relieving the inhibition on Atohl by Notch effectors and

allowing Notch-expressing support cells to transdifferentiate into hair cells.
1.4.1 REGENERATION THROUGH INNER EAR STEM CELLS

Since Notch signaling has several important developmental roles 7z vivo, it is not
surprising that it would be important in the growth and differentiation of inner ear stem and
progenitor cells. In the 7z vivo cochlea, Pan, ef al. (2013) showed that Notch signaling plays a
role in the proliferation of sensory progenitors. By transiently overexpressing the NICD,

they found that ectopic sensory regions formed in non-sensory areas near the cochlea. Using
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expression of eGFP to lineage trace the cells that had overexpressed NICD, they found that
the eGFP-positive regions were larger in the NICD-expressing cochleae than the controls
and that they also expressed pHistone-H3, a marker of mitosis. Overall, this suggested that
the NICD-overexpressing cells were proliferating. A similar result was observed in
progenitors isolated from early postnatal mouse cochleae and treated with Jagged1-Fc to
activate Notch signaling. Treatment with Jagged1-Fc resulted in more secondary inner ear
spheres and overall larger spheres than in controls. In addition, it increased the capacity for
self-renewal of the progenitors and ultimately resulted in increased numbers of Myo7a-
positive hair cells after differentiation (Savary, ef al, 2008). Further, consistent with Notch
signaling’s role in lateral inhibition, inhibition of Notch signaling with the y-secretase
inhibitor L.-685458 in inner ear spheres created from early postnatal utricles increased the
number of hair cells expressing Myo7a and the Atoh1-nGFP reporter. These hair cells were
generated at the expense of support cells, identified by their expression of p27Xirl, Sox2, and
Jagl (Jeon, ez al., 2011). Therefore, it appears as if Notch may be able to increase hair cell
yield in stem cell differentiation by 1) increasing the proliferation and self-renewal of the
stem cells to increase overall yield and by 2) increasing the proportion of cells that

differentiate as hair cells as opposed to support cells.
1.4.2 REGENERATION THROUGH LATERAL INDUCTION

As noted above, the phenomenon of lateral induction and prosensory specification
by Notch signaling has provided an additional approach to use this receptor to promote hair
cell regeneration. This approach aims to regenerate hair cells by producing ectopic sensory

regions complete with both hair cells and support cells. By overexpressing the NICD,
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Figure 1.5 Summaries of the regenerative competence of the inner ear organs in response to
Notch activation for lateral induction (A) and Notch inhibition for lateral inhibition (B). A) The
ability to form ectopic sensory regions in response to Notch activation (NICD overexpression) is
gradually lost embryonically and occurs in a similar developmental timeframe as the normal
prosensory formation. With age, the competence of the otic cells is restricted to specific regions
near the sensory organs until it is completely lost by E16.5. Overexpression of Sox2 at this same
age, however, can induce ectopic sensory regions, though still only in specific areas. B) While
supernumerary hair cells can be generated much later using Notch inhibition, each of the inner
ear organs exhibits a declining competence for hair cell regeneration during postnatal maturation.
In the cochlea and utricle, it appears that Notch signaling has no effect in adolescent mice
without significant damage to the organs. However, with damage, each of the organs does appear
to have a modest capacity for hair cell generation in the adult.
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ectopic sensory patches can be generated in non-sensory regions of both the developing
cochlear duct (Pan, ¢z al, 2010, Liu, ¢t al, 2012b, Pan, ¢z al., 2013) and the developing
vestibular system (Hartman, ez a/, 2010, Liu, e al., 2012b). The ectopic patches that form
express normal markers for hair cells and support cells. Further, the hair cells in these
ectopic patches can mature and develop stereocilia bundles, acquire innervation by Tujl-

positive neurites, express synaptic markers, and develop Calretinin-positive calyces

(Hartman, ez al., 2010, Liu, ez al., 2012b, Pan, ef al, 2013). However, the ability to induce

these ectopic sensory regions appears to be limited to a specific eatly period in development.

Using Notch overexpression, initially, every cell in the otic vesicle is competent to
become prosensory in response to Notch. Constitutive overexpression of the NICD using
Foxgl-Cre, which is expressed as early as E8.75, results in an expansion of the prosensory
domains throughout the entire otic vesicle (Hartman, e a/., 2010, Pan, ¢z al,, 2010). Later in
development, between E9.5 and E11.5, this competence is then restricted regionally to
specific zones near the normal sensory areas, including between the maculae and cristae in
the vestibular system and along the entire length of the cochlea in the interdental region,
Reissner’s membrane, the LER, and the region of the stria vascularis (Pan, e @/, 2010, Liu, ez
al., 2012b, Pan, e al., 2013). Even later in development, between E13.5 and E16.5, Notch
overexpression can induce ectopic Sox2 expression, but does not result in the formation of
ectopic sensory regions (Basch, ez al., 2011, Liu, ez al, 2012b, Pan, ez al., 2013). Interestingly,
overexpression of Sox2 itself, which is directly downstream of Notch (Ehm, ¢z 4/, 2010), is
able to produce ectopic sensory regions at E16.5, past the limit for NICD overexpression

(Pan, et al, 2013). However, ectopic sensory regions were only generated in specific areas,
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such as the interdental region, suggesting that the competence for Sox2-induction may also

be decreasing with age.

The decrease in the ability to generate ectopic sensory regions through either NICD-
or Sox2-overexpression may be a reflection of the changing role of Notch signaling in inner
ear development during this same period. While it is not currently clear how this change is
being mediated in the inner ear mechanistically, it does appear that different Notch ligands
are involved in the two processes. Jagl is expressed early in the prosensory domains and its
loss results in a decrease in outer hair cells in the cochlea and in smaller or absent vestibular
organs (Lanford, ef al, 1999, Kiernan, ez al, 2001, Brooker, ¢t al., 2006, Kiernan, ez al., 2000,
Murata, ¢f al., 2000, Pan, e al., 2010, Basch, e al, 2011, Hao, et al., 2012, Murata, ¢t al., 2012).
Later, as hair cells differentiate, DII1 and Jag2 are expressed in hair cells and loss of these
genes results in a lateral inhibition phenotype with supernumerary hair cells generated at the
expense of support cells (Lanford, ez al., 1999, Kiernan, et al, 2005, Brooker, ez al., 2000).
This is particularly interesting as it has been shown that glycosylation of the Notch receptor
by Pofutl and then subsequently by Fringe proteins can reduce the responsiveness of the
Notch receptor to Jagl while potentiating its interactions with DII1 (Hicks, e7 4/, 2000, Kato,
et al., 2010). In the cochlea, Lunatic fringe (Lfng) is present in the support cells at the
appropriate time to increase their responsiveness to the DII1-expressing hair cells (Zhang, ez
al., 2000, Korrapati, e al., 2013). Further, Pofutl conditional knockouts do not show a
prosensory phenotype, but later exhibit supernumerary hair cells consistent with a loss of
Notch signaling’s lateral inhibition role (Basch, ez a/, 2011). This is probably not the only

regulatory change occurring as there also appears to be differences in the effectors
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transcribed in response to Notch signaling as well as specific expression of different
effectors in different cell types and regions (Yamamoto, ¢z al., 2006, Takebayashi, ez al.,, 2007,
Hayashi, ez al,, 2008, Doetzlhofer, ez al., 2009, Collado, ez al., 2011, Lin, ez al,, 2011, Jung, ez al.,
2013, Korrapati, ez al., 2013, Mizutari, ez al., 2013). These types of transcriptional changes
could be due to posttranslational modifications to the NICD, which we are only now
beginning to understand. For example, it has been shown that phosphorylation of the ICD
of the Notch?2 receptor can inhibit its ability to induce specific effectors, such as Hesl
(Espinosa, et al, 2003). This type of mechanism could be partly responsible for the inability

of the NICD-overexpression to induce sufficient Sox2 levels for full sensory specification.

While overall, this approach to generating hair cells has been very promising, in order
for this strategy to be viable for hair cell regeneration in mature organs, it will be important
to determine the mechanisms that limit the spatial and temporal competence of the inner ear
regions, which is likely linked to the mechanisms mediating the change between prosensory

specification and lateral inhibition.
1.4.3 REGENERATION THROUGH ILLATERAIL INHIBITION

The third approach that has been used to regenerate hair cells by modulating Notch
signaling is in some ways analogous to the mechanism for hair cell regeneration and turnover
that is found in nonmammalian vertebrates. For example, in the vestibular organs of the
chick, hair cells are continuously being replaced, or turned over (Roberson, ¢f al, 1992). In
this system, support cells require Notch signaling in order to maintain their support cell
phenotype and Notch inhibition induces support cells to proliferate and to differentiate into

hair cells. In other organs, such as the chick basilar papilla and the zebrafish lateral line,
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Notch signaling is not maintained in the healthy, mature organ and is therefore not required
to maintain the support cell fate. In these healthy organs, Notch inhibition has no effect on
hair cell or support cell numbers. Instead, Notch pathway genes are up-regulated in response
to damage and then subsequent Notch inhibition leads to an overproduction of hair cells. In
fish this increase in hair cells is due to increased support cell proliferation (Ma, ez al., 2008),
while in birds the increase in hair cells after Notch inhibition occurs via transdifferentiation

of the support cells into hair cells (Daudet, ¢z a/, 2009).
1.4.3.1 Organ of Corti

In the mammalian organ of Corti, Notch signaling is still active in newborn mice, and
inhibition of Notch with y-secretase inhibitors leads to an increase in hair cell numbers via
transdifferentiation from support cells. However, Notch ligands are down-regulated within
the first few days after birth (Hartman, ¢z a/, 2007) and the organ of Corti loses its ability to
generate supernumerary hair cells in response to Notch inhibition (Lanford, e a/, 1999,
Zine, et al., 2001, Murata, et al., 2006, Yamamoto, ¢# al., 2006, Hayashi, ¢# a/., 2008,
Doetzlhofet, et al., 2009, Hartman, ez al, 2009, Basch, ¢z al, 2011, Zhao, et al.,, 2011).
Nevertheless, in more mature cochlea, some reports suggest that the Notch pathway can be
up-regulated in response to damage. While Hartman, ez a/. (2009) failed to find evidence for
expression of a Notch pathway reporter (using transgenic mice expressing eGFP under the
Hes5 promoter) after damage with a high dose of the ototoxic aminoglycoside antibiotic
kanamycin (1g/kg) followed by furosemide (400 mg/kg), Mizutati, ¢ al. (2013) reported that
hair cell damage from exposure to 8-16 kHz octave band noise induced Hes5 expression as

shown by RT-qPCR. Further, in guinea pig cochleae damaged with kanamycin (500 mg/kg)
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followed by ethacrynic acid, Hori, ez a/. (2007) showed an increase in Jaggedl in support cells

while both Jaggedl and Notchl were up-regulated in inner sulcus cells.

If Notch signaling is re-established after certain types of damage in the cochlea, then
the approaches to stimulate hair cell regeneration through Notch inhibition and
transdifferentiation might be effective in this organ. Support for this possibility comes from
two studies. Notch inhibition using the y-secretase inhibitor LY411575 causes an increase in
outer hair cells derived from support cells in the noise damaged cochlea, consistent with
transdifferentiation (Mizutari, ef a/, 2013). In addition, in the guinea pig, occasional ectopic
hair cells were found in the inner sulcus after 14 days of Notch inhibition with the -
secretase inhibitor, MDL28170 (Horti, ez al., 2007). Therefore, under the appropriate damage
conditions, some mammalian species are able to express Notch signaling components after
hair cell damage, and the modulation of Notch signaling could provide an approach to

stimulate hair cell transdifferentiation leading to some functional recovery from the damage.
1.4.3.2 Utricle

While Notch signaling is not found in the mature undamaged cochlea, Hartman, ez a/.
(2009) found that Hes5-eGFP (from the transgenic mice) and Hes5 mRNA (by 2 situ
hybridization) are expressed in the undamaged vestibular organs of adult mice. In the mature
utricle, Hes5 is expressed in some of the support cells of the medial posterior region,
suggesting that Notch inhibition may be able to induce these support cells to
transdifferentiate. While this suggests that the mature utricle may possess the ability to

generate supernumerary hair cells in response to Notch inhibition without damage, this
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remains untested since the studies to date have all included a damage component, either by
design or due to the damage incurred during culture of the utricle 7z vitro. It is then also
unclear whether Notch components are further up-regulated after hair cell damage, though it
has been shown in cultured utricles that DAPT treatment results in decreased expression of

Hes1, Heyl, and Heyl. as compared to DMSO controls (Lin, ez al, 2011).

Despite agreement that Notch signaling continues in the vestibular system into
adulthood, there are conflicting results as to whether inhibitors of Notch can stimulate hair
cell transdifferentiation from support cells in the mouse utricle. Collado, ez 2/ (2011)
reported no evidence for hair cell regeneration (Myosin7a-positive and E- cadherin-negative
cells) in utricles explanted from P16 and older Swiss Webster mice cultured with 50 uM
DAPT for up to 10 days 7 vitro. Conversely, Lin, ef al. (2011) found an increase in Atohl-
positive cells overall and in Atohl-positive cells that also expressed Myo7a and phalloidin in
the striolar and juxtastriolar regions of utricles explanted from 6-9 week old Swiss Webster
mice cultured with 50 uM DAPT for up to 18 days 7 vitro. From these results, the authors
infer that Notch inhibition is not only increasing the number of cells that express Atohl, but
is also promoting the differentiation of these cells into mature hair cells. This is similar to the
result in the postnatal cochlea where overexpression of Atohl in conjunction with DAPT
treatment generated more hair cells than either Atohl-up-regulation or DAPT treatment
alone (Kelly, e al., 2012). Lastly, using a streptomycin lesion paradigm followed by treatment
with Hes5 siRNA in utricles of 3-4 week old CD1 mice, Jung, ez a/. (2013) found an increase

in Myo7a-positive hair cells in the treated utricles zz vivo 3 weeks after lesioning. These
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regenerated hair cells were located in the medial posterior utricle, which is appropriately

where Hartman, ¢# a/. (2009) showed that Hes5 is expressed in the mature utricle.

While both of these studies demonstrate that the mature utricle has the capacity for
modest hair cell regeneration after damage, these studies displayed stark differences in the
regions of regeneration and the changes in Notch effectors. The study by Jung, ef a/. (2013) is
consistent with Notch signaling acting through Hes5 to maintain the support cell fate. Hes5
is normally expressed in the posteromedial utricle in the adult and therefore it is not
surprising that treatment with Hes5 siRNA would result in the generation of hair cells in this
same region. This raises the question of whether damage was even necessary in order to
induce generation of the hair cells through this method. In contrast, Lin, ez 2/ (2011) found
hair cell increases in the striolar and juxtastriolar regions of the utricle. After damage, Atohl
was spontaneously induced largely in these regions and subsequent DAPT treatment resulted
in more differentiated hair cells in these regions as well. In addition, Lin, ¢z /. (2011) did not
find significant levels of Hes5 expression in their damaged utricles, by RT-qPCR, but did see
significant decreases in the expression of Hes?, Hey?, and HeyL. after DAPT treatment.
Therefore, it would be interesting to examine whether Hes1 and Hes5 are playing specific
roles in the various regions of the undamaged and damaged mature utricle and to what
extent varying degrees of hair cell damage are important. These and differences in
methodology and the criteria for whether a hair cell was newly regenerated may account for
the differences in results between studies including that of Collado, ¢# a/. (2011) where no

regeneration was found.
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1.4.3.3 Crista Ampullaris

Unlike the utricle, where Hes5 is expressed in only a small subset of support cells, the
support cells in the peripheral region of the cristae have robust Hes5 expression, higher than
in any other organ of the mature inner ear (Hartman, ez 4/, 2009). This suggests that Notch
signaling may still be active in the adult cristae and that it may be required for maintaining
the support cell phenotype through lateral inhibition. If this were the case, then inhibition of
Notch signaling in these organs would likely result in some hair cell regeneration through

transdifferentiation of Notch-expressing support cells.

In this dissertation, I tested this hypothesis and characterized the regenerative
potential of the adult cristae 7z vitro. In addition, I laid the groundwork for future
investigations into hair cell regeneration in the mouse cristac. My data shows that
supernumerary hair cells can be generated through inhibition of Notch signaling 7 vitre, thus
showing that Notch signaling does play a role in maintaining the support cell phenotype in a
subset of peripheral support cells in the adult cristae. Further, it shows that there is a
correlation between the regions that maintain regenerative competence in the adult and the
last regions to exit the cell cycle through an analysis of the spatial distribution of hair cell
birth in the developing cristae. For future studies, I have identified a new support cell marker
that can be used to lineage trace support cells and have used this marker to characterize
spontaneous hair cell regeneration in the adult cristae 2 vivo. In addition, I have established
standard protocols for lesioning hair cells 7z vivo in two common mouse strains using the
known ototoxin 3,3’-Iminodipropionitrile (IDPN) and for quantifiably assaying vestibular

behavior in mice with varying degrees of hair cell lesion. Together, this work establishes the
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previously uncharacterized mouse cristae as an additional model for studying mammalian
hair cell regeneration. By better understanding the similarities and differences between not
only regenerative and non-regenerative species, but also between the different organs of the
inner ear, we can better understand not only why mammals possess a much lower

regenerative capacity, but how we can safely stimulate regeneration in these systems.
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2.1 INTRODUCTION

Many studies have attempted to regenerate hair cells through inhibition of Notch
signaling in the cochlea (Lanford, ez al, 1999, Zine, ¢ al, 2001, Murata, ¢f al., 2000,
Yamamoto, ez al., 2006, Hori, et al., 2007, Hayashi, e al., 2008a, Doetzlhofer, ef al., 2009,
Hartman, ez al., 2009, Basch, e al, 2011, Zhao, et al, 2011, Mizutati, et al, 2013) and the
utricle (Collado, ez al., 2011, Lin, ez al., 2011, Jung, ez al., 2013). However, despite evidence for
robust expression of Notch signaling components in the adult cristae, namely the
downstream Notch effector Hes5, no studies have characterized the role of Notch signaling
in the mature cristae. In fact, Hes5 is expressed more highly in the cristae than in any other
mature organ of the inner ear (Hartman, ¢z a/, 2009), including the cochlea, where Notch
signaling components are downregulated postnatally (Hartman, ez 2/, 2007), and the utricle
where Hes5 is restricted regionally and only expressed in a small subset of support cells in
those regions (Hartman, ez a/., 2009). The presence of Notch signaling effectors in the
mature cristae suggests that Notch signaling is active in the majority of peripheral support
cells and is likely important in maintaining the fate of those support cells through lateral
inhibition. This would be similar to the vestibular organs of the chick where hair cells are
continuously replaced (Roberson, ¢ al., 1992) and Notch signaling is required through lateral
inhibition to maintain the correct ratio of hair cells and support cells. In these systems where
Notch signaling is required for the maintenance of the support cell fate, it is possible to
generate supernumerary hair cells through inhibition of Notch signaling without damage.

In order to determine if Notch signaling is required to maintain the support cell fate

through lateral inhibition in the mature cristae, I carried out a series of experiments to
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determine if Notch is active in the mature cristae and if it can be inhibited to generate hair
cells. To inhibit Notch signaling I used the y-secretase inhibitor, DAPT. In order to easily
administer DAPT and other reagents in these preliminary studies, I first developed a method
to maintain cristae 7 vitro. Using this culture system, I found that five days of DAPT-
treatment resulted in a down-regulation of the Notch effectors Hes7 and Hes5 and also an
increase in the total number of cells expressing the early hair cell marker, Gfil. Hes5, as
reported by Hes5-eGFP, was down-regulated specifically in peripheral support cells. Using
lineage tracing with PLP/CreER;mTmG mice, I found that these hair cells arose through
transdifferentiation of support cells in cristae explanted from mice up to ten weeks of age.
These transdifferentiated cells arose without proliferation and were capable of taking on a
hair cell morphology, migrating to the correct cell layer, and assembling what appears to be a
stereocilia bundle with a long kinocilium. Overall, these data show that Notch signaling is
active in the mature cristae and suggest that it may be important in maintaining the support
cell fate in a subset of peripheral support cells.
2.2  RESULTS
2.2.1 THE CRISTA AMPULLARIS

The three cristae are situated at the bases of the three semicircular canals (Figure
2.1A-A’). In mice, the anterior and posterior cristae are separated into two hemicristae by a
hair cell-free region called the eminentia cruciatum (Figure 2.1B,D-D’)(Desai, ¢z a/., 2005a).
The lateral crista does not have an eminentia cruciatum and is instead one continuous
sensory structure (Figure 2.1C). In addition, I found that the lateral crista had significantly

tewer hair cells than anterior or posterior cristae (data not shown) and so excluded it from
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Figure 2.1 The crista ampullaris. A-A’) The three cristae (red) are located at the bases of the
semicircular canals shown in a diagram of the inner ear (A) and in a paint-fill of an E14.5
vestibular system (A’). a — anterior crista, | — lateral crista, p — posterior crista, u — utricle, s —
saccule, ¢ — cochlea, e — endolymphatic sac. B-C) Maximum intensity projections of adult whole
mount cristae labeled with the hair cell markers Myo7a (cytoplasmic, green) and Gfil (nuclear,
red). The eminentia cruciatum divides the anterior (B) and posterior cristae into two saddle-
shaped hemicristae. C) The sensory epithelium of the lateral crista is continuous. Scale bars — 100
um. D-D?) Sox2 (green) labels support cells, a subset of type II hair cells, and non-sensory cells
in the planum semilunatum (shaded grey in D’) and eminentia cruciatum. The sensory epithelium
contains Gfil" hair cells (red nuclei) with phalloidin-stained (red) stereocilia bundles. The central
zone is defined by the Calretinin” (white) calyx afferents that contact type I hair cells, while the
remaining Calretinin-negative region is the peripheral zone. Scale bar — 100 um. E-E’) The
layering of the support cells and hair cells of the sensory epithelium is visible in a single z-plane
depicting a cross-sectional view of the cristae from D. Scale bar in E’ is 25 pm. F) This layering
can also be seen in cristae explanted from Hes5-eGFP mice labeled with Sox9 (red) and Gfil
(white). Scale bar — 100 pum. F’) The three-dimensional structure of this same cristae can be seen
in z-projections through the confocal stacks at the labeled lines (a, b, ¢, z). Sox9 is also expressed
throughout the ampulla, which flattened onto the sensory epithelium of the cristae during
mounting and culturing (c). z-depth — 75.5 um.
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analyses involving hair cell counts. For this study I used the regional boundaries defined by
Desai, ef al. (2005a) where the central zone is the region containing the Calretinin-positive
calyx afferents that innervate type I hair cells (Figure 2.1D-D’) and the remaining sensory
region is the peripheral zone. While simplified, these boundaries define the regions of
interest to this work, as I use transgenic mouse strains (Hes5-eGFP and PLP/CteER) that
limit my analyses to the Calretinin-negative peripheral zone.

As in the other sensory organs of the inner ear, the cristae are organized into layers of
hair cells (Gfil*) and support cells (Sox2*, Sox9+*, Hes5-eGFP*)(Figure 2.1E-F’) that
specifically in the cristae are folded into complex, highly three-dimensional structures. For
example, in the anterior and posterior cristae, each hemicristae is saddle-shaped (Figure
2.1F’; Supplemental Movie 2.1). As reported previously, there is a subset of hair cells
throughout the epithelium that also express Sox2 (yellow cells in Figure 2.1E-E’)(Hume, ez
al., 2007, Oestetle, et al, 2008). Similar to the staining seen in the utricle, this subset of cells
does not appear to be innervated by Calretinin-positive calyces and is generally located closer
to the apical surface of the sensory epithelium (Figure 1E’)(Desai, e a/, 2005b). Together,
these data suggest that these Sox2-expressing cells belong to the type II subclass of hair cells,
though it is not clear whether every type II hair cell expresses Sox2.

2.2.2 ORGANOTYPIC CULTURES OF POSTNATAL AND ADULT

CRISTAE

To test for a role of Notch signaling in the transdifferentiation of support cells in the
cristae, I developed a method for maintaining cristae 7 vitro. In brief, cristac were dissected

from the capsule (Figure 2.1A), mechanically separated from the semicircular canals, and
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Figure 2.2 Organotypic cristae cultures. A,A’,B,B’) Maximum intensity projections of cristae
explanted from P7 and P12 Hes5-GFP mice and labeled with Gfil (white) show that after 5 days
in vitro (DIV) cristae maintained their overall morphology compared to uncultured littermate
controls (B,B" compared to A,A"). C,C") Cristae cultured from P30 adults also maintained their
normal morphology. Scale bars 100 um. D) P7+5 DIV cristae maintained similar levels of Gfil+
hair cells (n=11) compared to P12 littermates (n=9; t=0.9590, df=18, p=0.35), while P30+5 DIV
explants had a significantly reduced number of hair cells (n=10) compared to P35 littermates
(n=9; t=19.1571, df=17, p < 0.0001). Error bars depict standard error of the mean (SEM). Two-
tailed unpaired Student's t test where ns denotes p>0.05 and **** denotes p=0.0001. E) In P30+
5 DIV cristae, the hair cell counts obtained using an antibody to Gfil were comparable to those
using an antibody to Myo7a regardless of culture cond itions (DMSO, n=4, DAPT, n=6,

untreated, n=3).



37

cultured with the ampulla intact on culture membrane inserts at the gas-liquid interface.
Cristae were cultured for five days z vitro (DIV), fixed, and then labeled with antibodies to
assess the survival of hair cells and the overall morphology of the sensory epithelium.
Postnatal ages were used in addition to the mature ages for comparison purposes, as the
survival and plasticity of inner ear organs is generally greater at younger ages. To facilitate
accurate hair cell counts, I used the nuclear hair cell marker Gfil. Gfil is expressed in both
the developing (Wallis, ef a/, 2003, Hertzano, ¢t al., 2004, Yang, ez al., 2010) and mature
(Figure 2.1B-C) vestibular system. In the adult, counts of Gfil* cells were neatly identical to
counts with the more commonly used cytoplasmic marker, Myo7a (Hasson, ¢ al., 1995),
under all culture conditions tested (Figure 2.2E).

After five DIV, both postnatal (P7) and adult (P30) cristac maintained their overall
morphology compared to control cristae freshly dissected from similarly staged animals
(Figure 2.2B-B’ and 2.2C-C’ compared to 2.2A-A’). The overall shape of the sensory
epithelium was maintained, including the separation of the epithelium into the two distinct
hemicristae by the eminentia cruciatum. In addition, in cultures from transgenic mice
expressing eGFP under the Hes5 promoter (Hes5-eGEFP), the expression of eGFP (green) in
the peripheral zone and immunostaining with the hair cell markers Gfil (white) and Myo7a
(data not shown) were similar to control explants (Figure 2.2A-C’). However, there was a
slight difference in the appearance of the cultured cristae in maximum intensity projections.
This was due to the flattening and folding of the highly three-dimensional tissue onto the
culture membrane. The degree of folding varied from explant to explant, but most

commonly appeared as in Figure 2.2B-B’ and 2.2C-C’.
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In addition to morphology, I assessed the overall hair cell survival after five DIV at
both P7 and P30 (Figure 2.2D). In the P7 explants, neatly all the hair cells survived the five-
day culture period, with 1253.4£30.8 (n=11) Gfil™* hair cells in cultured explants, compared
with 1291.4+22.3 (n=9) in littermate controls (#=0.9590, df=18, p=0.35). By contrast, in the
P30 explants, there was significant hair cell loss after five DIV, with 843.5+17.2 (n=10)
Gfil* hair cells in cultured explants, compared to 1280.7214.5 (n=9) in littermate controls
(#=19.1571, df=17, p<0.0001) (Figure 2.2D). This loss appears to be due to culture
survivability and is not related to age-dependent hair cell loss, as there was no significant
difference in hair cell number between the P7 and P30 uncultured explants (7=0.4044, df=10,
$=0.69). Overall, at P30, there was a 34.1% loss due to culture, which is consistent with that
seen in other adult cultures of vestibular organs (e.g. Lin, ¢z a/, 2011). Generally, this loss
appeared as an overall thinning of the hair cell density throughout the sensory epithelium
(Figure 2.2C’); however, occasionally there was an almost complete loss of the hair cells in
the more central regions.

2.2.3 NOTCH SIGNALING IS ACTIVE IN ADULT CRISTAE

Previously, the Bermingham-McDonogh lab suggested that Notch signaling is active
in the peripheral support cells of the adult cristae based on an analysis of the Notch effector
Hes5 in Hes5-eGFP reporter mice and on Hes5 expression examined by 7 situ hybridization
(Hartman, ez al,, 2009). To provide additional evidence that the Hes5 expression seen in the
adult is a result of active Notch signaling, cristae from postnatal (P7, P12, P14) and adult
(P30) Hes5-eGFP mice were explanted and treated with the y-secretase inhibitor, DAPT, to

pharmacologically inhibit Notch signaling. The postnatal ages were used for comparison,
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Figure 2.3 Notch signaling is active in the postnatal and adult cristae. A) Hes5-eGEFP was
expressed in the support cells along the peripheral edges of the cristae at all ages in DMSO
controls and was down-regulated by 30 uM DAPT after 5 DIV. Scale bar 100 pm.

B) Quantification of the Hes5-eGFP fluorescence intensity showed significant reduction with
DAPT treatment at all ages (white bars, n=[DMSO; DAPT]; P7 [10; 8], =2.66% 0.69, t=3.8068,
df=16, p=0.00068; P12 [10; 12], =1.50£0.27, t=5.467, df=20, p<0.0001; P14 [12; 12],
—2.07%0.20, t=10.30, df=22, p< 0.0001; P30 [19; 13], —1.68£0.26, t=6.453, df=30, p<0.0001).
Error bars depict standard error of the difference (SE). The difference in fluorescent intensity
showed a similar trend with age as the gene expression of eGFP assayed by RT-qPCR (black
bars; P7, 8.226; P12, no data (nd); P14, 7.840; P30, 7.682). C) RT-qPCR analysis of uncultured
cristae showed that endogenous Hes5 (black points) is downregulated postnatally but maintains
similar levels of expression between late postnatal and adult ages (8 weeks). Each point represents
a single biological replicate, while the black line shows the average of the two replicates (PO,
0.613+1.356; P7, 9.463£1.124; P14, 10.884+0.280; P21, 10.988%0.143; P30, 11.025£0.530; P50,
10.198% 0.511). Error on reported values is standard deviation (SD). The expression of eGFP
from the Hes5-eGFP transgene in these same organs showed a similar trend to that of Hes5
(green points; PO, 5.364; P7, 8.226; P14, 7.840; P21, 8.060; P30, 7.682; P56, 7.320). D) RT-qPCR
analysis of cristae explanted from P7 and adult (8—10 weeks) mice showed a significant reduction
in Hes1 (P7: —4.38%1.28, t=3.8060, df=4, p=0.0095; adult: =3.40£0.43, t=3.5309, df=4,
p=0.012) and Hes5 (P7: =11.42£0.75, t= 11.4975, df=4, p=0.00016; adult: =5.28+0.35,
t=06.7954, df=4, p= 0.0012) gene expression in DAPT treated cristac over DMSO controls after
5 DIV with no change in Notchl expression (P7: =2.38%0.85, t= 2.06406, df=4, p=0.054; adult:
—2.4710.72, t=1.8732, df=4, p=0.067). Error bars depict SEM. One-tailed unpaired Student's t
test where ns — p>0.025, * - p<0.025, ** - p<0.0125, *** - p<0.00125, **** - p=<0.0001.
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since the ability to generate supernumerary hair cells through Notch inhibition is lost after
P12 in the utricle (Collado, ef al, 2011). After five DIV with 30 uM DAPT, the Hes5-eGFP
expression specific to the support cells of the peripheral zone was down-regulated compared
to the DMSO controls in all of the ages examined (Figure 2.3A). In the P30 explants, there
was some remaining fluorescent signal due to the autofluorescence of dead and dying cells,
indicative of the decreased survivability of the adult explants. Quantification of the
difference in Hes5-eGFP fluorescence intensity between DAPT- and DMSO-treated cristae
shows that this down-regulation was significant at all ages examined (white bars, Figure
2.3B). Further, the degree of this downregulation showed a similar trend with age to the
expression of ¢GFP in uncultured cristae from Hes5-eGFP mice assayed by RT-qPCR (black
bars, Figure 3B). Overall, in the uncultured cristae it appeared that Hes5 gene expression was
highly downregulated postnatally, but remained relatively stable after P7 and into the adult
ages (black circles, Figure 2.3C). The expression of eGFP from the Hes5-eGEFP reporter
showed an identical trend (green circles, Figure 2.3C). In addition, RT-qPCR analysis of
cristae explanted from P7 and adult (8-10 week) mice and cultured for five DIV, showed
that the Notch effectors Hes7 and Hes5 were significantly down-regulated in DAPT-treated
cristae over DMSO controls, with no change in the expression of the Notch receptor, Nozch1
(Figure 2.3D). Overall, these data show that Notch signaling is active in the adult cristae,
albeit possibly at a lower level than in early postnatal animals.
2.2.4 DAPT-TREATMENT INCREASES TOTAL HAIR CELL NUMBER
The presence of active Notch signaling in the adult cristae supports the hypothesis

that Notch signaling may still be necessary to maintain the support cell phenotype in mature
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cristae and that Notch inhibition would lead to the generation of supernumerary hair cells.
To test this, postnatal (P7, P12, P14) and adult (P30) explants were cultured for five DIV

with 30 pM DAPT or DMSO as a vehicle control (Figure 2.4). Cristae were analyzed by
counting the total number of Gfil* hair cells. This concentration of DAPT is lower than

that used in similar studies in the utricle (Collado, ¢# 4/, 2011, Lin, e al., 2011) and was
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Figure 2.4 DAPT-treatment increases total hair cell number in postnatal and adult cristae. A)
Maximum intensity projections of Gfil" hair cells in explants from P7 and P30 mice after 5 DIV
with 30 pm DAPT or DMSO. Scale bars 100 pm. Arrows point to regions of increased hair cell
density. B) At each age examined, the total number of Gfil" hair cells was significantly increased
in DAPT-treated cristae versus DMSO controls (Table 2.1). Note that the scale on the y-axis
begins at 600. Error bars depict SEM. One-tailed unpaired Student's t test where * - p<0.025 and
#* - p=0.0125. C) The difference in hair cell number between treated and control cristae was
similar at all ages. Error bars depict SE.
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chosen based on a concentration curve performed on P7 explants cultured for five DIV with

1 uM, 10 uM, or 30 uM DAPT with DMSO as a vehicle control. This is in contrast to the

postnatal cochlea where 5 uM DAPT is sufficient to inhibit lateral inhibition (Hayashi, e 4/,

2008a). To determine efficacy, the difference in the total number of Gfil* hair cells between

DAPT- and DMSO-treated cristac was used. Only the explants treated with 30 pM DAPT

showed a statistically significant increase in hair cell number over the DMSO controls

(DMSO - 1153£37.29 (»=10), 1 uM - 1222£76.05 (»=3), 10 uM - 1157£38.15 (»=4), 30 uM

- 1380£89.79 (#»=T); means reported with SEM; one-way ANOVA where F4,20)=3.223,

$»=0.0445 with Tukey-Kramer post-test [a=0.05]).

TABLE 2.1

Quantification of Gfil* hair cells in cristae explants cultured for 5 DIV

Explant Age and Treatment n Mean (+SEM) Difference between means (+ SE)

p-value (Df, £)*

P7
DMSO 15 1228(£36.79
( ) -137.6(£45.79) 0.0028
DAPT 15 1366(£27.26) (28, 3.005)
P12
DMSO 15 996.5(%£35.37
(£35.57) 88.13(+39.5) 0.0169
DAPT 15 1085(+17.58) (28,2.231)
P14
DMSO 11 922.5(+24.82
(£24.82) -94.35(+41.62) 0.0176
DAPT 10 1017(£34.10) (19, 2.267)
P30
DMSO 22 738.9(£35.07
( ) -117.3(£46.4) 0.0078
DAPT 19 856.2(£29.01) (39, 2.528)
2-way ANOVA F-value p-value
Effect of DAPT F,,.,=2185 <0.0001
Effect of Age Fs4 = 92,57 <0.0001
Interaction Fs114 = 0.23 0.8722

SEM - Standard error of the mean, SE - Standard error of the difference
¢ p-values from one-tailed unpaired student's #-tests with degrees of freedom and #-value
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Opverall, there was a highly statistically significant effect of DAPT on total hair cell
number (Table 2.1). In addition, there was also a statistically significant effect of age on total
hair cell number as the survivability of the explants decreased with increasing age (Figure

2.2D, Table 2.1). However, there was no differential effect of DAPT-treatment with age as

30 uM DAPT

merge - single plane

Figure 2.5 Hair cells appear to arise through transdifferentiation in postnatal cristac. A,A’,B,B’)
Maximum intensity projections of P7+5 DIV cristae treated with either DMSO (A,A’) or 30 pm
DAPT (B,B’) stained with Gfil for hair cells (A,B, red) and Sox9 for support cells (A’,B’, green).
In DAPT-treated cristae, the Sox9" support cell layer (B, green) was disrupted near the eminentia
cruciatum as compared to DMSO-treated controls where the Sox9 layer was continuous (A’,
green)(arrows point to regions of increased hair cell density and decreased support cell density).
A”,B”) This can also be seen in z projections through the sensory epithelium (at the yellow lines)
where in controls the green support cell layer was continuous beneath the red hair cells (A”), but
in DAPT-treated cristae it was disrupted (B”). This obvious disruption is not seen in adult
explants. Scale bars 100 um.
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the interaction between them was not significant (Table 2.1). At each individual age tested,
there was a significant increase in the number of hair cells in DAPT-treated cristae relative to
their aged-matched controls (Table 2.1, Figure 2.4B). In the P7 explants, there was a
noticeable increase in the hair cell density in the regions near the eminentia cruciatum
(Figure 2.4A and 2.5B; white arrows) that was accompanied by a loss of Sox9* support cells
in the same regions (Figure 2.5B’, white arrows). In the adult explants (P30), the increase in
hair cells was not as apparent in the maximum intensity projections; nevertheless, there was a
consistent and statistically significant increase in the number of hair cells in the DAPT-
treated explants, even at P30 (Figure 2.4B). This increase in hair cell number was
approximately the same at all of the ages tested (Table 2.1, Figure 2.4C), which is consistent
with the relatively stable levels of Hes5 gene expression, and therefore Notch signaling levels,
at these same ages (Figure 2.3C).

In the other organs of the inner ear, the amount of support cells that undergo
transdifferentiation in response to Notch inhibition decreases during development, as the
levels of active Notch signaling in these organs also decrease (Lanford, e al., 1999, Zhang, et
al., 2000, Zheng, et al., 2000, Zine, et al., 2001, Kiernan, et al., 2005, Brooker, ez al., 20006,
Yamamoto, ez al., 2006, Takebayashi, ef al., 2007, Hayashi, ef al., 2008a, Doetzlhofer, ez al.,
2009, Collado, ¢t al., 2011, Zhao, et al., 2011, Du, et al., 2013, Korrapati, ¢t al, 2013, Mizutari,
et al.,, 2013). Since in the cristae the expression of Hes) is higher at birth than at P7 or in the
adult (Figure 2.3C), it is likely that more hair cells would be generated in response to Notch
inhibition in early postnatal cristae. To test this I explanted cristae from P1 and P4 mice and

cultured them for three DIV with 30 puM DAPT or DMSO as a vehicle control. For analysis,
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P1+3 DIV, DMSO P1+3 DIV, DAPT

P4 + 3 DIV, DMSO P4 + 3 DIV, DAPT

4
Figure 2.6 Most supportt cells transdifferentiate after DAPT-treatment in postnatal cristae.
Cristae were explanted from P1 and P4 mice and cultured for 3 DIV. Cristae are labeled with
Myo7a (green) and Sox2 (red) and are shown in maximum intensity projections (A,B,C,D) and in
single slice views (A’, B’,C’,1D’). In the slice views, yellow lines indicate the location of the two
slice projections (z' and z°) shown to the right and bottom of each image. A-D) There is no
qualitative difference in the appearance of DAPT- and DMSO-treated cristae in the maximum
intensity projections at either P1 (A versus B) or P4 (C versus D). A’,C’) In the DMSO-treated
cristae at both P1 (A’) and P4 (C’), the layering of the support cells and hair cells is preserved
(white arrows point to areas where the layer of red support cell nuclei can be seen beneath the
green hair cell layer). B’,1D”) In the cristae treated with 30 uM DAPT, the layering is disrupted
since most of the Sox2-expressing support cells have transdifferentiated and now express the hair
cell marker Myo7a (green), in addition to Sox2 (red).
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cristae were labeled for hair cells with Myo7a (green) and for support cells with Sox2 (red)
(Figure 2.6). Though there was no visible difference in the appearance of the treated versus
control cristae in maximum intensity projections (Figure 2.6A,B,C,D), slice views of the
cristaec showed that the majority of the support cells underwent transdifferentiation in
response to Notch inhibition at both early postnatal ages. In the DMSO-treated cristae, there
was a clear layer of Sox2-expressing support cells (red) beneath the hair cell layer (green)
(Figure 2.6A’,C’, indicated by white arrows). This can be seen in both a single slice view of
the cristae and in slice projections (white arrows). In the DAPT-treated cristae, there is no
obvious layering of the hair cells and support cells. Instead, the sensory epithelium looks like
one continuous layer of cells expressing both Myo7a (green) and Sox2 (red) (Figure
2.6B’,D>’). Sox2 is expressed by support cells and a subset of type II hair cells in the mature
cristae (Figure 2.1E,E’) and is expressed briefly in immature hair cells of the other inner ear
organs (Hume, ez al., 2007, Dabdoub, ez al.,, 2008, Hayashi, ¢# /., 2008b, Munnamalai, ez al.,
2012). Therefore, the continued expression of Sox2 in these cells could be due to a failure to
downregulate Sox2, or could just be a normal part of hair cell development.

The hair cell increases in the later postnatal and mature cristae did not appear to be
due to cell proliferation. Culturing for five DIV with continuous 5 pM 5-Ethynyl-2"-
deoxyuridine (EdU), a thymidine analogue, did not result in EAU uptake by Gfil* hair cells
in either DAPT- or DMSO-treated cristae, despite numerous EAU* cells in the surrounding
non-sensory tissue (Figure 2.7). In addition, the majority of support cells appeared to be
negative for EAU labeling. It is still possible, however, that there was a low level of support

cell proliferation, as I did not label the support cells to test for this and instead identified



47

them based on their position in the sensory epithelium and their nuclear morphology. The
data shown in Figure 2.7 are examples of P30 explants, though I found the same results at
P7 and P14. Overall, this suggests that any newly generated hair cells did not arise through

proliferation, but through direct transdifferentiation.

30 uM DAPT

Figure 2.7 Hair cells do not arise through proliferation. A-A”’, B-B*”) Hair cells did not uptake
EdU (green), despite the presence of EAU throughout the entire culture period in either DMSO-
(A-A”) or 30 um DAPT- (B-B””) treated P30 + 5 DIV cristae shown in single slice views at
different z depths in the sensory epithelium labeled with Gfil (red). Z slice projections are shown
to the right of the image indicating the location of the slice relative to the sensory epithelium in
the z dimension. In both conditions, while many cells beneath the sensory epithelium were
positive for EAU (A””, B”), no Gfil" hair cells had EdU labeling, as indicated by the lack of
yellow cells in A’, A”, B’, and B”.
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2.2.5 NEW HAIR CELLS ARISE THROUGH

TRANSDIFFERENTIATION

In order to directly demonstrate that the hair cell increases I observed were due to
support cell transdifferentiation and not from hair cell survival or repair, I used a lineage
tracing strategy to label support cells prior to DAPT-treatment (Figure 2.8A). For these
experiments, I used animals that had reached sexual maturity (8-10 weeks) as I felt that they
better represented mature adults. The analysis of Hes5 gene expression, both with age and
with DAPT-treatment, suggested that Notch signaling was still active at this age (Figure
2.3C-D). Further, the 8-10 week old control cristae cultured for 7 DIV from this experiment
had a similar number of Gfil* hair cells (836.2+41.52, n=5) as the cultured P30+5 DIV
explants (Figure 2.2D, 843.5117.2, n=10). This suggests that even though the adult explants
do not survive as well in culture as younger explants, their survivability does not continue to
decline with age, but stabilizes between at least P30 and P56-70. To label support cells, I
used PLP/CteER mice expressing an inducible Cre recombinase under the proteolipid
protein 1 (PLP) promoter crossed to mTmG reporter mice that express membrane-bound
Tomato (mTomato) prior to recombination and membrane-bound GFP (mGFP) after Cre-
mediated recombination (Doerflinger, ez al, 2003, Muzumdar, ¢z al., 2007, Gomez-Casati, ef
al., 2010). Upon tamoxifen treatment, the support cells and Schwann cells that express the
PLP transgene expressed GFP in a dose dependent manner (Figure 2.8B-B”). By replacing
the media with fresh 5 pM 4-Hydroxytamoxifen (4-OHT) each day of the two day
recombination period, it was possible to recombine almost all of the peripheral support cells

(Figure 2.8B”). However, with this recombination efficiency it was impossible to distinguish
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between a hair cell expressing mGFP and an unlabeled hair cell surrounded by support cells
expressing mGFP. Using a single treatment of 5 uM 4-OHT with no media change during
the two days of recombination, there was a lower recombination efficiency overall (Figure

2.8C-C’, with and without Gfil). With this recombination efficiency, the morphology and
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Figure 2.8 PLP/CteER lineage trace of support cell fate. A) Mice expressing a tamoxifen-
inducible Cre recombinase under the PLP promoter were crossed to mTmG reporter mice that
express a floxed-stop membrane-bound Tomato followed by a membrane-bound GFP driven by
a CAGs promoter in the ROSA26 locus. B-B”) Tamoxifen-induced recombination was dose
dependent. Most support cells in the peripheral region expressed GIFP after two days of 5 pM 4-
OHT treatment with a media change on the second day. C-C’) Fewer support cells expressed
GFP after two days of 5 uM 4-OHT treatment with no media changes, shown with (C) and
without (C’) Gfil (white) in maximum intensity projections. D-D’) Single z-slices of the crista in
C-C’ show recombination in support cells (arrows) and Schwann cells (asterisk). D”’) A zoomed
image of the boxed region in D-D’ shows an example of a recombined support cell. All scale bars
are 100 um except for in D” where it is 5 pm.
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layering of individual cells when viewed in single z-planes was cleatly visible (Figure 2.8D-
D>, arrows indicate regions of support cell recombination, asterisk indicates a region of
Schwann cell recombination).

To verify that the Cre recombinase was not expressed in hair cells, cristac were
explanted from 8-10 week old PLP/CreER;mTmG mice and treated with 5 pM 4-OHT for

two DIV to induce recombination. Recombination control cristae were fixed directly after
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Figure 2.9 Notch inhibition induces transdifferentiation of support cells to hair cells. A) Cristae
wete explanted from 8 to 10 week old PLP/CreER;mTmG mice and cultured for 2 DIV with a
single dose of 5 pm 4-OHT. Recombination control cristae were fixed after 2 days and remaining
cristac were washed and treated with either 30 uM DAPT or DMSO for 5 additional days with
daily media changes. B) The number of GFP" cells in the sensory epithelium was similar between
treatment groups (DMSO, 225.6%£27.3, n=18, DAPT, 183.8£22.0, n=29) (#=1.155, df=45,
$=0.25). Error bars depict SEM. C) There was a significant increase in the percentage of GFP”
cells in the SE expressing Gfil in DAPT-treated cristae versus DMSO controls (DMSO,
0.023£0.023, n=16; DAPT, 1.47£0.25, n=29) (#=4.280, df=43, p=0.00010). Error bars depict
SEM. Two-tailed unpaired Student’s #test where ns denotes p>0.05 and **** denotes p=0.0001.
D) Overall, in the DAPT-treated cristae the number of GFP” cells expressing Gfil correlated
with the recombination efficiency of the explants (#=0.6520, #=25, p=0.00041). The DMSO
controls showed no significant correlation (#=0.1873, n=16, $=0.49). Pearson’s correlation where
** denotes p=0.001.
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these two days and analyzed. Out of nine recombination control cristae, no hair cell
recombination was observed despite significant support cell recombination comparable to
the number of GFP* cells in the sensory epithelium quantified in Figure 2.9B.

To determine whether the additional hair cells observed with DAPT-treatment were
derived from support cells, I explanted cristae from 8-10 week old PLP/CreER;mTmG mice
and treated them with 5 uM 4-OHT for two DIV to induce recombination, as described
above. After two DIV, the media was replaced with either 30 uM DAPT or DMSO as a
vehicle control for an additional five DIV (Figure 2.9A). Both treated and control cristae had
similar levels of recombination (Figure 2.9B). In the DMSO-treated controls there were
225.6127.3 (n=18) recombined mGFP* cells in the sensory epithelium, compared to
183.8£22.0 (n=29) mGFP* cells in the DAPT-treated cristae (#=1.155, df=45, p=0.25).
Further, in the DAPT-treated cristae, I found many examples of GFP* cells in the sensory
epithelium expressing Gfil, which will be referred to as transitioning cells (TC). Overall,
there were significantly more TCs in DAPT-treated cristaec compared to controls (Figure
2.9C)(r=4.2806, df=43, p=0.00010). In addition, the number of TCs found in an explant
correlated with the degree of Cre-mediated recombination in support cells (Figure
2.9D)(?=0.6520, n=25, p=0.00041). Most DAPT-treated cristae had at least one TC, and in
one case there were as many as nine. By contrast, there was only a single TC in all of the
DMSO control explants (Figure 2.9D), which may be a result of spontaneous regeneration
as there were no TCs in the two-day recombination controls.

The TCs derived from support cells showed a range of morphologies. Most of the

TCs were similar to the representative example shown in Figure 2.10A-C. These cells were



52




53

Figure 2.10 Examples of lineage-traced transitional cells. Two views of the cells are shown, one
at 60x (A,D,G,J,K) and the other at 20x (B,E,H), due to bleaching of the Gfil staining at the
higher magnification. All scale bars, 5 pm. A,B,C) An example of a lineage traced cell
representative of the majority of observed TCs. This cell was located in the hair cell layer,
expressed Gfil (arrow), and had a taller apical mGFP labeling than surrounding support cells
(SC) (arrowhead). A diagram of this cell (C) also shows several GFP" support cells near the hair
cell, one of which partially enveloped an unlabeled hair cell (dark green cell, asterisk in A).
D,E,F) A lineage traced cell with a morphology intermediate between a hair cell and a support
cell. This cell expressed Gfil (arrow) and also had a taller apical mGFP labeling (arrowhead). This
cell, however, was not in the hair cell layer, nor was it attached to the basement membrane. A
diagram of this cell (F) also shows several GFP" non-sensory cells (other) and a GFP" support
cell surrounding the TC. G=T) Another lineage traced TC had a traditional hair cell morphology
and Gfil expression (arrow), but also had a trailing foot attached to the basement membrane
(arrowhead). A diagram of this cell (I) also shows two GFP" support cells. J-L) The last example
TC had a typical hair cell morphology, a kinocilium (arrowhead in J), and Gfil expression (arrow
in K). A diagram of this cell (L) also shows a GFP" non-sensory cell and two GFP" support cells
surrounding the hair cell.
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found in the hair cell layer and had an immature hair cell morphology including a large,
rounded nucleus and longer apical projections than the surrounding GFP* support cells
(arrowhead, Figure 2.10A-C). There were several instances, however, where I observed more
intermediate morphologies between that of a support cell and a hair cell. For example, one
such cell had an elongated body typical of a support cell, but appeared to be lifting off of the
basement membrane and in the process of translocating to the hair cell layer (Figure 2.10D-
F; Supplemental Movie 2.2). The apical projection of this cell was thinner than the other
labeled support cells and it had intense apical mGFP labeling with an appearance unlike
other hair cells or support cells (arrowhead in Figure 2.10D-E). In addition, there were TCs
located in the hair cell layer with hair cell morphologies that maintained contact with the
basement membrane through thin, foot-like projections (arrowhead, Figure 2.10G-I;
Supplemental Movie 2.3). In one instance, there was a TC that appeared to have a more
mature morphology that was characteristic of a ‘normal’ hair cell. This TC was in the hair
cell layer with a hair cell appearance, including a large rounded nucleus and a thin apical
neck. In addition to having what appears to be a stereocilia bundle like the majority of the
TCs, this cell also had a clear kinocilium extending from its apical surface (arrowheads,
Figure 2.10]-L; Supplemental Movie 2.4). This was the most mature-looking cell that I
observed, perhaps suggesting that this cell was one of the first to transdifferentiate and thus
had more time to reach maturity.

Opverall, these data suggest that Notch signaling plays a role in maintaining the
support cell phenotype in a subset of support cells in the mature cristae. Upon DAPT-

treatment, these support cells can transdifferentiate into hair cells that express the hair cell
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marker Gfil, translocate to the hair cell layer, and take on a hair cell morphology, which in
one case included a long kinocilium.
2.3 DISCUSSION
2.3.1 NEW EVIDENCE FOR HAIR CELL REGENERATION IN THE

CRISTAE

These results demonstrate that Notch signaling is active in the mature mammalian
cristaec and may be important for maintaining the support cell fate in a subset of peripheral
support cells. Culturing postnatal and adult cristae from Hes5-eGFP reporter mice with the
y-secretase inhibitor, DAPT, decreased the expression of the Notch effectors Hes5 and HesT.
Hes5, as reported by Hes5-eGFP, was down-regulated specifically in peripheral support
cells. DAPT-treatment resulted in an increase in the total number of Gfil* hair cells at a
similar rate in both the mature and postnatal cristae. New hair cells arose without
proliferation, as no hair cells incorporated EAU even though it was present throughout the
entire culture period. Instead, lineage tracing in adult cristae showed hair cells arose through
transdifferentiation of PLP-expressing support cells. These transdifferentiated cells
expressed the early hair cell marker Gfil and were capable of displaying hair cell
morphologies, migrating to the correct cell layer, and assembling a stereocilia bundle with a
kinocilium.

Previous work in the mature chinchilla cristae provided evidence for spontaneous
hair cell regeneration after damage (Tanyeri, ef al., 1995, Lopez, ¢t al., 1997, Lopez, et al.,
1998, Lopez, et al., 2003). These studies found a partial recovery in hair cell number and

innervation over time without a concomitant decrease in support cells. While this was
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suggestive of proliferative regeneration, the limitations of the chinchilla system prevented
further analysis. Here, in addition to providing further evidence for hair cell regeneration in
the mature mammalian cristae, I show that hair cells arise through transdifferentiation of
support cells using lineage tracing with PLP/CreER;mTmG mice. This is the first evidence
for direct transdifferentiation from support cells to hair cells in the mature mammalian
vestibular system. Though I cannot discount a role for some hair cell survival or repair, the
use of lineage tracing with the PLP/CreER;mTmG mice shows that at least a portion of the
hair cell increases are due to support cell transdifferentiation. In addition, while I attribute
these increases to Notch inhibition based on the downregulation of Notch effectors such as
Hes5 and Hesl, other pathways could also be involved. The Notch receptor is not the only
target for y-secretase, and therefore Notch might not be the only pathway whose inhibition
is contributing to the regeneration observed through y-secretase inhibition with DAPT. The
Y-secretase complex is involved in a process called regulated intramembrane proteolysis
(RIP) that has over ninety known substrates including Notch receptors and ligands, amyloid
precursor protein (APP), Ephs/Ephrins, Intetleukin receptors, cadherins, and
Etb/Neuregulins (reviewed in Haapasalo and Kovacs, 2011).
2.3.2 THE ROLE OF DAMAGE IN NOTCH-MEDIATED HAIR CELL

REGENERATION

In other systems where hair cells can be generated through transdifferentiation
following Notch inhibition, Notch signaling is either continuously active in the organs and
required to maintain the mosaic pattern of support cells and hair cells or Notch signaling

components are upregulated in response to damage. Several studies have suggested that hair
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cell damage may be required for Notch-mediated regeneration in the adult utricle (Wang, ez
al., 2010, Lin, ez al,, 2011, Jung, ez al., 2013), consistent with what has been shown in the
zebrafish lateral line and the chick basilar papilla (Ma, e7 4/, 2008, Daudet, ¢z al., 2009).
Although my experiments were performed 7 vitro and, therefore, involved some hair cell
death due to the damage from culturing the organs, I believe that cristae differ from the
utricle in that they do not require damage for hair cell regeneration. In the mature
undamaged utricle, Hes5 is only expressed in a small subset of support cells in the
posteromedial region, whereas in the mature undamaged cristae Hes5 is expressed in all of
the peripheral support cells (Hartman, e a/, 2009). In the utricle, it therefore makes sense
that many support cells would need to upregulate Notch signaling in response to damage
before Notch can be inhibited in order to generate hair cells. In the cristae, however, since
Notch signaling is normally present in the majority of peripheral support cells, it may be
playing an ongoing role in maintenance of the support cell fate and may not require a
damage-induced upregulation of Notch signaling for hair cell regeneration.

Further evidence for this hypothesis comes from the comparison between hair cell
regeneration at the adult and postnatal ages. At P7, the total number of hair cells increased in
response to Notch inhibition with no damage to the cristac evident from culturing. This
suggests that the level of Notch signaling present in the P7 cristae is sufficient for
maintenance of the support cell fate through lateral inhibition. Further, an RT-qPCR analysis
of the mRNA expression levels of Hes5 and ¢eGEFP (from the Hes5-eGEFP transgene) showed
that Hes5 is expressed at similar levels in uncultured cristac of postnatal and adult mice. This

is consistent with the immunofluorescence data from the Hes5-eGFP transgenic mice, which
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also shows a downregulation of Hes5-eGFP in response to Notch inhibition in both
postnatal and adult cristae at a similar level. Therefore, while I cannot preclude the
possibility that damage is necessary for DAPT-induced hair cell generation, I believe that the
ongoing presence, expression levels, and responsiveness of Hes5 to Notch inhibition
suggests that Notch may be important in the quiescent, undamaged cristac. However, since
Hes5 is expressed at a lower level at P7 and in the adult than in earlier postnatal animals,
suggesting lower levels of Notch signaling; it is still possible that further damage could
stimulate additional regeneration.
2.3.3 MORPHOLOGICAL CHANGES OBSERVED DURING

TRANSDIFFERENTIATION

In the lineage tracing experiments using the PLP/CreER;mTmG mice, there were
several interesting morphological changes in the transdifferentiating cells. These changes
were similar to those noted in the initial reports on transdifferentiation in the mature
regenerating organs of bullfrogs (Baird, ez al., 1996, Steyger, ¢ al., 1997), chicks (Raphael, ez
al., 1994, Adler and Raphael, 1996, Adler, ez al., 1997), bats (Kirkegaard and Jorgensen, 2000)
and guinea pigs (Li and Forge, 1997). Since hair cell regeneration occurs in most vertebrate
species, it is perhaps unsurprising that these different species show similar changes as cells
transition between the distinct morphologies of support cells and hair cells. Most of these
studies reported transdifferentiating cells with morphologies intermediate between those of
support cells and hair cells. Like support cells, these cells were elongated and spanned the
entire sensory epithelium. However, these cells also had enlarged, basally located nuclei and

immature stereocilia bundles, suggesting that they were becoming hair cells. In my data, most
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of the cells appeared to be in later stages of transdifferentiation. Most of the cells had typical
hair cell morphologies, were located in the hair cell layer, and appeared to have longer apical
processes. However, there were two types of cells that appeared to be in eatlier stages almost
identical to those previously reported. The first cell was located near the planum
semilunatum and had a transitional morphology between a hair cell and a support cell.
Further, this cell was separated from the basement membrane, appearing to be translocating
its nucleus to the hair cell layer. This is similar to other studies in the chick basilar papilla
where it appeared that detachment from the basement membrane occurred eatly, prior to or
during translocation of the nucleus (Raphael, ez a/.,, 1994, Adler, e al., 1997). The second cell,
located near the eminentia cruciatum, had a characteristic hair cell morphology and layering,
but maintained contact with the basement membrane through a thin foot-like projection.
This is similar to the study by Li and Forge (1997) in the guinea pig utricle where it appeared
that transitioning cells maintained contact with the basement membrane until later stages of
transdifferentiation. These basal projections are also seen in other cases where hair cells are
generated through overexpression of cyclin D1 or Atohl (Loponen, ez al.,, 2011, Lewis, ef al.,
2012). Although I did not have the same subcellular resolution as the thin sections used in
most of these previous experiments, the membrane-bound GFP allowed me to observe
nearly identical intermediate morphologies in whole mount explants. Whether these different
morphological changes represent distinct mechanisms, it is interesting that support cell
transdifferentiation may proceed through similar intermediate morphologies in the chick

basilar papilla, the guinea pig utricle, and the mouse cristae.
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2.3.4 REGIONAL DIFFERENCES IN HAIR CELLL REGENERATION
While the morphological changes occurring during transdifferentiation may be similar
between species, the regenerative ability of mammals, whether spontaneous or through
manipulations such as Notch inhibition, is much lower than all other vertebrates studied
(reviewed in Warchol, 2011). This suggests that only a subset of support cells remain
competent to form hair cells in the mature mammalian vestibular system. The role for
additional factors, such as other signaling pathways or further regulation downstream of
Notch signaling is apparent in my data, since only a fraction of the peripheral support cells
that express Hes5 and down-regulate it in response to Notch inhibition undergo
transdifferentiation. However, determining the identity of these factors and why they only
affect certain support cells ultimately requires a better understanding of vestibular support
cells and their markers. Here I show that some of the support cells capable of
transdifferentiating express the PLP transgene, as was also shown in the postnatal utricle
(Collado, et al, 2011). In addition, in P7 explants the support cells near the eminentia
cruciatum are the most responsive to Notch inhibition. Though there is no obvious
difference in Hes5 expression or down-regulation in this region, more hair cells were
generated here with a concomitant loss in support cells following Notch inhibition. This is
similar to a result found by Lopez, ¢z a/. (1997) studying spontaneous hair cell regeneration
after damage in the mature chinchilla crista, where hair cells regenerated along this same
gradient, from the crux eminentia to the planum semilunatum. However, in the experiments
using mature PLP/CreER;mTmG mice, there were lineage-traced hair cells throughout the

peripheral zone of the cristae, both near the eminentia cruciatum and the planum



61

semilunatum. Therefore, while the PLP-transgene limited the analysis to the peripheral zone,
at least within this region there was not a particular area of regenerative competence in the
adult. Even if this regenerative gradient only occurs postnatally, it is still an interesting
finding since the crux eminentia of the crista and the striola of the utricle are the only places
where the zinc finger gene GATA-3 is expressed (Karis, ez al, 2001). GATA proteins have
been shown to act cooperatively with NICD-CSL at the promoter level (Neves, ¢ al, 2007)
and in the inner ear, it has been suggested that GATA-3 expression could be important for
hair cell regeneration through downstream signaling targets such as Wnt (Alvarado, ez 4L,
2009).

In the mature regenerating utricle, there does appear to be regional regeneration
(Collado, et al., 2011, Lin, et al, 2011, Golub, ez al, 2012, Jung, ez al., 2013), though there is no
consensus on which regions are competent for regeneration as the regionalization found
varied between studies. Similar to the utricle, there were some regional differences in hair cell
regeneration in the crista. Though this analysis was largely limited to the peripheral region,
since both Hes5 and PLP are expressed only in peripheral support cells, I did not see any
significant qualitative evidence of hair cell regeneration in the central zone. The central zone
of the cristae shares many characteristics with the striola of the utricle and generally
exhibited the highest degree of hair cell death in the cultures, with occasional loss of all of
the hair cells in this region. There did not appear to be any increase in hair cells in this region
in the DAPT-treated cultures as opposed to those treated with DMSO. This would be more
similar to the study by Jung, ¢z 2/ (2013) where most of the hair cell increases are in the

regions that maintain Hes5 expression in the mature organ. In addition, there was a larger
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decrease in Hes5 expression in response to Notch inhibition than of Hes7. Studies showing
hair cell regeneration in the striolar region of the utricle have reported decreases in Hes?
expression during the regenerative process (Collado, e al., 2011, Lin, ez al., 2011). It would be
interesting to know in what cells Hes1 is being expressed in the mature cristae and, again,

whether it and Hes5 have unique roles in both the undamaged and damaged cristae.
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31 INTRODUCTION

Since the 7 vitro results demonstrating that the adult cristaec have some regenerative
capacity in response to Notch inhibition were very promising, I next wanted to validate these
results 2z vivo. In addition to validation, performing experiments in live animals is necessary
to assess behavioral recovery and to determine if the hair cells can reintegrate into the neural
circuitry. In previous studies of regeneration, new hair cells were able to reintegrate by
recruiting nerve fibers and forming synaptic connections. These new hair cells were
generated through a variety of methods, including through spontaneous regeneration after
damage (Lopez, ¢t al., 2003), overexpression of Atohl (Kawamoto, ¢7 al., 2003, Gubbels, ez
al., 2008, Kelly, ez al., 2012, Liu, et al, 2012a), and through induction of ectopic patches
through activation of Notch signaling (Hartman, ez a/., 2010, Liu, ez al., 2012b, Pan, ¢t al.,
2013). In my 7n vitro cultures, the cristae were isolated and maintained without the neurons of
Scarpa’s ganglion, making it impossible to assay for these signs of reintegration.

In order to assess for reinnervation, it is important to be able to distinguish newly
generated hair cells from pre-existing and repaired hair cells. For this, lineage-tracing of the
support cells is the easiest and most accurate method since new hair cells mostly arise
through transdifferentiation of support cells. For my previous experiments, I used the
PLP/CteER mice (Doetflingert, e al, 2003, Gomez-Casati, ¢ al., 2010) for lineage tracing,
which allowed for a successful identification of transdifferentiating support cells, but limited
the analysis to the peripheral region of the cristae, where PLP/CreER is expressed. For
future experiments, an analysis of the entire cristaec would be better, but would require a

mouse line expressing an inducible Cre recombinase in all of the support cells. Although
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many Cre-expressing mouse lines useful for inner ear work have been described (reviewed in
Cox, et al., 2012), there are no known inducible Cre lines with robust support cell expression
and no hair cell expression except for the PLP/CreER mice.

In order to identify a suitable mouse line expressing an inducible Cre recombinase for
in vivo experiments, I performed a screen of various Cre-expressing mouse lines with known
expression in the nervous system in collaboration with Dr. Julie Harris of the Allen Institute
for Brain Science. I characterized the expression of these lines in the inner ear and from this
screen identified several promising lines for future inner ear work and one promising
candidate specifically for lineage tracing support cells for studying hair cell regeneration. I
confirmed the endogenous expression of this gene in the cristae using
immunohistochemistry and confirmed that this line recombines in support cells and no hair
cells both 7z vitro and in vive. Further, I used this line of mice to characterize spontaneous
regeneration of hair cells after damage in the mouse 7z vivo using lineage tracing.

Previous studies of spontaneous hair cell regeneration after damage in the cristae
were performed in the chinchilla, where the lack of genetic tools requires the use of
secondary measures to identify regenerating hair cells, such as the presence of immature hair
bundles, the presence of hair cells after a complete lesion, and the identification of
intermediate transitional morphologies (Tanyeri, ez al., 1995, Lopez, ¢t al., 1997, Lopez, et al.,
1998, Lopez, et al., 2003). Although these measures are indicative of hair cell regeneration,
only lineage tracing can definitively show that a hair cell has transdifferentiated from a

support cell and is, therefore, a result of regeneration and not incomplete lesion or repair.
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3.2 RESULTS
3.2.1 SCREEN FOR CRE RECOMBINASES EXPRESSED IN THE
INNER EAR

In order to screen for inner ear expression of Cre-expressing mouse lines, I
examined the expression of Cre recombinase in adult inner ear capsules provided by Dr.
Julie Harris at the Allen Institute for Brain Science. The Cre-expressing mouse lines screened
had known expression in the nervous system and were crossed to the Ail4 reporter mouse
line. Ail4 mice express a floxed-stop tdTomato under the CAG promoter in the ROS.A26
locus (Madisen, e al, 2010) and exhibit robust expression of tdTomato throughout the cell
upon Cre-mediated removal of the floxed-stop element. All mice screened were
approximately eight weeks old at the time of sacrifice and for each line only one mouse was
screened. For mice expressing non-inducible Cre recombinases, it is not possible from the
samples obtained to determine when recombination occurred or whether recombination
occurred in the labeled cells or in a progenitor cell. For the mice expressing inducible Cre
recombinases, five doses of tamoxifen (5.0 mg/25 g mouse) were administered via oral
gavage, with the last dose given two days prior to sacrifice.

From the screen, I identified seven mouse lines with potentially useful expression in
the inner ear. Two lines, Calb2-IRES-Cre and Otof-Cre, showed specific expression in hair
cells (Figure 3.1A,B), and five lines showed expression mainly in support cells, including
Wis1-Tg2-CreERT2, Glast-CreER (transgenic and knock-in), Cralbp-CreER, and Dcx-

CreER (Figure 3.1C-F).
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Calb2-IRES-Cre;Ai14 Wis1-TG2-CreERT2;Ai14

Phalloidin

Otof-Cre;Ai14

Phalloidin

Figure 3.1 Mouse lines with useful expression of Cre recombinase in the crista. A) Adult Calb2-
IRES-Cre;Ai14 mice show recombination in almost all hair cells in the cristae (dark area in A is
shadowed by pigment) as well as in some non-sensory cells. B) Adult Otof-Cre;Ail14 mice show
recombination in all hair cells in the cristae. C) Adult Wfs-TG2-CreERT2;A114 mice show
recombination mainly in support cells, but also in some hair cells and non-sensory cells. D) Adult
Dcx-CreERT2;A114 mice show recombination almost exclusively in the support cells. E) Adult
Glast-CreER knockin mice show recombination in a scattering of support cells throughout the
sensory epithelium. F-F’) P14 Cralbp-CreER;Ai14 mice show recombination in many non-
sensory cells of the ampulla and canals, with less recombination occurring around the utricle. In
addition, they show recombination in many support cells located in the central zone of the
cristae. White dotted lines indicate the location of the sensory epithelia, including the two cristae
and the utricle.



68

The Calb2-IRES-Cre knock-in mice express Cre recombinase in most of the hair cells
in the cristae, in addition to some non-sensory cells and neuronal like cells (Figure 3.1A).
The Otof-Cre knock-in mice, on the other hand, express Cre recombinase exclusively in all
of the hair cells of the cristae (Figure 3.1B). Since the Otof-Cre mice express Cre
recombinase in only the hair cells in the cristae, as compared to Calb2-IRES-Cre mice, which
have some expression in other cells, the Otof-Cre mice would be a better line for restricting
expression to hair cells for experiments involving FACS or genetic lesion.

The Cralbp-CreER transgenic mice express Cre recombinase in many non-sensory
epithelial cells throughout the ampulla and the semicircular canals, characterized by their
honeycomb shape (Figure 3.1F,F’). In addition, these mice express Cre recombinase in a
subset of support cells found in the central region of the cristae, which directly complements
the PLP-Cre/ER mice that express Cre recombinase in a subset of support cells found in the
peripheral zone. Together, these two strains can be used characterize differences between
these two regions and support cell populations.

The Wts1-TG2-CreERT2 transgenic mice express Cre recombinase in support cells
in the cristae throughout the entire sensory epithelium at a high efficiency (Figure 3.1C).
However, these mice also have a low rate of hair cell recombination, which makes them
unusable for lineage tracing for regeneration studies. These mice may still be useful though
for experiments involving FACS, as they can be used to label almost all of the support cells
with no regional restriction and only a small amount of hair cell contamination.

The Dcx-CreER transgenic mice (Figure 3.1D) and the Glast-CreER transgenic and

knock-in mice (Figure 3.1E) express Cre recombinase almost exclusively in support cells
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throughout the entire sensory epithelium. While none of these mouse lines show any
recombination in hair cells, they all have significantly lower recombination efficiencies than
the W{s1-TG2-CreERT2 mice. However, the lack of hair cell recombination makes these
mice excellent for lineage tracing for regeneration studies and FACS.

Since the Dcx-CreER transgenic mice have a higher recombination efficiency than
the Glast-CreER mice, I decided to further assess the suitability of the Dcx-CreER mice for
lineage tracing support cells. For more information on the screen I performed and the
various mice lines screened, including their expression in the cochlea and their endogenous
expression, see Appendix 1.

3.2.2 RECOMBINATION IN DCX-CreER MICE IS EXCLUSIVELY IN
SUPPORT CELLS

To confirm the expression of the Dcx-CreER transgene in the support cells, I
obtained the Dcx-CreER mice from the Mutant Mouse Regional Resource Centers
(MMRRC), crossed them to the Ail4 mouse line, and induced recombination with
tamoxifen in eight week old mice both 7z vzvo and in vitre. Tamoxifen was administered 7z vivo
using a single intraperitoneal (ip) injection of tamoxifen (3.0 mg/25 g mouse) and i vitro by
adding 5 uM 4-OHT to the media. For iz vitro experiments, the cristae explants were
cultured for two DIV with two media changes containing fresh tamoxifen per day. For both
in vivo and in vitro experiments, cristae were fixed two days after the initial tamoxifen
treatment, immunolabeled for Myo7a and Sox2, and analyzed for recombination. In total,
sixteen cristac were analyzed and no hair cell recombination was observed in either the 7 vivo

ot the 7z vitro conditions. Instead, consistent with the results of the initial screen, only
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support cells and non-sensory cells immediately adjacent to the sensory epithelium
underwent recombination (Figure 3.2A-C”).
3.2.3 IMMUNOLABELING FOR ENDOGENOUS DCX EXPRESSION

In the nervous system, Dcx is expressed in developing neurons (Francis, ef al., 1999,
Gleeson, ¢z al., 1999, Tanaka, ez al., 2004) and in regions of the adult brain where there is
ongoing neurogenesis, including in the subventricular zone and in the subgranular zone
(Nachert, ez al., 2001, Brown, ¢t al, 2003, Rao and Shetty, 2004, Couillard-Despres, ¢7 al.,
2005). In the inner ear, the expression of Dcx has not been described. Since Dcex is normally
expressed in neuronal cell types, it is possible that the expression of the Dex-CreER

transgene in the support cells of the crista is due to the transgene not faithfully reporting on

in vivo

Figure 3.2 Support cells recombine in adult Dex-CreER;Ai14 mice. A-A”) Whole mount cristae
explanted from eight week old mice given a single injection of tamoxifen (3.0 mg/25 g mouse)
two days prior to sacrifice show robust tdTomato expression in support cells (A,merge in A”) in
the sensory region labeled by Myo7a (A’, merge in A”). B-B”) Cristae explanted from eight week
old mice and cultured for 2 DIV with 4 media changes of fresh 5 uM 4-OHT also show robust
tdTomato expression in support cells. Images in A-B” are maximum intensity projections. C-
C”) A zoomed inset of the boxed region in B shown in a single slice depicts the morphology
and the layering of the tdTomato+ support cells. Sox2, expressed in support cell nuclei and some
hair cell nuclei is also shown (C”).
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the endogenous expression of Dcx. To address this, I assayed the endogenous expression of
Dcx in the cristae of P11 Math1-GFP mice using an antibody against Dcx. Surprisingly, the
Dcx antibody labeling in the cristae was specific to the sensory epithelium (Figure 3.3A-B””,
red), consistent with the expression of the Dcx-CreER transgene. A higher magnification
view of the Dcx immunolabeling reveals that the strongest Dex labeling is above the
circumferential F-actin bands at the junctions between support cells labeled here by
Phalloidin (Figure 3.3C-C””, white). In addition, there is a lower level of labeling in the
cytoplasm of the support cells (Figure 3.3C), most evident by the lack of staining where the
hair cells are located. These same regions lacking immunolabeling can be seen in the lower
magnification view (Figure 3.3A,B), where they appear as holes in the immunolabeling.
These holes appear because support cells send processes through the hair cell layer to the
apical surface and tightly interdigitate between hair cells (Figure 2.1F). The apical portion of
the support cells, therefore, appears as tight rings around the hair cells with holes in the
center. Control cristae stained at the same time, under the same conditions, and with the
same secondary antibodies did not show this labeling.

Overall, therefore, the consistency of the Dex immunolabeling with the expression of
the Dcx-CreER transgene suggests that Dex may be expressed in the support cells of the
cristae. However, without further control experiments such as immunolabeling of cristae
deficient in Dcx, I cannot definitively say whether Dcx is endogenously expressed in support
cells. A study comparing the gene expression of hair cells versus support cells using laser
microdissection and microarray did not find a greater than 5-fold enrichment of Dcx in the

support cells versus the hair cells of the cristae (Cristobal, ¢z 2/, 2005). However, it is
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Phalloidin

Math1-GFP

Phalloidin

Math1-GFP
Phalloidin C” Math1-GFP CZ

Figure 3.3 Doublecortin antibody staining in Math1-GFP cristac. A-B*”) P11 transgenic mice
expressing GFP under the Math1 promoter were immunolabeled for Doubelcortin (Dcx, red)
and F-actin (Phalloidin, white) in anterior (A-A’”) and horizontal (B-B””) cristac. C-C”’) A higher
magnification of the boxed region in B” showing the localization of Dcx mainly above the
circumferential F-actin bands at the junctions between support cells (labeled with Phalloidin).
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possible that this assay was not sensitive enough to detect the Dcx expression or that the
Dcx result is a false negative, since so many genes were screened in this analysis. Despite the
lack of microarray evidence for Dcx expression in support cells, this result bears further
investigation.
3.2.4 CHARACTERIZING SPONTANEOUS REGENERATION AFTER

DAMAGE USING THE DCX-CreER MICE

Whether or not support cells endogenously express Dcex, the Dex-CreER transgene
appears to faithfully lineage trace support cells in the adult cristae both 7z vivo and in vitro
(Chapter 3.2.2). To test the use of this line for lineage tracing support cells to assay for hair
cell regeneration, I used the Dcx-CreER mice to characterize spontaneous hair cell
regeneration after damage in the adult cristae. In order to lesion the hair cells, I used the
known ototoxin 3,3’-Iminodipropionitrile (IDPN). The mechanism through which IDPN
lesions hair cells has not been elucidated; however, the effect of IDPN on vestibular hair
cells, namely in the cristae, has been well documented qualitatively (Soler-Martin, ez al., 2007).

Using the previously published dose of 24 mmol/kg IDPN, I found quantitatively in
a single mouse that the hair cells lesioned as expected for nitriles (Figure 3.4A). The cristae
were the most affected by nitrile lesion with a 69.6-84.1% lesion. There were 225/236 Gfil*
hair cells in the postetior cristae, 412/430 hair cells in the anterior cristae and 295/324 hair
cells in the horizontal cristae, compared to an average of 1413+102 hair cells in all cristae as
published by Desai, ¢z a/. (2005a) (Figure 3.4A, white circle). In the utricle, more hair cells

were lost; however, the utricle has more than twice the number of hair cells as the cristae.
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Figure 3.4 Spontaneous regeneration in adult CBA/CaJ males after IDPN lesion. A) In a single
animal treated with 24 mmol/kg IDPN, the vestibular organs are affected in the order of most to
least: cristae, utricle, saccule (black circles compared to white circles, which are the mean number
of hair cells found in that organ published by Desai, ¢7 a/. (2005a), Desai, ef al. (2005b) B-D) The
number of Gfil+ hair cells in controls and one, four, eight, and sixteen weeks after lesion in
utricles (B), anterior and posterior cristaec (APC)(C), and horizontal cristac (HC)(D). Statistical
analyses were standard Student’s t-tests. Error bars depict SEM. E) Control utricles from mice
injected with PBS have 3159.02123.2 (#»=0) hair cells. F) One week after IDPN-treatment,
utricles have 1319£56.11 (#=9) hair cells. Although not shown, four weeks after lesion utricles
have 698.6£83.44 (»=5) hair cells. Eight weeks after, utricles have 782.2+163.3 (#=5) hair cells.
Sixteen weeks after, utricles have 446.0£124.7 (#=5) hair cells. G) Control cristae have
948.9+45.08 (#=17) hair cells in APC (shown) and 740.6+45.18 (#=106) hair cells in HC (not
shown). H) One week after IDPN-treatment, APC have 223.6%£16.68 (#=34) hair cells, while HC
have 233.4£15.15 (#=19) hair cells. I) Four weeks after IDPN, APC have 194.9+£25.42 (n=24)
hair cells and HC have 159.7£17.81 (#=7) hair cells. J) Eight weeks after IDPN, APC have
131.4£11.6 (»=21) hair cells and HC have 125.8+7.42 (»=8) hair cells. K) Sixteen weeks after
IDPN, APC have 102.0£16.94 (»=11) hair cells and HC have 102.5+6.41 (#=4) hair cells. Kayla
Ritchie, an undergraduate, collected data in panels B-K.
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Therefore, even though the IDPN-treated utricles had 1644/1706 hair cells compared to the
expected number of 3246158 as published by Desai, e a/. (2005b) (Figure 3.4A, white circle),
this represents only a 47.4/49.4% lesion. As expected based on previous repotts, the saccule
was the least affected, with only a 4.7% lesion, or 2361 hair cells as opposed to an expected
number of 2477£37 hair cells as published by Desai, ¢z 2/ (2005b) (Figure 3.4A, white circle).
An undergraduate, Kayla Ritchie, pioneered the use of IDPN to lesion hair cells in
the Bermingham-McDonogh lab. She gave male CBA/CaJ mice older than 8 weeks of age
intraperitoneal (ip) injections with 24 mmol/kg IDPN or PBS as a vehicle control. She then
collected cristae at one week, four weeks, eight weeks, or sixteen weeks after IDPN-
treatment, immunolabeled the cristae for Gfil to label hair cells, and counted the number of
hair cells in treated versus control cristae. After one week, the number of hair cells in each
organ decreased significantly, consistent with a successful lesion. In the utricle, there were
3159%123.2 (#=06) hair cells in controls versus 13191+56.11 (»=9) hair cells in lesioned
utricles (58.3% lesion, 7=15.24, df=13, p<0.0001). In posterior and anterior cristae, there
were 948.9145.08 (#»=17) hair cells in controls and 223.6116.68 (#=34) hair cells in lesioned
cristae (76.4% lesion, 7=18.38, 4/=49, p<<0.0001). In horizontal cristae, there were
740.6145.18 (#=10) hair cells in controls and 233.41+15.15 (#=19) hair cells in lesioned
cristae (68.5% lesion, 7=11.39, /=33, p<<0.0001). In the following weeks, however, the
number of hair cells did not increase, as predicted if spontaneous regeneration were
occurring. Instead, there was a significant decrease in the total number of hair cells in each
of the vestibular organs (Figure 3.4B-K). The fact that the total number of hair cells in the

vestibular organs continued to significantly decrease after the initial lesion suggested that
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there might be ongoing degeneration of hair cells in these organs. If present, this would
require a more robust analysis such as lineage tracing to detect.

Therefore, to more definitively characterize spontaneous hair cell regeneration after

A 3mg25g 40 mmolkg
mouse tamoxifen IDPN or PBS

injections  injection Sacrifice
8week ¥4 ¥ +
odmice 1 2 3 4 . . . . . . . . . . . . . ...
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87, 08

z z
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Figure 3.5 Adult Dcx-CreER;Ai14 mice have very little spontaneous regeneration in vivo. A) A
schematic of the experimental design. Eight-week old Dcx-CreER;Ai14 mice were injected twice
daily with tamoxifen (3 mg/25 g mouse), allowed to test a day, and then injected with 40
mmol/kg IDPN to lesion their cristae. Control mice were injected with PBS. One month after
lesion, the cristae were explanted, immunolabaled with Myo7a (green), and wholemounted. B-
B”’) Maximum intensity projections of an example of a control crista. C-C”) Maximum intensity
projections of an example of a lesioned cristae. Very few hair cells are derived from tdTomato-
expressing support cells, as evident by the lack of yellow, double-labeled cells. D-E) Examples of

two cells derived from tdTomato-expressing lineaged traced support cells. Red lines indicate
locations of slice projections showing both Myo7a and tdTomato (z) and tdTomato alone (2’).
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damage using lineage tracing, I gave eight week old Dcx-CreER;A114 mice two daily ip
injections of tamoxifen (3.0 mg/25 g mouse), which is sufficient to induce support cell
recombination at this age (Chapter 3.2.2). After a day of rest, I lesioned the hair cells by
administering 40 mmol/kg IDPN or PBS as a vehicle control via ip injection (Figure 3.5A).
This higher dose of IDPN was required to lesion the hair cells in the C57BL/6 mice, which
is the strain background for the Dcx-CreER;Ai14 mice (see Chapter 5.2). Thirty days after
IDPN-treatment, I harvested the cristae, immunolabeled them with Myo7a for hair cells
(Figure 3.5, green), and analyzed them for cells expressing both Myo7a and tdTomato. The
IDPN-treatment resulted in approximately a 50% lesion (Figure 3.5B’ vs C’), which is most
obvious in the central region where the majority of the hair cells are missing (Figure 3.5C’).
However, despite a sufficient lesion, very few Myo7a-expressing hair cells were derived from
lineage traced support cells. Out of nine lesioned cristae analyzed, only two such cells were
found (Figure 3.5D,E), while no Myo7a*/tdTomato™ cells were found in the control cristae
(n=5).

This data suggests a very low level of spontaneous regeneration after damage and is
consistent with the results 7z vitro where one example of a PLP/CreER;mTmG lineage traced
support cell was observed in the DMSO controls (Figure 2.9C). That cell was also likely a
result of spontaneous regeneration due to the damage of culturing the adult cristae, which
results in approximately a 34.1% lesion (Figure 2.2D). Overall, this data demonstrates that
the Dcx-CreER mice can be used to lineage trace support cells and more importantly that
they can be used to detect even very low levels of spontaneous regeneration. This method

allows for regeneration to be analyzed definitively and independently of total hair cell
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number, which can be affected by degeneration, hair cell repait, and incomplete and/or
inconsistent lesion.
3.3 DISCUSSION
3.3.1 NEW CRE RECOMBINASE-EXPRESSING MOUSE LINES FOR

CRISTAE AND INNER EAR STUDIES

Here I have characterized and identified several Cre recombinase-expressing mouse
lines that can be used to study both the cristac and the inner ear. In addition, I have
demonstrated the use of one of these lines for studying hair cell regeneration using lineage
tracing. In a screen of Cre-expressing mouse lines with known expression in the nervous
system, I characterized two mouse lines where the gene was known to be expressed in hair
cells and two mouse lines with suspected expression in support cells, both of which had
been previously uncharacterized. More importantly, from this screen I identified two new
mouse lines with previously unknown and unsuspected expression in support cells.

Otof-Cre is an excellent Cre-expressing mouse line for recombining all hair cells in
the cristae and inner hair cells in the cochlea. Since it is a non-inducible Cre, it would best be
used in combination with tet-on/off systems using a floxed (£)tTA, where the (£)tTA would
be expressed only in Otoferlin-expressing cells and the administration of doxycycline would
grant temporal control over the expression of target genes or reporters. Many other options
for hair cell recombination have been described, however, including: Atoh1-Cre knock-in
mice (Yang, ¢t al, 2010b), Atoh1-Cre transgenic mice (Matei, ¢z al, 2005), Atoh1-CreER

transgenic mice (Machold and Fishell, 2005, Chow, ¢# al., 20006), Gfil-Cre knock-in mice
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(Yang, ¢t al., 2010a), Pou4f3-Cre transgenic mice (Sage, ¢7 al., 20006), and Prestin-Cre
transgenic mice (Li, ¢f a/, 2004, Tian, et al., 2004) (reviewed in Cox, ez al., 2012).

Similarly, for specific support cell recombination, there are many available mouse
lines in the cochlea, including: Fefr3-iCreER transgenic mice (Rivers, ez al, 2008, Young, ef
al., 2010, Cox, et al.,, 2012), Prox1-eGFP/Cre knock-in mice (Srinivasan, ef a/, 2010, Liu, e?
al., 2012b), Sox2-Cre transgenic mice (Hayashi and McMahon, 2002), and Sox2-CreER
transgenic mice (Kang and Hebert, 2012) (reviewed in Cox, ¢z al., 2012). However, in the
vestibular system, the only known mouse line for specific support cell recombination are the
PLP/CteER mice (Doetflingert, e al, 2003, Gomez-Casati, ¢ al., 2010). Although Sox2 is a
good marker for support cells for immunohistochemistry, it is also expressed in a subset of
type II hair cells in the vestibular organs (Hume, ¢z a/., 2007, Oestetle, ez al.,, 2008), which
makes it unsuitable for lineage tracing.

Here I have identified and characterized several mouse strains with Cre recombinase
expression in support cells that complement the PLP/CreER mice, which express Cre
recombinase only in peripheral support cells (Gomez-Casati, ez al., 2010, Slowik and
Bermingham-McDonogh, 2013). The Cralbp-CreER transgenic mice express Cre
recombinase in the central support cells, which is a direct complement to the PLP/CreER
mice. The Glast-CreER knock-in and transgenic mice, Dcx-CreER mice, and the Wis1-
TG2-CreERT2 mice each express Cre recombinase in support cells throughout the entire
sensory epithelium, although at varying degrees of efficiency. The Glast-CreER mice, both
the transgenic and the knock-in, are the least efficient, while the Wfs1-TG2-CreERT?2 mice

are the most efficient. However, the Wfs1-TG2-CreERT2 mice also have a small degree of
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hair cell recombination. For some applications like FACS this might be acceptable; however,
for lineage tracing to assay for hair cell regeneration, the Dcx-CreER mice are the best since
they do not recombine in any hair cells and have a better recombination efficiency than
Glast-CreER mice.
3.3.2 SPONTANEOUS HAIR CELL REGENERATION AFTER DAMAGE

Using the Dex-CreER;Ai14 mice, I provide direct evidence for a very low level of
spontaneous hair cell regeneration after damage in the mature cristae 7z vivo using support
cell lineage tracing. Previous studies demonstrating evidence for spontaneous hair cell
regeneration after damage, including in the utricle and saccule (Forge, ¢z al,, 1993, Warchol, ez
al., 1993, Rubel, ¢t al, 1995, Yamane, ¢z al., 1995, Meza, ¢t al., 19906, Li and Forge, 1997,
Zheng and Gao, 1997, Forge, et al., 1998, Ogata, et al., 1999, Kirkegaard and Jorgensen, 2000,
Walsh, ez al., 2000, Berggren, ez al., 2003, Oestetle, ef al, 2003, Taura, ez al., 2006, Kawamoto,
et al., 2009, Lin, et al., 2011, Golub, ef al, 2012) and in the chinchilla cristae (Tanyeri, ez al.,
1995, Lopez, et al., 1997, Lopez, ¢t al., 1998, Lopez, et al., 2003), have not used lineage tracing
to identify newly generated hair cells. Instead, these studies have relied on secondary
measures including the presence of immature hair bundles, the presence of hair cells after a
complete lesion, and the identification of intermediate transitional morphologies to identify
new hair cells. My report of hair cell regeneration through Notch inhibition 7 vitro was
actually the first study to definitively show support cell transdifferentiation in the adult
vestibular system using lineage tracing (Slowik and Bermingham-McDonogh, 2013).

The data presented here on spontaneous hair cell regeneration after damage in the

mouse 7z vivo suggests that the level of spontaneous hair cell regeneration in the mouse is
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much lower than that reported in the chinchilla. This could be due to species differences in
the ability to regenerate hair cells between mice and chinchillas, or this could also be due to
technical differences. It is possible that the level of spontaneous hair cell regeneration after
damage is higher in the mouse than my data suggests. The recombination efficiency of the
Dcx-CreER;Ai14 mice is approximately 50% of support cells, even with higher
concentrations of tamoxifen, more doses of tamoxifen, or the use of 4-OHT, the active
form of tamoxifen, in culture. While this could be related to the expression of the transgene
and inefficient recombination, it is also possible that the Dcx-CreER transgene is only being
expressed in a subset of support cells scattered throughout the entire sensory epithelium.
Further, it is also possible that this hypothetical subset of support cells could have a lower
regenerative capacity than the hypothetical non-Dcx-expressing population of support cells.
This could account for a lower apparent rate of regeneration in my lineage tracing study, but
would require a more thorough analysis of the endogenous expression of Dcx to determine
whether Dcx is expressed by all support cells or only a subset of them.

An additional possibility is that the degree of hair cell regeneration was overestimated
in the chinchilla work. Since the methods used to analyze the chinchilla were not direct, it is
possible that some of their observed regeneration is actually due to hair cell repair or
incomplete lesion. The use of lineage tracing and my zz vitro work would suggest that this
latter possibility is more likely. I vitro, while I did not use any pharmacological agent to
damage the hair cells, I incurred damage to the adult cristae through culturing. In my

damaged adult cristae treated with DMSO, which had a lesion of approximately 34.1%, I



82

observed very little spontaneous hair cell regeneration using the PLP/CreER;mTmG lineage

trace.
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41 INTRODUCTION

Studies of the development of the sensory organs, particularly the specification of the
sensory regions and the cues governing the differentiation of the various cell types, have
suggested several potential strategies to stimulate hair cell regeneration in the inner ear
sensory organs. For example, hair cells can be produced through the transdifferentiation of
support cells following inhibition of Notch signaling (Hort et al., 2007; Lin et al., 2011; Jung
et al., 2013; Mizutari et al., 2013; Slowik and Bermingham-McDonogh, 2013), which
developmentally determines the precise ratio of support cells and hair cells through lateral
inhibition (Lanford et al., 1999; Zhang et al., 2000; Zheng et al., 2000; Zine et al., 2001;
Kiernan et al., 2005; Yamamoto et al., 2006; Takebayashi et al., 2007). However, just as in
other neural systems, the level of regeneration is low and the determinants for the
regenerative competence of individual support cells are pootly understood.

Here, I define the spatial patterns of hair cell development in order to better
understand the increasing limitations on regenerative ability as the inner ear matures.
Developmentally, almost every support cell in the inner ear can be induced to
transdifferentiate (Lanford et al., 1999; Zine et al., 2001; White et al., 2006; Yamamoto et al.,
2006; Hayashi et al., 2008; Collado et al., 2011; Zhao et al., 2011; Burns et al., 2012a);
however, later, only an increasingly restricted subset of cells retains the ability to
transdifferentiate. For example, as the cochlea matures, hair cell regeneration is increasingly
restricted until it primarily occurs in the apical turn (Zheng and Gao, 2000; Yamamoto et al.,
2006; Doetzlhofer et al., 2009; Kelly et al., 2012; Liu et al., 2012; Shi et al., 2013; Bramhall et

al., 2014; Cox et al., 2014; Liu et al., 2014; Walters et al., 2014; Li et al., 2015). The fact that
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the apical turn is the last region in the cochlea to differentiate and mature (Sher, 1971; Lim
and Anniko, 1985; Lanford et al., 2000; Chen et al., 2002; Woods et al., 2004) suggests that
there is a correlation between relative maturity and regenerative ability in the cochlea. In the
adult cristae there are also regional differences in hair cell regeneration and in the expression
of Notch signaling components (Lopez et al., 1997; Slowik and Bermingham-McDonogh,
2013). In particular, peripheral support cells maintain active Notch signaling and can
transdifferentiate in response to Notch inhibition in the adult. Since the peripheral region
maintains some regenerative ability into adulthood, I hypothesized that, similar to the
cochlea, the relative maturity and regenerative ability of a region would be linked in the
cristae and that the peripheral region would differentiate last during development.

Here, I present new data in the mouse characterizing the spatial pattern of cell cycle
exit for hair cells in all three cristae (posterior, anterior, and horizontal) using embryonic
injections of BrdU. My data confirms in all three cristac of the mouse the previous results
found in the rat horizontal cristae (Sans and Chat, 1982), where hair cell birth begins in the
central region and shifts with age towards the periphery or lateral edges. This pattern
correlates with the regions that maintain active Notch signaling and possess some
regenerative capacity in response to Notch inhibition in the adult mouse cristae. In addition,
I provide evidence for an earlier gradient of hair cell differentiation along the longitudinal
axis from the crux eminentia to the planum semilunatum by analyzing early hair cell markers
in E14.5 inner ears. This data in particular suggests that hair cell differentiation closely
follows cell cycle exit in the developing cristae, unlike the cochlea where terminal mitosis is

uncoupled from hair cell differentiation.
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4.2 RESULTS
4.2.1 BRDU INJECTIONS TO BIRTHDATE HAIR CELLS

In order to determine the spatial pattern of hair cell development in the mouse
cristae, cells were birthdated with a single embryonic injection of 5-bromo-2’-deoxyuridine
(BrdU) and analyzed once the animals reached one month of age (Figure 4.1A). The
embryonic ages for injection were chosen to highlight specific stages of crista development
based on data from a birthdating study of the inner ear in which a similar experimental
paradigm was performed using tritiated-thymidine (Ruben, 1967). According to this study,
embryonic day 9.5 (E9.5) is well before the onset of cell cycle exit for hair cells in the cristae,
making it a good baseline control. The onset of hair cell birth is covered by the injection at
E12.5 while the injection at E15.5 occurs after the peak of hair cell birth. The peak of cell
birth was deliberately avoided because many of the regions of the cristae would likely have
hair cells born during that time. The last injection at E17.5 occurs after most of the hair cells
are born and identifies the regions of the cristae that are the last to exit the cell cycle (Figure
4.1B).

Examples of the BrdU labeling in the posterior cristae are shown in Figure 4.1E-H.
In the cristae that received the BrdU injection at E9.5, there were no BrdU-positive hair cells
in the sensory epithelium and very few BrdU-positive cells in the surrounding tissue (Figure
4.1E). The BrdU injection at E12.5 resulted in substantial numbers of BrdU-positive hair
cells in the central regions of the cristae (Figure 4.1F). When the BrdU injection was given

three days later, at E15.5, the labeled hair cells were predominantly located in the peripheral
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Figure 4.1 Birthdating hair cells using embryonic injections of BrdU. A) A diagram of the
experimental paradigm. Swiss Webster females were plug-dated and given a single ip injection of
BrdU (1.25 mg/25 g mouse) between the 9" and 18" days of their gestation. The age of the
embryos on the date of injection was determined by the plug date and verified by the date of
birth. The cristae of the mice that had received the BrdU pulse embryonically were whole
mounted and immunolabeled once the mice were one month old. B) The age of the embryos at
time of injection shown against a replotting of data from a birthdating study of the inner ear by
Ruben (1967) showing when hair cells in each of the three cristae exit the cell cycle. C) A plot of
the Myo7a-positive hair cells and the BrdU-positive hair cells in a posterior crista (from panel G,
includes the ‘bridge’ of hair cells spanning the normally non-sensory region) showing the regions
referred to as central/medial (grey band) and peripheral/lateral. D) The same plot from panel C
indicating the central and peripheral regions referred to in analyses of the longitudinal axis.
Central refers to the regions near the crux eminentia while peripheral refers to the regions near
the planum semilunatum. E-H) Cristae for each age were immunolabeled for BrdU (yellow), hair
cells (Myosin7a, cyan) and nuclei (Hoechst 33342, magenta). Examples of postetior cristae from
each age are shown in three different views. The single z-slice shows the amount of BrdU
labeling within the sensory epithelium, which is not always apparent from the maximum intensity
projections below. In this view, the white arrowhead points to an incomplete crux eminentia as
compared to a complete crux eminentia indicated by the white arrow. This can best be seen in
panel F where there are very few BrdU-positive hair cells even though there are many BrdU-
positive cells in general. The last view is a x,y-plot of the coordinate pairs for the Myosin7a-
positive hair cells (cyan) and the BrdU+ hair cells (yellow) exported from the standard cell
counter plugin in Image].
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regions of the cristae (Figure 4.1G). Lastly, injections at E17.5 resulted in few BrdU-positive
cells in the sensory epithelium (as seen in the single z-slice), though there were many labeled
cells in the surrounding tissue (as seen in the maximum intensity projection)(Figure 4.1H).
While examining the posterior cristae, I noticed that a minority of the posterior cristae had
an incomplete crux eminentia with hair cells spanning the entire length of the cristae on one
side (Figure 4.1E arrowhead vs Figure 4.1H arrow). Normally, the crux eminentia of the
posterior and anterior cristae is a completely hair cell free region that divides the cristae into
two separate hemicristae. This incomplete crux eminentia occurred at a frequency of
approximately 1:3-4 and may be unique to Swiss Webster mice, as I have not observed this
phenomenon in C57BL/6 or CBA/CaJ mice. Further, the incomplete crux appeats eatly in
development, as immunolabeling of E14.5 inner ears with the nuclear hair cell marker, Gfil,
also shows an incomplete crux eminentia in a similar subset of posterior cristae (data not
shown).

The summaries of the qualitative trends for both the number and the spatial pattern
of BrdU-labeled cells for each age of BrdU injection are shown in Figure 4.2. The total
number of BrdU-positive hair cells labeled at each age agreed with previous data using

tritiated-thymidine (Ruben, 1967) (Table 4.1)(Figure 4.2A, colored dots plotted against

TABLE 4.1

The total number of BrdU+ hair cells by age in each crista type
Posterior Cristae Anterior Cristae Horizontal Cristae
mean SEM n mean SEM n mean SEM n
E9.5 0.00 £ 0.00 6 0.00 £ 0.00 6 0.00 £ 0.00 5
E12.5 135.75 + 7.32 12 17350 = 7.01 4 94.00 + 1524 4
E15.5 111.00 £ 749 ¢ 147.20 + 10.81 5 146.50 + 10.83 6
E17.5 40.75 + 520 4 7433 + 561 3 69.00 £ 551 3

SEM - Standard error of the mean



Ruben’s data shown by the grey shaded area). The spatial patterns of hair cell birth can be
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seen in the normalized group data from a select number of crista for each age and crista type

(posterior, anterior, and horizontal) shown in Figure 4.2B-D. The grey dots represent all of

the Myosin7a-positive cells for all cristae of that type (posterior, anterior, or horizontal)
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Figure 4.2 Qualitative group data for all three cristae. A) The number of BrdU-positive hair ¢
for each cristae type (colored circles) follows the same trend with age as published by Ruben
(1967) using tritiated-thymidine (grey fill, replotted from original publication). Error bars depict

i
ells

standard error of the mean (SEM). B-D) Plots of example data for each age for the posterior (B),

anterior (C), and horizontal (D) cristae show the overall trends of hair cell birth. The grey points
show all of the Myosin7a-positive hair cells from the cristae of that type (posterior, anterior, or

horizontal) irrespective of age, while the colored points represent data from a single crista of that

type and age.
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irrespective of age, while the colored dots represent data from an individual crista of that age
and type. For example, in Figure 4.2B, the grey background is identical for each of the three
ages because it encompasses the hair cell data for all posterior cristae. The colored data for
each crista is then overlaid on top to allow for a comparison of the spatial patterns in
posterior cristae between ages. Qualitatively, it appears that hair cells are born in the more
central regions in all three cristae types at E12.5 and cell generation shifts to the more
peripheral regions at both E15.5 and E17.5 (Figure 4.2B-D).

4.2.2 HAIR CELL BIRTH ON THE MEDIAL TO LATERAL AXIS

To quantitatively analyze the shift in regional hair cell development from the medial
to lateral regions of the cristae, I performed an analysis along the z-axis. Due to the highly
curved shape of the cristae, I found that this axis provided a better spatial representation of
the medial and lateral regions than an analysis of the y-axis for all three cristae types (Figure
4.3A-B). Because this analysis is used to digitally “unfold” or flatten the cristae, I refer to the
top of the cristae as being medial and the bottom as being lateral. For this analysis, I divided
the cristae into four evenly distributed bins along the z-axis using the Myosin7a-positive hair
cells and counted the number of BrdU-positive hair cells in each bin.

In each cristae type, the quantitative analysis supports the qualitative assessment that
there is a medial to lateral progression of hair cell birth during development. In the posterior
cristae, the hair cells born at E12.5 were found largely in the most medial bins (Figure 4.3C).
At E15.5, hair cell birth shifted more peripherally into the more intermediate bins, indicated
by the decrease in BrdU-positive hair cells in the medial bins and the concomitant increase in

BrdU-positive hair cells in the lateral bins (Tables 4.2 and 4.3)(Figure 4.3F,I). At E17.5, the
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Figure 4.3 Hair cell birth shifts from the medial to lateral regions with age. A) In order to
analyze the medial to lateral gradient, cristae were divided into four evenly distributed bins along
the z-axis using the Myosin7a-positive hair cells shown in grey. The number of BrdU-positive
hair cells (shown by color based on z-depth with cooler colors at the top of the cristae and
warmer colors at the bottom) was counted for each bin. B) Plots of the cristae color-coded for z-
depth show that this analysis produces a nice medial to lateral map for each of the three cristae
types. C-E) The same plots from Figure 4.2A-C showing example data for each age for the
posterior (C), anterior (D), and horizontal (E) cristae here color coded for z-bin in the color
order from top to bottom of blue, green, orange, red. F-H) Graphs of the mean number of
BrdU-positive hair cells in each bin show the pattern of hair cell birth with age in the posterior
(F), anterior (G), and horizontal (H) cristae. Error bars depict SEM. I-K) Graphs depicting the
distribution of BrdU-positive hair cells in each bin as a percentage of the total number of BrdU-
positive hair cells in that cristae. Asterisks in panels F-K indicate significance from two-way
ANOVAs with Bonferroni post-tests comparing the bins of E12.5 to E15.5 and of E15.5 to
E17.5 (p<0.05 - *, p<0.01 - **¥, p< 0.001 - ***),
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overall number of BrdU-positive hair cells was decreased, with significant reductions in the
number of hair cells in the intermediate bins and a significant increase in the percentage of
BrdU-positive hair cells in the most lateral bin (Tables 4.2 and 4.3)(Figure 4.3F,1I).

The anterior cristaec showed a very similar trend. At E12.5, the majority of the BrdU-
positive hair cells were in the medial bins (Figure 4.3D). At E15.5, there was a decrease in
the BrdU-positive hair cells in the most medial bin and an increase in the BrdU-positive hair
cells in the lateral bin (Tables 4.2 and 4.3)(Figure 4.3G,]). At E17.5, there was a shift from
the intermediate to the lateral regions with a significant decrease in cells in the medial bin
and a significant increase in cells in the most lateral bin (Tables 4.2 and 4.3)(Figure 4.3G,)).

Lastly, the horizontal cristae showed a similar trend to both the anterior and posterior

TABLE 4.2

Numerical summary of the number and percentage of BrdU" hair cells along the z-axis

POSTERIOR CRISTAE
E12.5 (0=9) E15.5 (n=0) E17.5 (n=4)
mean [# (%)]  SEM [# (%)] mean [# (%)]  SEM[# (%)] mean[# (%)]  SEM [# (%)]
S 044 (03) T 024(02) 1883 (1647 = 380 (26) 122503145 *  144(27)
S ornse 1267956+ 303(22)  43.67(39.99) + 399 (39) 1250 (29.87) *  3.52(5.8)
o ogreen  6411(4943) +  628(30)  3800(3426) * 54743 11002632 * 339(62)
B bl 5L11(407) +  4.85(3.9) 1033 (9.28) +  3.00 (2.8) 425(1236) + 085 (4.4)
ANTERIOR CRISTAE
E12.5 (n=4) E15.5 (n=5) E17.5 (n=3)
mean [# (%)]  SEM [# (%)] mean [# (%)]  SEM[# (%)] mean[# (%)]  SEM [# (%)]
~ red 000 (000) £ 000(0.0) 2000 (1341) T 54832 3400 (4609 T  6.66 (6.1)
S oranse 1050 (5.94) +  202(1.0) 5400 (36.05 + 1090(5.9)  23.00(30.88) * 851 (10.3)
o green 8625 (49.95) £ 8.66(53) 6400 (4405 + 857(5.6)  1333(1956) + 498 (7.8)
B ble 7675 @412) +  10.05 (5.2) 920 (650) + 648 (4.6) 233 (348 +  145(2.1)
HORIZONTAL CRISTAE
E12.5 (n=4) E15.5 (0=4) E17.5 (n=3)
mean [# (%)]  SEM [# (%)] mean [# (%)]  SEM[# (%)] mean[# (%)]  SEM [# (%)]
~ red 050 (048 T 029(03)  2325(1507) T 41928 2267 (3165 T 9.6 (11.7)
S oranse  1475(1574) +  511(5.1) 5625 (36.69) + 10.05(72) 2400 (3455 * 500 (5.8)
o green  5150(5625) +  951(900)  6150(3880) + 1206(6.3)  18.00(27.81) £ 651 (119)
B ble 27252753 + 691 (5.5) 1550 9.45) +  6.96 (4.0) 3.67 (599 + 318 (5.4)
# - Number, % - Percentage
1

The red bin represents the most lateral region and the blue bin represents the most medial region
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cristae, but in general, had fewer BrdU-labeled hair cells and less significant effects. This

could be due in part to the fact that the horizontal cristae have fewer hair cells in the adult

than the other two cristae types. Nonetheless, at E12.5, the majority of BrdU-positive hair

cells were still found within the more medial bins (Figure 4.3E). At E15.5, there was a

significant increase in the number of BrdU-positive hair cells in the lateral bin. At E17.5, the

overall level of hair cell birth was significantly reduced, specifically in the intermediate bins

(Tables 4.2 and 4.3)(Figure 4.3H,K).

TABLE 4.3

Statistical summary of the number and percentage of BrdU ™ hair cells along the z-axis

POSTERIOR CRISTAE

# - Bins: Faus = 17.69 p < 0.0001 Age: Fa16 = 23.63 p < 0.0001 Interaction: Feus = 23.46 p < 0.0001

% - Bins: Fs4 = 13.51 p <0.0001 Age: F2,16 = 0.00 p = 1.00

Interaction: Fegs = 20.98 p < 0.0001

E12.5 vs E15.5 (#)

E12.5 vs E15.5 (%) E15.5vs E17.5 (#)

E15.5 vs E17.5 (%)

red 1=3.198, p<0.01

#=3.555, p<0.01 ns

1=2.690, p<0.05

% orange 1=5.392, p<0.001 #=6.693, p<0.001 1=4.426, p<0.001 ns
o ereen  /=4.542, p<0.001 1=3.337, p<0.01 1=3.834, p<0.01 ns
= blue +=17.093, p<0.001 #=6.911, p<0.001 s ns
ANTERIOR CRISTAE
# - Bins: 327 = 9.84 p = 0.0001 Age: 9 = 26.01 p =0.0002 Interaction: Fsz; = 14.70 p < 0.0001
% - Bins: 327 = 6.41 p = 0.002  Age: F2,9 = -2.77 p = 1.00  Interaction: s, = 13.53 p < 0.0001
E125vs E155 (#)  E12.5vs E15.5 (%) E155vs E17.5 (#)  E15.5vs E17.5 (%)
- red ns ns ns +=4.308, p<0.001
P
% orange 1=4.268, p<0.001 1=4.321, p<0.001 1=2.794, p<0.05 ns
g green s ns +=4.567, p<0.001 +=3.228, p<0.05
= blue 1=6.628, p<0.001 #=5.398, p<0.001 s ns
HORIZONTAL CRISTAE
# - Bins: 354 = 8.59 p = 0.0005 Age: I';5 = 14.95 p = 0.0020 Interaction: Fg = 4.01 p = 0.0064
% - Bins: F34 = 7.98 p = 0.0007 Age: F2,8 =-2.00 p = 1.00  Interaction: Fg, = 4.05 p = 0.0061
E125vs E155 (#)  E12.5vs E15.5 (%) E155vs E17.5 (#)  E15.5vs E17.5 (%)
_ red ns ns ns ns
~§ orange +=4.063, p<0.01 s 1=2.923, p<0.05 s
K= green ns ns 1=3.943, p<0.01 ns
2 L
blue ns ns ns ns
# - Number, % - Percentage, p-values come from a two-way ANOVA with Bonferroni post-tests
1

The red bin represents the most lateral region and the blue bin represents the most medial region



94

4.2.3 HAIR CELL BIRTH ON THE LONGITUDINAL X-AXIS

To analyze the distribution of hair cell birth on the longitudinal axis, cristac were
divided into ten evenly spaced bins using the list of Myosin7a-positive hair cells and the
number of BrdU-positive hair cells in each bin was counted (Figure 4.4A, summarized in
Table 4.4). For the posterior cristae, at E12.5, hair cell birth was evenly distributed along the
longitudinal axis (Figure 4.4B, green). At E15.5, there was a significant decrease in the
number of hair cells born in the middle bin spanning the crux eminentia (Figure 4.4B,
yellow). At E17.5, there was a significant reduction in the number of hair cells born in the
remaining regions of the cristae, such that the levels along the longitudinal axis were again
evenly distributed (Figure 4.4B, purple). Overall, the spatial patterns of hair cell birth along
the longitudinal axis are not very strong during these ages of development; however, in the
posterior cristae the decrease in hair cell birth begins in the regions near the central crux
eminentia at E15.5 and progresses to the regions near the peripheral planum semilunatum at
E17.5. This “off wave” of hair cell birth along the longitudinal axis is indicative of an earlier
wave of hair cell birth along this axis.

A similar pattern of hair cell birth along the longitudinal axis was present in the
anterior cristae. At E12.5, hair cell birth was fairly evenly distributed along the longitudinal
axis, with a slight reduction in the two middle bins that is likely due to the position of the
crux eminentia, which is always present and complete in anterior cristae (Figure 4.4C, green).
Similar to posterior cristae, the number of hair cells born in the anterior cristaec decreased at

E15.5 and E17.5. In addition, the anterior cristae appeared to have a similar “off wave”
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pattern to the posterior cristae, where the middle bins decreased at E15.5 and the peripheral
bins decreased at E17.5 (Figure 4.4C, yellow and purple).
The horizontal cristae, which do not have a crux eminentia, showed a unique pattern

of hair cell birth along the longitudinal axis that swept from one side of the cristae to the
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Figure 4.4 The pattern of hair cell birth largely does not occur along the longitudinal x-axis. A)
To analyze the gradient along the longitudinal x-axis, cristae were divided into ten evenly
distributed bins based on the x-values of the Myosin7a-positive hair cells shown in grey. The
number of BrdU-positive hair cells (colored points, where each color represents data from an
individual crista) were then counted for each bin. B-D) Graphs of the mean number of BrdU-
positive hair cells in each bin show the pattern of hair cell birth with age in the posterior (B),
anterior (C), and horizontal (D) cristae. Error bars depict SEM and asterisks indicate significance
from two-way ANOVAs with Bonferroni post-tests comparing the bins of E12.5 to E15.5 and of
E15.5 to E17.5 (p<0.05 - *, p<0.01 - **, p< 0.001 - *%),



other, unlike the posterior and anterior cristae that swept from the crux eminentia to the

peripheral planum semilunatum. At E12.5, hair cell birth was unevenly distributed towards

TABLE 4.4
Summary of the number of BrdU" hair cells along the longitudinal axis
POSTERIOR CRISTAE
Bins: Fou44 = 2.74 p = 0.0055 Age: Fz16 = 24.08 p < 0.0001 Interaction: Fige = 1.81 p = 0.0296
E12.5 (#n=9) E15.5 (n=06) E17.5 (n=4)
mean SEM mean SEM E12.5vs E15.5 mean SEM E15.5vs E17.5
1 1156 = 2.66 1317 £ 254 s 1.75 £ 0.63 r=3.548, p<0.01
2 1600 £ 1.63 13.67 £ 131 ns 3.00 + 0.71 #=3.315, p<0.05
_ 3 1344 £ 1.8 9.67 £ 1.67 ns 400 £ 071 s
jg 4 1300 £ 125 833 + 1.15 ns 6.75 £ 1.03 s
g 5 1178 £ 218 3.67 £ 117 r=3.087, p<0.05 400 = 091 s
Z 6 1067 £ 1.56 433 + 1.56 ns 250 £ 0.29 ns
Efg 7 1211 = 1.80 1350 £ 1.95 ns 450 £ 0.65 s
8 1311 = 0.70 1233 £ 2.60 s 450 = 202 ns
9 1511 + 1.72 1533 £ 2.04 s 400 £ 1.68 r=3.522, p<0.01
10 11.67 = 2.07 16.83 £ 3.78 s 5.50 £ 2.72 r=3.522, p<0.01
ANTERIOR CRISTAE
Bins: Fogi =3.04 p = 0.0035 Age: o9 = 25.52 p =0.0002 Interaction: Figgr = 2.22 p = 0.0082
E12.5 (n = 4) E15.5 (n=5) E17.5 (n=3)
mean SEM mean SEM E12.5vs E15.5 mean SEM E15.5vs E17.5
1 1175 = 3.50 15.00 £ 3.49 s 5,67 £ 348 s
2 2025 £ 1.89 20.80 + 218 s 7.67 * 219 =3585, p<0.01
_ 3 1775 £ 3.66 11.00 £ 0.71 s 10.67 £ 240 s
jg 4 1950 £ 144 13.60 = 225 s 8.00 £ 1.00 ns
g 5 13.00 £ 238 10.80 £ 1.24 s 933 + 1.20 s
Z 6 1450 £ 323 840 £ 1.40 s 400 * 0.58 s
f:g 72375 £ 417 10.00 £ 1.90 r=4.086, p<0.001 500 £ 058 s
8§ 2225 + 3.1 18.00 £ 1.10 s 1033 £ 1.76 s
9 18.00 £ 3.39 2020 £ 227 s 833 * 120 r=3.239, p<0.05
10 12,50 = 2.96 19.40 £ 3.04 s 500 * 0.58 #=3.931, p<0.01
HORIZONTAL CRISTAE
Bins: Fy7, =5.92 p <0.0001 Age: Frs = 14.38 p =0.0022 Interaction: Fig7, = 2.5 p = 0.0033
E12.5 (n = 4) E15.5 (n=4) E17.5 (n=3)
mean SEM mean SEM E12.5vs E15.5 mean SEM E15.5vs E17.5
1 150 £ 096 1250 + 1.19 =3.552, p<0.01 1.67 + 0.88 r=3.239, p<0.05
2 475 £ 284 16.50 + 253 =3.794, p<0.01 10.33 £ 1.20 s
_ 3925 £ 309 1875 + 2.84 =3.068, p<0.05 7.00 £ 252 s=3.513, p<0.01
E 4 1025 £ 3.07 20.75 £ 1.55 #=3.391, p<0.05 733 £ 1.86 r=4.011, p<0.01
g 5 1400 £ 3.85 18.75 £ 296 ns 933 + 133 s
z. 6 1375 £ 388 11.50 £ 0.87 ns 12.67 £ 2.60 ns
E:'g 7 775 £ 1.89 2025 £ 193 r=4.037, p<0.01 6.67 £ 1.86 r=4.061, p<0.01
8 13.00 £ 1.78 1575 £ 1.25 ns 8.00 £ 1.53 ns
9 1225 + 1.80 13.75 £ 278 ns 433 +£ 1.86 s
10 750 = 1.44 850 £ 1.44 ns 1.67 £ 0.67 s

SEM - Standard error of the mean, p-values from a two-way ANOVA with Bonferroni post-tests

' Bin 1 is the left-most bin and bin 10 is the right-most bin.
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one side of the cristae, shown as the right side (Figure 4.4D, green). At E15.5, the bins
representing the left side of the cristae increased such that hair cell birth was fairly evenly
distributed at this age. At E17.5, there was a significant reduction of the rightward bins.
Ultimately, these increases and decreases appear to create a slight wave of cell cycle exit from
what is depicted as the right side of the cristae to the left.

4.2.4 DIFFERENTIATION OF HAIR CELLS IN EMBRYONIC INNER

EARS

In the cochlea, the terminal mitoses of hair cells are uncoupled from their
differentiation. In the apical turn, hair cells exit the cell cycle around E12.5, but do not begin
to differentiate until E16.5, four days later. To determine if the pattern of differentiation
followed the pattern of cell cycle exit in the cristae, E14.5 inner ears were examined for the
expression of the early hair cell markers, Gfil and Myo6 (Figure 4.5).

For both the posterior and the anterior cristae, hair cell differentiation appeared to
begin in the region nearest to the crux eminentia. The expression of both Myo6 (Figure
4.5C,E) and Gfil (Figure 4.5C”,E”) occurred in two distinct patches for each anterior and
posterior crista. The non-expressing region between the two patches appeared to be just the
width of a few cell bodies, which is approximately the size of the mature crux eminentia
(Figure 4.1C-F).

In the horizontal crista, which does not have a crux eminentia and is instead one
continuous sensory region, hair cell differentiation appeared to begin towards one side of the
sensory region, marked by Sox2 (Figure 4.5D-D”). This side is furthest from the developing

cochlea towards the endolymphatic duct and the lateral portion of the head, and is known as
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Figure 4.5 Expression of the hair cell markers Myo6 and Gfil in the E14.5 inner ear. A-B)
Maximum intensity projections of E14.5 inner ears labeled in A for hair cells with Myo6 (green)
and sensory regions with Sox2 (red) and in B for Gfil (white). AC — anterior crista, HC —
horizontal crista, PC — posterior crista, U — utricle, S — saccule. C-F’) Zoomed views of the
sensory organs stained with Myo6 (green, C,D,E,F), Sox2 (purple, C,D’,E’IP), and Gfil (white,
C”,.D”E” F” I show the developing anterior crista (C-C”), horizontal crista (D-D”), posterior
crista (B-E”), utricle (upper F-I”,I”), and saccule (lower F-I,I””). C-C”) In anterior cristae, the
hair cells begin differentiating adjacent to the non-sensory crux eminentia. D-D”’) In horizontal
cristae, the hair cells develop as one continuous patch starting on the superior or dorsal half of
the cristae (towards the left), consistent with the lack of a crux eminentia in the horizontal cristae.
E-E”) In posterior cristae, the hair cells also begin differentiating adjacent to the crux eminentia.
F-F’) At E14.5, the utricle and saccule have more differentiated hair cells than the cristae. In the
saccule, hair cells stained with Myo6 are beginning to show a characteristic hair cell morphology
(F-F’). Scale bars — 10 um.
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the superior half of the cristae. This asymmetric pattern of differentiation is consistent with
the pattern of hair cell birth along the longitudinal axis for the horizontal cristae (Figure
4.2D and 4.4D).

Overall, the relative expression patterns and levels of Myo6 and Gfil agreed with the
known order of cell cycle exit and differentiation for the inner ear organs, which from
carliest to latest are the saccule, utricle, anterior crista, posterior crista, horizontal crista, and
cochlea (Ruben, 1967; Sher, 1971; Sans and Chat, 1982). The saccule had the most Gfil-
positive cells, followed by the utricle, the anterior crista, and the posterior and horizontal
cristae (Figure 4.5C”,D”,E” F” ). In addition, the Myo6 staining was most distinct in the
saccule where the distinctive morphology of hair cells was apparent (Figure 4.5F,F’, green).
In the utricle, Myo6 appeared to be localized to distinct cells, but these cells did not exhibit a
typical hair cell morphology (Figure 4.5F,F’, green). In the cristae, the Myo6 expression was
diffuse but located within a portion of the Sox2-positive sensory region (Figure 4.5C-E’).
The cochlear duct, as expected, was not immunolabeled by either Gfil or Myoo6 at this age.
4.2.5 SUPPORT CELL BIRTH FOLLOWS A SIMILLAR PATTERN

In the above analyses, I demonstrate that hair cell birth and differentiation proceed
from the central to peripheral regions of the developing cristae; however, since I
hypothesized that the timing of differentiation undetlies regenerative competence and hair
cell regeneration is driven by the transdifferentiation of support cells, I also analyzed the
spatial pattern of development of support cells for E12.5 posterior cristae using

immunolabeling for Sox2.
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In order to birthdate support cells I used the same methods described above to
birthdate hair cells with the exception that BrdU-positive support cells were identified as
being positive for BrdU and Sox2 and negative for Myosin7a. Bins were created for both the
x-axis and the z-axis as described previously using the list of Myosin7a-positive hair cells,
and the number of BrdU-positive support cells was counted for each bin. The data for the
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Figure 4.6 Support cells in E12.5 posterior cristae show a similar pattern as hair cells. A-B)
Support cells that double-labeled for BrdU and Sox2 were analyzed and plotted identically to
those shown in the hair cell plot from Figure 4.2A depicting the group data for E12.5 posterior
cristae (A). C-D) Similar to the hair cells, the BrdU-positive support cells show a fairly even
distribution along the x-axis at E12.5. Error bars depict SEM. E-F) The same plots as shown in
panels A and B here color coded for z-bin in the color order from top to bottom of blue, green,
orange, red. G-H) Similar to the hair cells, the BrdU-positive support cells are located in the
higher, or more medial, z-bins, as seen in graphs of both the number and the percentage of
BrdU-positive cells in each z-bin. The greater distribution of support cells in the green bin is due
to the support cell nuclei sitting below the hair cells.
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support cells (Figure 4.6B,D,F,H) is shown alongside the corresponding data for the hair
cells in the E12.5 posterior cristae (Figure 4.6A,C,E,G) shown in previous figures.

In E12.5 posterior cristae, the spatial pattern of support cell development was very
similar to that seen for hair cells (Figure 4.6A,B). Both cell types were born in the medial
region of the cristae and have a fairly even distribution along the longitudinal axis (Figure
4.6C,D). The exception to this was a slight enrichment in the medial bin 6 for the support
cells, which reflects the large number of Sox2-positive non-sensory cells born in the crux
eminentia at this age (Figure 4.6B,D). An analysis of the z-axis confirmed that the majority
of support cells were born medially (Figure 4.6F,H). This is slightly different than the hair
cells, which were found at similar levels in both the blue and green bins (Figure 4.6E,G).
However, since the same bins created using the list of Myosin7a-positive hair cells were used
for both analyses, this difference is a reflection of the pseudolayering of the sensory
epithelium in which support cell nuclei are located beneath the hair cell layer. Overall, these
data indicate that hair cells and support cells in the same region exit the cell cycle at similar
times.

4.3 DISCUSSION
4.3.1 THE SPATIAL PATTERN OF DEVELOPMENT IN THE CRISTAE

By injecting BrdU into mouse embryos, I determined the spatial pattern of hair cell
development throughout the period of hair cell birth in the cristae. My data confirms the
previous results from the rat horizontal cristae (Sans and Chat, 1982) demonstrating that hair
cell birth largely changes along the medial to lateral axis, occurring early in the central regions

and later in the more peripheral edges in all three cristae types. In addition, I found that hair
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cell differentiation is coupled to cell cycle exit in the cristac and identified previously
unknown patterns of hair cell development in the cristae along the longitudinal axis.

In the cochlea, where the developmental process has been more extensively
characterized, cell cycle exit is uncoupled from cellular differentiation. Cells of the cochlear
duct are born between E12 and E16 (Ruben, 1967) in a mitotic zone found at the junction
of the cochlea and the saccule (Marovitz and Shugar, 1976; Marovitz et al., 1976). As the
cochlea elongates, the earliest born cells form the apical turns, whereas later born cells
become the more basal turns (Ruben, 1967; Lee et al., 2006). In contrast, the onset of hair
cell differentiation begins in the midbasal turn and extends to both the apex and the base
between E14.5 and E16.5. Therefore, even though the cells in the apical turn are born first,
they are actually the last to differentiate (Sher, 1971; Lim and Anniko, 1985; Lanford et al.,
2000; Chen et al., 2002; Woods et al., 2004). This extended period between terminal mitosis
and differentiation is fairly unique to the cochlea, as in both the utricle (Zheng and Gao,
1997) and the central nervous system (reviewed in Gotz and Huttner, 2005; Nguyen et al.,
20006) most cells begin to differentiate almost immediately after cell cycle exit. My data from
the E14.5 embryonic ears and the embryonic BrdU injections suggest that the cristae adhere
to the more common mechanism where cellular differentiation occurs shortly after cell cycle
exit.

In the posterior and anterior cristae, hair cell birth begins near the crux eminentia in
two distinct patches, extends along the entire length of the crista in the medial regions, and
then finally shifts to the more lateral edges of the crista between E15.5 and E17.5.

Differentiation, as indicated by the expression of Gfil and Myo6 at E14.5, begins in the
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regions nearest to the medial crux eminentia, even though at E12.5 hair cells exited the cell
cycle throughout the entire medial region of the cristae. This suggests that the cells nearest to
the crux eminentia are born eatrlier than those closer to the peripheral planum semilunatum.
This is further supported by the “off-wave” of hair cell birth found along the longitudinal
axis using embryonic BrdU injections. Although hair cell birth was evenly distributed along
the longitudinal axis at E12.5, it decreased first in the regions near the crux eminentia at
E15.5 and later in regions near the planum semilunatum at E17.5.

The horizontal cristae, which do not have a crux eminentia, appeared to develop
asymmetrically along the longitudinal axis, with hair cell birth beginning in the superior, or
more dorsal, half of the cristae. This asymmetric development was seen to a lesser extent in
the embryonic posterior and anterior cristae, where sometimes one hemicristae had slightly
more Gfil-expressing hair cells or more Myo6-labeling than the other. This finding is
interesting as the superior half of the horizontal cristae is specifically innervated by
vestibulocerebellar afferents (Maklad et al., 2010) and the horizontal crista lies along the
dorsoventral axis, making it particularly susceptible to the dorsoventral gradients present in
the developing inner ear (reviewed in Groves and Fekete, 2012; Wu and Kelley, 2012).
4.3.2 REGIONAL DIFFERENCES IN HAIR CELLL REGENERATION

Through the work of many studies, including my own, it is now clear that the mature
mammalian inner ear does have a limited capacity for hair cell regeneration through the
transdifferentiation of support cells, both spontaneously (Forge, e al., 1993, Warchol, ez al.,
1993, Rubel, et al, 1995, Tanyeri, ¢t al., 1995, Yamane, ¢/ al., 1995, Meza, ¢t al., 1996, Li and

Forge, 1997, Lopez, e al., 1997, Zheng and Gao, 1997, Forge, ¢t al., 1998, Lopez, ¢t al., 1998,
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Ogata, et al., 1999, Kirkegaard and Jorgensen, 2000, Walsh, ez a/., 2000, Berggren, ez al., 2003,
Lopez, et al, 2003, Oestetle, ef al, 2003, Taura, e/ al., 2006, Kawamoto, ez al., 2009, Lin, e/ al.,
2011, Golub, ez al, 2012) and through methods such as inhibition of Notch signaling (Hori,
et al.,, 2007, Lin, et al, 2011, Jung, ¢ al, 2013, Mizutati, ¢z al., 2013, Slowik and Bermingham-
McDonogh, 2013). However, it remains unclear what is limiting regeneration in the adult
and why the majority of support cells do not transdifferentiate, as occurs earlier in all of the
developing organs in response to damage and various differentiation protocols including
Notch inhibition (Chapter 2.3.4, Figure 2.6)(Lanford, e al., 1999, Zine, et al, 2001, White, ez
al., 2006, Yamamoto, ez al., 2006, Hayashi, ef /., 2008, Collado, ¢# al., 2011b, Zhao, et al.,
2011, Burns, et al, 2012a, Munnamalai, ¢7 /., 2012, Slowik and Bermingham-McDonogh,
2013).

One hypothesis is that the complex cytoskeletal organization and anchorage
necessary for the specialized morphologies of the support cells are limiting their ability to
transdifferentiate (Davies, ¢z al., 2007, Meyers and Corwin, 2007, Burns, ¢# /., 2008, Collado,
et al., 2011a, Collado, ¢# al., 2011b, Burns, ¢ al., 2013, Burns and Corwin, 2014). This is
easiest to imagine in the cochlea where these morphologies are the most extreme. However,
even in the vestibular organs of mammals, E-cadherin accumulation in the junctions
between support cells results in the thickening of the F-actin belts with age, which does not
occur in non-mammalian vertebrates. Further, this thickening is inversely correlated with the
decrease in regenerative potential with age as the organs mature (Burns, ¢ a/, 2008, Collado,
¢t al., 2011b). In postnatal cultured utricles, Collado, ¢7 a/. (2011b) found that the support

cells that were able to transdifferentiate, first down-regulated E-cadherin. Conversely, those
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support cells that did not transdifferentiate, which accounted for the majority of the support
cells, maintained their E-cadherin expression. Therefore, if these specialized junctions are in
fact limiting the regenerative potential of these organs, this will be a significant hurdle to
inducing robust hair cell regeneration.

Our data demonstrating that hair cell development in the cristae begins in the central
regions and shifts to the peripheral edges with age is consistent with the hypothesis that the
last regions of the sensory organ to differentiate retain regenerative potential the longest
(Figure 4.7). In the cristae, support cells in the peripheral region transdifferentiate in
response to inhibition of Notch signaling as shown using lineage tracing with the
PLP/CteER mice (Slowik and Bermingham-McDonogh, 2013). The peripheral region is also
the only region that maintains expression of the Notch effector, Hes5, in the adult (Hartman
et al., 2009).

This relationship between relative maturity and regenerative potential is consistent
with the other inner ear organs. In the utricle, hair cell development begins in the striolar
region with later addition occurring along the lateral edges (Sans and Chat, 1982; Zheng and

Gao, 1997; Burns et al., 2012b). Hair cell regeneration in the utricle has been found

Adult Hes5
Expression

lateral

Cell Cycle Exit

Figure 4.7 Summary of the pattern of cell cycle exit in the cristae. A) A cartoon diagram
summarizing the changes in the spatial distribution of hair cell birth with age. B) A cartoon
diagram of the regions in the adult cristae that maintain active Notch signaling and express the
downstream Notch effector Hes5. This region correlates with the areas at E17.5 where some of
the last hair cells exited the cell cycle.
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spontaneously after damage in the lateral extrastriolar region (Golub et al., 2012) and in the
posteromedial extrastriolar region using Hes5 siRNA (Jung et al., 2013). In the cochlea, the
apical turn is the last region to differentiate and mature (Sher, 1971; Lim and Anniko, 1985;
Lanford et al., 2000; Chen et al., 2002; Woods et al., 2004) and is also where the majority of
the postnatal regeneration has been found (Zheng and Gao, 2000; Yamamoto et al., 2000;
Doetzlhofer et al., 2009; Kelly et al., 2012; Liu et al., 2012; Shi et al., 2013; Bramhall et al.,
2014; Cox et al., 2014; Liu et al., 2014; Walters et al., 2014; Li et al., 2015).

Although my data in the cristaec and data from other studies in the utricle and cochlea
support a link between the regenerative ability of different regions and the relative maturity
of those regions, there are several studies in both the utricle and the cristae demonstrating
different patterns of hair cell regeneration that suggest that there may be multiple
mechanisms for regeneration. Spontaneous hair cell regeneration in the mature chinchilla
cristae occurs in a gradient along the longitudinal axis where it is highest near the central
crux eminentia and lowest at the periphery near the planum semilunatum (Lopez et al.,
1997). This same pattern of regeneration also occurs in cultured postnatal cristae treated
with the gamma-secretase inhibitor, DAPT, to inhibit Notch signaling (Slowik and
Bermingham-McDonogh, 2013). However, as I show here, the regions nearest to the crux
eminentia are actually the first to exit the cell cycle and differentiate. It is possible that
regenerative ability in these regions may be modulated through differential gene expression
and/or the presence of specific signaling cues. For example, the crux eminentia is the only
region in the cristaec where the bHLH transcription factor, GATAZ3, is expressed (Karis et al.,

2001). GATA proteins have been shown to act cooperatively with NICD-CSL at the
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promoter level (Neves et al., 2007) and in the inner ear, it has been suggested that GATA-3
expression could be important for hair cell regeneration through downstream signaling
targets such as Wnt (Alvarado et al., 2009). In the utricle, GATA3 is specifically expressed in
the striolar region, which, along with the juxtastriolar region, is where hair cell regeneration
has been found in several studies (Collado et al., 2011b; Lin et al., 2011; Burns et al., 2012a).
Although in the cochlea, the potential for regeneration is lost with age, in the
vestibular sensory organs, later born regions appear to maintain a low level of regenerative
ability into adulthood. This suggests that the link between maturity and regenerative ability is
not a developmental phenomenon. Identifying the factors that limit regeneration may come
from observations of these regional differences. By further studying these organs, we can
better understand the mechanism through which a small subset of support cells is
maintaining regenerative competence and develop methods to induce more robust
regeneration in the larger quiescent population of support cells and in other non-

regenerative neural systems.
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CHAPTER FIVE

BEHAVIORAL ASSAY OF
VESTIBULAR DEFICIT IN MICE
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51 INTRODUCTION

The hearing loss and vestibular deficits resulting from loss of the sensory hair cells
from the inner ear organs are both permanent and debilitating. The loss of hair cells from
the auditory system can be partially ameliorated by the use of hearing aids to replace lost
outer hair cells and by the use of cochlear implants to replace lost inner hair cells; however,
in the vestibular system, the only therapeutic option for severe vestibular deficit is lesioning
the organs and allowing for compensation by the other ear and/or cerebellum. While
vestibular prostheses similar to cochlear implants are under development to treat vestibular
deficit (Dai, et al., 2011, Lewis, et al., 2013, Phillips, et al., 2014), the recent work by myself
and others demonstrating low levels of hair cell regeneration through inhibition of Notch
signaling (Hort, et al., 2007, Lin, et al., 2011, Jung, et al., 2013, Mizutari, et al., 2013, Slowik
and Bermingham-McDonogh, 2013) suggest that regenerative therapies may also be possible
in the near future. In fact, it is even possible that the current low levels of regeneration
observed are sufficient to restore some meaningful function. In my study, I saw
approximately a ten percent increase in total hair cell number following inhibition of Notch
signaling 7z vitro. Since, in the cristae, humans lose approximately 30-40% of the hair cells
over the course of their lives due to aging (Rauch, et al., 2001, Lopez, et al., 2005), it is
possible that a ten percent increase would restore some functionality. To assess this,
however, we would need to understand how vestibular function scales with hair cell number.
This information would also be helpful in regenerative studies, as it would allow us to

estimate the degree of hair cell regeneration based on behavioral output over time.
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Here, I present a systematic study describing the effectiveness of standard vestibular
tests at different levels of hair cell lesion using the known ototoxin, IDPN. I identified two
simple tests, the open field test and the swim test, which together provide distinct and
quantifiable behaviors at different levels of hair cell lesion.

52  RESULTS
5.2.1 STRAIN DIFFERENCES IN HAIR CELLL NUMBER AND

EFFICACY OF IDPN LESION

In order to generate a variable number of hair cells, I used the known ototoxin, 3,3’-
iminodipropionitrile (IDPN) to lesion the hair cells (Soler-Martin, et al., 2007) in two
different strains of mice: CBA/CaJ and C57BL/6. C57BL/6 is the background for many
transgenic animals that could be useful for studying the inner ear and regeneration,
including: Hes5-eGFP, DCX-CreER, Ail4, Glast-CreER, Otof-Cre, and PLP-CreER.
However, C57BL/6 mice have age-related hearing loss with a known mutation in cadherin
23 (Johnson et al., 1997, Noben-Trauth et al., 2003), which is a component of the tip links
that are necessary for auditory transduction (Kazmierczak et al., 2007). In C57BL/6 mice,
hearing loss begins in the higher frequencies located at the base of the cochlea at 1-2 months
of age (Mikaelian, et al., 1974, Henry and Chole, 1980, Shnerson and Pujol, 1981, Willott,
1986, Li and Borg, 1991, White, et al., 2000, Hequembourg and Liberman, 2001, Ison and
Allen, 2003). By 3 months of age, C57BL/6 mice show a 75% loss of outer hair cells and a
55% loss of inner hair cells in the base with a further progression of hair cell loss as they age
(Spongt, et al., 1997). It is for this reason that many inner ear researchers use the CBA/CaJ

mouse strain, which does not show abnormal age-related hearing loss and has no hair cell
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loss at 18 months of age (Spongr, et al., 1997). However, since back-crossing lines onto the

CBA/CaJ strain is a long process, I wanted to determine if the vestibular system of the

C57BL/6 mice also underwent age-related hair cell loss, similar to the auditory system.
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Figure 5.1 Differences in hair cell number and IDPN efficacy in C57BL/6 and CBA/CaJ
mice. A) The total number of Gfil+ hair cells is lower in all of the cristae of the CBA/CaJ
mice compared o C57BL/6. Both strains show consistent levels of hair cell number between
weaning age and 5-6 months of age. AP — data from anterior and posterior cristac. H — data

from horizontal cristae. B-C) Dose response curves for hair cell lesion with IDPN in

CBA/CaJ and C57BL/6 mice show that C57BL/6 requite higher doses of IDPN for hair cell
lesion shown as both the number (B) and percentage (C) of Gfil+ hair cells. D) Maximum
intensity projections of cristae from CBA/CaJ and C57BL/6 mice lesioned with IDPN and
immunolabeled with the nuclear hair cell marker Gfil.
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In both the C57BL/6 and CBA/Ca] mouse strains, I did not find any evidence for

hair cell loss with age in the cristae (Figure 5.1A). I, with several undergraduates, collected
cristae from both strains of mice at several ages, including: weaning, 3 months, and 5
months. The cristae were immunolabeled with Gfil to identify hair cell nuclei, imaged as
wholemounts, and counted. Although the CBA/CaJ mice consistently had fewer hair cells
than the age-matched C57BL/6 mice, both strains had approximately the same average
number of Gfil-positive hair cells at 5 months of age as they had at weaning.

In addition to a difference in hair cell number, I also found that the two strains
showed differences in their susceptibility to IDPN lesion. The CBA/CaJ mice showed a
similar dose response curve as the CD-1 mice used by Soler-Martin et al. (2007) who
originally described the IDPN lesion qualitatively. The C57BL/6 mice, however, required
higher doses of IDPN in order to achieve a similar level of lesion as the CBA/CaJ mice
(Figure 5.1B-D, brown versus black dots). The higher doses of IDPN required were not due

to the higher number of hair cells found in the C57BL/6 mice versus the CBA/Ca] mice

TABLE 5.1

Numerical summary of the number of Gfil+ hair cells at varying ages in CBA/CaJ and C57BL/6 mice

ANTERIORS AND POSTERIORS HORIZONTALS
CBA/CaJ C57BL/6 CBA/CaJ C57BL/6
mean SEM n mean SEM n mean SEM n mean SEM n
%M 2 1496.00 1 1182.00 £ 67.57 3
g 3 962.00 *+ 54.43 5 141750 £ 88.50 2 763.33 £ 29.36 3 1041.00 1
;:\ P 12 953.67 £ 4944 12 906.75 £ 31.18 8
E é 13 1361.89 £ 26.49 18 1172.50 £ 26.73 6
:%)D 14 89460 £ 70.06 5 1307.40 £ 3031 5 1103.00 £ 13.00 2
€ 21 1442.83 + 17.93 6
E 24 1101.60 £ 7490 5 957.00 1
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(Figure 5.1A), as the percentage of Gfil-positive hair cells in cristae compared to PBS

controls was higher for a given dose of IDPN in the C57BL/6 mice versus the CBA/Ca]
mice (Figure 5.1C, brown versus black dots).
5.2.2 MEASURING VESTIBULAR DEFICIT IN IDPN-LESIONED MICE:

VESTIBULO-OCULAR REFLEX (IVOR)

Traditionally, behavioral deficit of the cristae and semicircular canals in humans,
primates, and rodents is assayed using the vestibulo-ocular reflex (VOR)(Figure 5.2A). The
VOR is primarily used to stabilize images on the retina and relies on input from the
vestibular system in order to create compensatory eye movements in response to brief head
movements. The pathway for this reflex includes only a few central nuclei, including the
vestibular nuclei, abducens nucleus, and oculomotor nucleus. These same nuclei are essential

for another visual reflex, the optokinetic nystagmus (OKN)(Figure 5.2B), which uses visual

TABLE 5.2

Numerical summary of the number and percentage of Gfil+ hair cells at varying IDPN concentrations

CBA/CaJ C57BL/6
mean [# (%)] SEM [# (%)] n mean [# (%)] SEM [# (%)] n
PBS 968.20 (100.00) + 103.79 (10.72) 5 1244.25 (100.00) + 5672 (456) 4
8 1038.00 (107.21) + 7445 (7.69) 5
izo 16 414.18 (42.78) + 37.89 3.91) 11
g 24 26233 (27.10) + 4419 (456) 6 64244 (51.63) + 2520(2.03) 9
é:f 28 60.40 (624) + 2195227) 5
jg 32 72,67 (7.51)  + 2072214 6 397.00 (31.91) + 847 (0.68) 12
a
S 36
é 40 17258 13.87) + 1931 (1.55) 12
T om 154.80 (12.44) + 1379 (1.11) 5
48 2625 2.11) +  7.25(058) 12

# - Number, % - Percentage
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input instead of vestibular input and serves as a control for the central components of the
VOR. For VOR and OKN testing, mice are fixated using a previously implanted head post

(Figure 5.2C,C’) and either rotated in the dark or shown a screen with a moving sinusoidal
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Figure 5.2 Measuring the vestibulo-ocular reflex after IDPN lesion. A) The central pathway
for the vestibulo-ocular reflex (VOR) includes the vestibular nuclei (NV), the abducens
nucleus (NA), and the oculomotor nucleus NOM). M. rm — medial rectus muscle. M. 1] —
lateral rectus muscle. B) The central pathway for the optokinetic nystagmus (OKN) is very
similar to that of the VOR but receives visual input only. NOT — nucleus of the optic tract,
LGN - lateral geniculate nucleus, TL — temporal lobe, VC — visual cortex, vCb — vestibular
cerebellum. C-C’) To test for the VOR and OKN, mice must be implanted with a head screw
in order to fix their head position during testing. D) A diagram of the weight of four mice
throughout the testing paradigm. Mice were implanted with headposts two weeks prior to
VOR testing and lesion with IDPN. Additional testing was performed 6 days (VOR only) and
12 days after lesion (VOR and OKN). Mouse number 3 was euthanized at day 6 due to
complications with the head post implant. E) VOR data from mice numbers 2 and 4 show
good gain responses that increase with increasing frequency of rotation. After IDPN
treatment, these responses are attenuated. Mouse number 2 did not show a VOR response
cither before or after IDPN lesion.



116

gradient. If the reflexes are intact, these stimuli will result in stereotyped compensatory eye
movements that can be tracked using a camera and later quantified.

To determine if VOR testing can be used in IDPN-lesioned mice, I implanted head
posts onto four CBA/CaJ mice. The experimental paradigm is shown in Figure 5.2D
overlayed over the weight of the animals. Following IDPN-lesion, it is common for mice to
lose weight; however this weight loss is within acceptable parameters (shown by the dotted
line) and is recovered within two weeks. Two weeks after the head post surgery, I tested the
mice for a VOR reflex and then lesioned their hair cells using a single intraperitoneal
injection of 24 mmol/kg IDPN. Out of the four mice tested, only three mice exhibited a
VOR response. The mice were tested again for a VOR response six days after lesion and for
a VOR and OKN response twelve days after lesion. Due to complications with the head
post implant, one mouse had to be euthanized after the VOR testing on the sixth day. For
unexplained reasons, one of the remaining mice did not have a VOR response before or
after IDPN lesion, which according to our collaborator Dr. Jim Phillips, appears to occur in
approximately 25% of mice tested. Although, the last two remaining mice showed robust
VOR responses prior to lesion that were attenuated after IDPN lesion (Figure 5.2E, solid
versus dotted lines), I was unable to measure a robust OKN response in these mice. The
lack of an OKN response suggests that the IDPN lesion may compromise the central

pathways necessary for the VOR.
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5.2.3 MEASURING VESTIBULAR DEFICIT IN IDPN-LESIONED MICE:

OPEN FIELD TEST AND SWIM TEST

The potential spread in hair cell number provided by the expanded dose curve
response of the C57BL/6 mice allowed me to measure vestibular behavior at varying degrees
of hair cell lesion. Adult C57BL/6 mice were given a single intraperitoneal injection of
IDPN in PBS at the following doses: PBS (vehicle control), 16 mmol/kg, 24 mmol/kg, 28
mmol/kg, 32 mmol/kg, 36 mmol/kg, 40 mmol/kg, 44 mmol/kg, and 48 mmol/kg. Since it
is unclear whether the VOR testing can be used on IDPN-lesioned mice, I assayed vestibular
behavior in the lesioned mice using several other described tests for vestibular deficit
including the conical tube test, the open field test, and the swim test. A further advantage of
these tests is that they do not require any surgeries or specialized equipment and can easily
be used to monitor vestibular behavior over time with minimal stress to the animals.

The conical tube test involves coaxing a mouse into a 50 mL conical falcon tube and
flipping the tube so that the mouse is upside down. A mouse with a functioning vestibular
system can sense its awry body position and will rotate inside of the tube to correct its
position. A mouse with vestibular deficit will either take longer to right itself or will not right
itself at all. The open field test was used to assay hyperactivity and circling behavior, which
are both permanent and known yet unexplained indicators of vestibular deficit (Porter, et al.,
1990, Goddard, et al., 2008, Back, et al., 2010). The swim test was used to assay swimming
ability, which is impaired in mice with vestibular deficits. In water, proprioceptive inputs are
reduced and the mice must rely more on their vestibular system to determine their body

position. Although each of these tests is used to assay vestibular behavior, the way in which
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Figure 5.3 Hyperactivity and circling scale with degree of vestibular deficit in the open field
test. A) Example traces of the mouse’s path over a one minute period labeled from beginning
to end as blue to red. The black box indicates the location of the cage bottom and traces
outside of this box indicate that the mouse was climbing onto the cage edges. Relative to
control mice, mice lesioned with up to 32 mmol/kg IDPN show incteasing levels of activity.
Mice lesioned with more than 32 mmol/kg IDPN showing increasing levels of circling. B-C)
Both measures of hyperactivity, including percentage of time active (B) and distance traveled
(O), increased with the dose of IDPN. Each point represents data from an individual mouse
colored based on IDPN dose. Pre-lesion data points are colored based on the IDPN dose the
animal eventually received. D) Mice treated with less than 32 mmol/kg IDPN spent normal
amounts of time turning in the cage, while mice treated with more than 32 mmol/kg IDPN
spent more time circling. A turn was quantified if it was at least a quarter turn. E) The total
length of rotations, summed from all rotations greater than a quarter turn, increased with
IDPN dose. F) Histograms of the length of individual bouts of rotation are shown. Control
mice and mice treated with less than 32 mmol/kg IDPN mostly performed quarter or half
turn rotations as part of cage exploration (warm colors, top). Mice treated with more than 32
mmol/kg IDPN had longer bouts of rotations characteristic of vestibular deficit and not part
of normal cage exploration (cool colors, bottom).
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the output of each test scales with the degree of vestibular deficit is not known as these tests
are generally used subjectively to determine whether or not an animal has any degree of
vestibular deficit.

The conical tube test was a very sensitive test that saturated in effect at very low
doses of IDPN. While this test could be useful for detecting small perturbations in vestibular
function, I did not follow up with this test as the lesions used in regenerative studies are
generally much more severe.

In the open field test, the lesioned mice exhibited the expected hyperactivity and
circling behaviors, which more importantly, appeared to scale with IDPN dose (Figure
5.3A). Control mice explored the cage and spent a lot of time along the edges of the cage.
Mice that received a dose of 32 mmol/kg IDPN or less also exhibited this behavior, but
showed increasing levels of hyperactivity, measured as the percentage of time active (Figure

5.3B) and the total distance traveled (Figure 5.3C). Mice that received more than 32
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Figure 5.4 Swimming ability decreased with vestibular deficit in a swim test. A) Mice
subjected to a thirty second swim test spent highly variable amounts of time swimming that
did not correlate with vestibular deficit. B) Mice lesioned with IDPN showed decreasing
swimming ability measured as velocity, compared to control mice with high swimming
velocities. At a dose of 32 mmol/kg IDPN and higher, mice had to be rescued from the
water. While mice treated with lower doses of IDPN could float and remained in the test for a
few seconds, mice treated with higher doses of IDPN had to be rescued immediately.
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mmol/kg IDPN exhibited circling behaviors (Figure 5.3D) in addition to signs of

hyperactivity. Although their activity level was saturated (Figure 5.3B), the total distance
traveled continued to increase with increasing IDPN dose due to an increased velocity
(Figure 5.3C). The percentage of time spent circling was similar for all IDPN doses above 32
mmol/kg; however, the total length of all rotations summed scaled with IDPN dose (Figure
5.3E). Individual rotations were counted if they consisted of at least a quarter turn. Control
mice and mice that received 32 mmol/kg of IDPN or less performed many quarter and half
turns as part of their normal cage exploration (Figure 5.3F, warm colors on top). Mice that
received greater than 32 mmol/kg of IDPN performed longer bouts of citcling, up to 3-4
rotations in one continuous motion, in addition to the normal turns necessary for cage
navigation (Figure 5.3F, cool colors on bottom).

In the swim test, mice showed variable degrees of swimming ability that was best
measured with swimming velocity. Due to the stressful nature of this test, mice exhibited
highly variable levels of swimming activity that did not correlate with IDPN dose due to the
time spent trying to escape the edges by control mice and the time spent floating by the
lesioned mice (Figure 5.4A). When the mice did swim, however, their swimming ability was
readily apparent as a function of their swimming velocity because the mice with vestibular
deficit exhibited barrel rolling (Figure 5.4B). In mice with minor vestibular deficit, this rolling
was quickly corrected and only slowed their pace. In mice with intermediate vestibular
deficit, this rolling led to bouts of submersion, which the animals controlled by floating. In
mice with severe vestibular deficit, the animals could not control the rolling and submersion

and had to be rescued. In the animals that had to be rescued, the time to rescue scaled with
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IDPN dose, as the mice with more intermediate lesions were still able to partially
compensate for their lack of swimming ability by floating prior to needing rescuing (Figure
5.4B).
5.3 DISCUSSION

Here I have quantified the hair cell number with age in two widely used mouse strains
and identified two simple tests that can be used to assay varying degrees of vestibular
behavior. By analyzing cristae of different ages, I found that CBA/CaJ mice have
significantly fewer hair cells than C57BL/6 mice at all ages tested. More importantly, neither
of these strains exhibited age-related hair cell loss up to 5 months of age. This is surprising,
as C57BL/6 mice ate known to have severe age-related hearing loss, with significant hair cell
losses beginning at one month of age. In addition to differences in hair cell number, these
two strains also showed differences in susceptibility to IDPN-lesion. The mechanism
through which IDPN lesions hair cells is currently unknown; however, it is hypothesized
that metabolic bioactivation is required. Therefore, differences in metabolic processing of
the drug may explain why higher doses of IDPN are required to lesion vestibular hair cells in
C57BL/6. These differences in hair cell number and drug susceptibility between mouse
strains are important examples of the large variability in mouse strains that must be
incorporated into experimental design.

The behavioral tests identified here, the open field test and the swim test, both
showed quantifiable behaviors that scale with decreasing hair cell number. These tests do not
require any surgical procedures or specialized equipment and can easily be performed in any

lab with a recording device (such as a cell phone or video recorder) and the equipment
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necessary for normal mouse husbandry. In addition, both tests can be analyzed by tracking
the position of the mouse in successive still frames. This positional data can be used to
determine activity level, velocity, and circling behavior in an unbiased manner, as compared
to the subjective scales traditionally used to quantify vestibular behavior that are difficult to
compare between researchers and laboratories.

At present, hair cell number can only be assayed in explanted organs of euthanized
animals. My data here, however, suggests that there may be a clear correlation between
vestibular behavior and hair cell number that would allow for hair cell number to be
estimated based on behavioral assays. This information would be useful for both
degenerative and regenerative studies where animals are tracked over time to monitor
experimental outcomes. Although the scope of the current study is limited by the use of
IDPN lesions, the results of this study are very promising and provide strong support for
future studies using other types of hair cell lesion. Of particular concern is the fact that
IDPN is a known neurotoxin in addition to an ototoxin. The lack of an OKN response, for
example, suggests that this drug may be having an effect on the central nervous system.
Since other neurological systems may also be impaired by IDPN, I cannot rule out an effect

on vestibular behavior by another system affected by IDPN.
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6.1 PERSPECTIVE

6.1.1 SPONTANEOUS HAIR CELL REGENERATION

During the course of this dissertation, significant strides have been made in the field
of hair cell regeneration, such that we now know definitively that the mammalian inner ear
retains some regenerative ability into adulthood. At the beginning of this dissertation work,
it was unclear whether or not hair cell regeneration occurred in the mature mammalian
inner ear. Although many previous studies had shown evidence for spontaneous hair cell
regeneration after damage in the vestibular system, the level of regeneration in these studies
was very low. Further, these experiments were performed in chinchillas (Tanyeri, ¢f af,
1995, Lopez, et al, 1997, Lopez, et al., 1998, Lopez, et al., 2003), guinea pigs (Forge, ¢t al.,
1993, Warchol, ez al, 1993, Rubel, e al., 1995, Yamane, ¢z al., 1995, Li and Forge, 1997,
Forge, et al, 1998, Walsh, ez al., 2000), gerbils (Ogata, ez al., 1999), bats (Kirkegaard and
Jorgensen, 2000), and rats (Meza, ¢z al., 1996, Zheng and Gao, 1997, Berggren, ez al., 2003,
Oestetle, ¢t al, 2003, Taura, ez al., 2006), where the lack of genetic tools limited the analytical
power of these studies. The experimenters largely had to rely on secondary measures to
identify regenerating hair cells, such as the presence of immature hair bundles by scanning
electron microscopy (SEM), and, using light microscopy on thin sections, the presence of
hair cells after a complete lesion and the identification of intermediate transitional
morphologies.

Although these were very promising signs of regeneration, many investigators
questioned the validity of this evidence as hair cell repair and other changes to the sensory

epithelium could have accounted for the observed “regeneration”. For example, in the rat
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utricle, it was found that a large number of hair cells could survive in the sensory epithelium
without stereocilia bundles after lesion with aminoglycoside antibiotics (Zheng, ez al, 1999).
Further, in the bullfrog saccule, these “bundleless” hair cells could eventually replace their
lost stereocilia (Gale, ¢ al, 2002), which was troubling as many previous studies had solely
relied on the presence of new hair bundles as evidence for hair cell regeneration.

Another study in the gerbil posterior cristae cautioned against limiting analyses of
hair cell number to subsections of the sensory epithelium, as they found that regional
changes in hair cell number were not necessarily indicative of a total change in hair cell
number throughout the entire sensory organ. This was due to the fact that the organs are
asymmetric in shape and drug-susceptibility. Further, damage from aminoglycoside
antibiotics causes many changes to the sensory epithelium that do not necessarily indicate
hair cell loss or regeneration throughout the entire sensory organ, such as expansion or
shrinkage of the sensory epithelium and regional thinning (Polgat, ez al,, 2001).

These newer studies did not affect some of the evidence for hair cell regeneration,
such as the transitional morphologies suggestive of support cell transdifferentiation.
However, overall, these studies cast a large shadow of doubt over the field of mammalian
hair cell regeneration that highlighted the need for newer and more robust techniques to

identify hair cell regeneration in whole sensory organs.

6.1.2 INDUCED HAIR CELL REGENERATION

At the same time that these questions into spontaneous hair cell regeneration were

raised, there were many significant advances in our understanding of hair cell development
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that shifted the focus away from spontaneous regeneration and raised the possibility of
greater levels of hair cell regeneration through other means.

The role of Notch signaling through lateral inhibition in establishing and maintaining
the correct ratio of hair cells and support cells was shown in embryonic and early postnatal
animals in both the auditory (Lanford, ef a/, 1999, Zhang, ez al., 2000, Zheng, ¢t al., 2000,
Zine, et al., 2001, Kiernan, ez al., 2005, Brooket, ¢ al., 2006, Yamamoto, ¢z al., 2000,
Takebayashi, ¢z al., 2007, Hayashi, e al, 2008, Doetzlhofer, e al., 2009, Zhao, et al., 2011, Du,
et al., 2013, Korrapati, ez al., 2013, Mizutari, et al., 2013) and the vestibular system (Zheng, ez
al., 2000, Zine, et al., 2001, Collado, ¢# al., 2011b, Du, ef al, 2013) (reviewed in Cotanche and
Kaiser, 2010, Murata, ¢ a/, 2012, Kiernan, 2013). In many cases, loss of Notch signaling
resulted in a significant increase in supernumerary hair cells through support cell
transdifferentiation, which suggested a potential therapeutic role for Notch signaling through
its inhibition.

Around this time, the bHLH transcription factor, Atoh1, which is the downstream
target of Notch signaling, was also discovered and shown to start the transcriptional cascade
necessary for hair cell differentiation (Bermingham, ez a/, 1999, Chen, ¢z al., 2002). This
began the search for reprogramming methods to induce cells to become hair cells through
overexpression of Atohl (reviewed in Mulvaney and Dabdoub, 2012). Since my dissertation
work focuses on the use of Notch inhibition to regenerate hair cells, I will focus my
discussion to studies involving Notch signaling in mammals.

Many studies attempted to inhibit Notch signaling to induce hair cell regeneration;

however, it was found that the organ of Corti loses its ability to generate supernumerary hair
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cells in response to Notch inhibition postnatally (Lanford, ef a/, 1999, Zine, et al.,, 2001,
Murata, ¢f al., 2006, Yamamoto, ez al., 2006, Hayashi, e al.,, 2008, Doetzlhofer, ef al., 2009,
Hartman, ez al., 2009, Basch, ez al., 2011, Zhao, ¢t al, 2011) as Notch ligands are down-
regulated within the first few days after birth (Hartman, ef @/, 2007). In addition, a former
member of the Bermingham-McDonogh lab found that Notch signaling, as reported by the
downstream Notch effector Hes5, was not up-regulated as a result of aminoglycoside
damage to the organ (Hartman, ez a/,, 2009), suggesting that Notch signaling was not re-
activated after damage as occurs in some other regenerative species.

Together, all of this work suggested that hair cell regeneration, either spontaneously
or through inhibition of Notch signaling, was not possible in the cochlea, which was the
prevalent perception when I began my dissertation. In addition, the cochlea as I have
described it, with the three rows of outer hair cells, one row of inner hair cells, and highly
specialized support cells is unique to mammals. It is thought, even today, that this highly
specialized morphology of the cells within the mammalian cochlea may in part be
responsible for limiting its regenerative ability.

The mammalian vestibular system, on the other hand, has many of the same
functions and morphological features as those found in lower vertebrates, which have robust
hair cell regeneration (reviewed in Warchol, 2011). This, in addition to the earlier work on
spontaneous hair cell regeneration led people to hypothesize that the vestibular system may
retain some regenerative potential in the adult. More evidence for this came from the same
study demonstrating that Notch signaling was not up-regulated in response to damage. In

that study, Hartman, ¢z a/. (2009) also found that the downstream Notch effector Hes5 was
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present in the vestibular system of the adult. This was a very exciting finding that fueled my
own studies as well as multiple independent investigations into hair cell regeneration in the

utricle in other laboratories.
6.2 CONCLUSIONS

For my dissertation work, I wanted to build upon the previous findings in the
Bermingham-McDonogh lab showing robust expression of Hes5 in the mature cristae
ampullaris by determining if Notch signaling was active in the adult cristae and if it could be
inhibited in order to regenerate hair cells. Over the last five years, I have not only
accomplished that goal, but have also established the mouse cristae as a viable model for
studying hair cell regeneration. More specifically, I showed that treatment with the gamma-
secretase inhibitor, DAPT, down-regulates the Notch effectors Hes7 and Hes5 and increases
the total number of Gfil-positive hair cells in cultured cristae explanted from one month old
mice. Using lineage tracing with PLP/CreER;mTmG mice to label support cells, I showed
that support cells undergo transdifferentiation in response to DAPT treatment in mice up to
ten weeks of age and that these transdifferentiating support cells can express hair cell
markers, translocate to the hair cell layer, take on a hair cell morphology, and even develop a

stereocilia bundle with a kinocilium.

In addition, I performed these analyses on whole organs using techniques such as
lineage tracing that definitively show whether or not regeneration is occurring. By analyzing
the entire organ, I accounted for any possible changes in the shape, structure, or density of

the organs and the cells within them that in the past have confounded the evidence regarding
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the levels of regeneration observed. Further, by using the Cre-loxp technology to lineage
trace support cells, I have bypassed the problems regarding potential hair cell repair
prevalent in previous studies and shown unequivocally that at least some hair cells arise

through transdifferentiation of support cells following inhibition of Notch signaling i vitro.

In order to recapitulate these results 7z vivo, 1 tested the viability of administering
DAPT systemically to adult mice by injecting Hes5-eGFP mice with the maximum allowed
dose (set by IACUC) of 90 mg/kg DAPT in DMSO via subcutaneous injection once daily
for three consecutive days. In previous i vitro experiments, I found that it took three days of
DAPT treatment in order to see a significant down-regulation in Hes5-eGFP fluorescence
intensity due to the stability of the eGFP protein. However, after the three days of DAPT
injections 7 vivo, I was unable to see a significant decrease in Hes5-eGFP fluorescence.
Notably, the injected mice did not show any deleterious side effects such as significant
weight loss, gastrointestinal distress, or general malaise that has been reported previously
using systemic treatment with gamma-secretase inhibitors (Mizutari, ef a/, 2013). Due to the
lack of effect of DAPT treatment, the high cost of these experiments, and the potential for
harm to the animals, I did not follow up on these experiments. Instead, future work should
focus on administering the DAPT locally through application via the round window as was
performed by Mizutari, ez a/. (2013) and many others for administering gamma-secretase
inhibitors and other pharmacological agents. This does involve a small surgery, but also
allows for injections of significantly smaller amounts of drug and a localized effect of the
drug. This would help to limit both the costs and the side effects associated with these

experiments.
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The remainder of my dissertation was, therefore, focused on expanding our
knowledge of how the cristae develop and adding to the collection of tools available for
studying the cristae. Thanks to my efforts, we now understand the complex spatial patterns
involved in the development of the cristaec and how they relate to the regions that display
regenerative competence in both postnatal and mature animals. In addition, through my
screen of Cre-expressing mouse strains, we now have several options for recombining both
hair cells and support cells in the cristae for a variety of studies including lineage tracing,
FACS, genetic lesion, etc. Using one of these lines, the Dcx-CreER mice crossed to the Ail4
reporter line (Dex-CreER;Ai14), I showed in a preliminary 7z vivo experiment that the level of
spontaneous hair cell regeneration after aminoglycoside damage is very low in the mature
cristae. In fact, the level of spontaneous regeneration I observed through lineage tracing
support cells was much lower than that reported by previous studies in the chinchilla
(Tanyert, et al., 1995, Lopez, et al, 1997, Lopez, e al., 1998, Lopez, et al., 2003). As more
work is performed on hair cell regeneration using the newer and more robust techniques
now available to us, it will be interesting to see what the actual level of hair cell regeneration

and what the therapeutic relevance of that regeneration are.

With this in mind, I have also demonstrated, for the first time, a direct relationship
between hair cell number and vestibular behavior. More importantly, this data shows that
differences of less than 200 hair cells at varying degrees of hair cell lesion can be detected
and objectively quantified using a combination of open field and swim tests. This is

particularly significant for determining the behavioral relevance and therefore therapeutic
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importance of hair cell regeneration, which at present is approximately in this range of one

to two hundred hair cells.
6.3 FUTURE WORK

Overall, this work, together with findings from a number of other investigators (Hori,
et al.,, 2007, Lin, et al, 2011, Jung, et al, 2013, Mizutari, ez al., 2013), demonstrates that
manipulation of Notch signaling, particularly through y-secretase inhibitors, can stimulate
hair cell regeneration through support cell transdifferentiation in the mammalian inner ear.
To date, only a single study has demonstrated functional recovery from Notch inhibition 7
vivo, albeit with only modest effects. This was the study in the cochlea where hair cell
regeneration after otoacoustic damage resulted in some functional recovery (Mizutari, ez al.,
2013). It is not known whether inhibition of Notch signaling in the vestibular organs would
provide sufficient numbers of new hair cells to provide a functional benefit, but these are
clearly the next steps towards a therapy based on this strategy. However, beyond this, we
still have many challenges ahead of us as the current levels of regeneration in the mammal,
even through modulation of Notch signaling, are far less than those found in non-

mammalian vertebrates.

In order to induce robust, sustainable hair cell regeneration we need to not only
increase the degree of hair cell regeneration, but also ensure that these hair cells have the
appropriate identity and characteristics, such as polarity, for their specific sensory organ and
location within that organ. In addition, in order for hair cell regeneration to be sustainable,

the “progenitor-like” pool of support cells from which the new hair cells are arising must be
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maintained. In the mammal, there appears to be a limited degree of support cell
proliferation; however, this is unlikely to be sufficient to maintain the level of hair cell
regeneration that will ultimately be required for full functional recovery. Many groups are
investigating how to induce more robust support cell proliferation in mammalian organs and
have shown some success in mature organs through manipulations such as loss of c-Myc
(Burns, ez al,, 2012) and p274r! (Lowenheim, ez al, 1999, Oestetle, e al., 2011) and through

addition of TGF-a and EGF with insulin (Yamashita and Oesterle, 1995).

Even if we can induce robust support cell proliferation, we must still be able to
convert sufficient amounts of these support cells to transdifferentiate into hair cells. While
the methods discussed here have shown promising results, they are only able to generate
modest amounts of hair cells. With each of the regenerative methods used, there seems to be
a specific competence window for hair cell regeneration. Using Notch overexpression for
lateral induction, this time window is very eatly in otic development and appears to follow
the normal developmental timeline for prosensory formation (Hartman, e a/., 2010, Pan, ez
al., 2010, Basch, ez al., 2011, Liu, et al, 2012b, Pan, ez al., 2013). It is likely that the decreasing
competence is linked to the change between the prosensory and lateral inhibition roles that
is occurring at this time. Since this change would be necessary for the continued
development of the inner ear organs and appears to involve multiple complex regulatory
clements, this method of hair cell regeneration may not be feasible or practical for use in

mature organs.

The induction of robust hair cell generation from Notch inhibition currently seems to

be a more feasible approach since all of the mature mammalian organs of the inner ear have
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some regenerative capacity in response to Notch inhibition. While it is not clear whether
Notch is required for the normal maintenance of the vestibular organs, Notch signaling does
seem to play a role in each of the mouse inner ear organs following damage. More work,
however, needs to be done in order to establish the conditions under which Notch signaling
is induced after damage, as there is some controversy over whether only certain types or
degrees of damage can induce a Notch-mediated regenerative response. Ideally, we would be
able to regenerate hair cells under all damage conditions, including drug-induced ototoxicity,

noise damage, and varying forms of degeneration.

Even with damage, inhibition of Notch signaling has a limited regenerative response.
This was particularly apparent in my own data where almost all of the peripheral support
cells down-regulated Notch signaling in response to DAPT treatment, but the majority of
these cells did not undergo transdifferentiation. This is also true of the utricle and cochlea,
where even though it is more difficult to determine how many of the support cells were
expressing Notch components and down-regulated them in response to inhibition, it is clear

that only a subset of them are transdifferentiating in response to Notch inhibition.

What then is limiting support cell transdifferentiation in these mature organs? One
possibility is that additional signaling factors might interact with the Notch pathway to
regulate competence. For example, the expression of Hey2 in the pillar cells of the cochlea
prevents their differentiation into hair cells, even after Notch inhibition. In fact, inhibition of
both FGF signaling and Notch signaling is required for the down-regulation of Hey2 and
subsequent pillar cell transdifferentiation (Doetzlhofer, ef al, 2009). Further, the Notch

receptor is not the only target for y-secretase, and therefore Notch might not be the only
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pathway whose inhibition is contributing to the regeneration observed through y-secretase
inhibition. The y-secretase complex is involved in a process called regulated intramembrane
proteolysis (RIP) that has over ninety known substrates including Notch receptors and
ligands, amyloid precursor protein (APP), Ephs/Ephrins, Interleukin receptors, cadherins,
and Erb/Neuregulins (reviewed in Haapasalo and Kovacs, 2011). While Notch inhibition is
sufficient for some hair cell regeneration, as shown by Jung, ef /. (2013) through specific
knock down of Hes), it is possible that inhibition of some of these other pathways might be

modulating the regenerative response.

The regulation of Atohl downstream of Notch signaling is another possibility for
limiting transdifferentiation as it has several known enhancer sites (Helms and Johnson,
1998, Helms, ¢ al., 2000) as well as multiple known repressors and activators under the
control of multiple signaling pathways (reviewed in Mulvaney and Dabdoub, 2012). This is
supported by the fact that overexpression of Atohl itself is not able to generate hair cells in
the mature inner ear. Interestingly, Liu, ¢z 2/ (2012a) found that the Atohl-induced
transdifferentiation of pillar cells and Deiters’ cells in the immature cochlea required
activation of endogenous Atohl, suggesting that a critical level of Atoh1 expression through

activation of an autoregulatory feedback mechanism may be required (Helms, ¢ a/, 2000).

Beyond these regulatory mechanisms, it is also possible that the specialized
morphologies of the support cells are limiting their ability to transdifferentiate, as discussed
in Chapter 4.3.2. Even though the vestibular organs do not have specialized morphologies
unique to mammals, like the cochlea, they do show differences with age not found in non-

mammalian vertebrates such as the accumulation of E-cadherin in the junctions between
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support cells and the resulting thickening of the F-actin belts with age (Davies, ¢ a/, 2007,
Meyers and Corwin, 2007, Burns, ez al., 2008, Collado, ¢# al., 2011a, Collado, ez al., 2011b,

Burns, ¢z al., 2013, Burns and Corwin, 2014).

Overall, while the recent work investigating the role of Notch inhibition in hair cell
regeneration has been very promising and has shown the potential for some therapeutic
benefit, we still have many challenges that we must overcome. Ultimately, it appears that we
need a better understanding of the different regulatory mechanisms involved in the
maturation of the various sensory organs. For example, in order to understand what is
limiting the competence of the inner ear for lateral induction, we must understand how the
switch between the prosensory and lateral inhibition roles of Notch signaling is occurring.
Further, to understand why Notch inhibition does not result in more hair cell
transdifferentiation through lateral inhibition, we must understand how Atohl is being
regulated and mechanistically how it is driving hair cell differentiation. Just as we gained
many insights into different ways to use Notch signaling to induce regeneration from
studying the role of Notch signaling in development, we must now go back to development
to determine how Notch signaling and Atohl are being regulated there in order to develop

strategies to induce more robust hair cell regeneration.
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CHAPTER SEVEN

MATERIALS AND METHODS



7.1

ANIMALS AND GENOTYPING

140

Animal housing and care was provided by the Department of Comparative Medicine

at the University of Washington. All procedures were done in compliance with the standards

and protocols set forth by the University of Washington Institutional Animal Care and Use

Reporters

Cre-Expressing Strains

TABLE 7.1

Summary of mouse strains used

STRAIN TYPE' | STRAIN BACKGROUND SUPPLIER STOCK #
C57BL/6 WT - Harlan Laboratories 057
CBA/CaJ WT - The Jackson Laboratory [ 000654
ND4 Swiss Webster | WT - Harlan Laboratories | 032
Ail4 TG C57BL/6] The Jackson Laboratory I 007914
Hes5-eGFP TG C57BL/6 Dr. Verdon Taylor -
Math1-nGFP TG (C57BL/6 x DBA/2)F1 Dr. Jane Johnson -
R26-mTmG TG | 129X1/Sv] (approximate) |The Jackson Laboratory " 007576
Calb2-IRES-Cre KI C57BL/6] The Jackson Laboratory [ 010774
Cralbp-CreER TG C57BL/6 x CBA Dr. Edward Levine -
Dex-CreER TG C57BL/6] MMRRC 032780-MU
DIx5-CreERT2 KI C57BL/06] The Jackson Laboratory " 010705
Dr. Masato Nakafuku
Glast-CreER KI 129S2/SvPas (made by Dr. Magdalena -
Goetz)
Glast-CreER TG C57BL/6] The Jackson Laboratory [ 012586
Gpr26-Cre TG | FVB/B6/129/Swiss/CD1 MMRRC 033032-UCD
Grm2-Cre TG FVB/N-Ctl:CD1(ICR) MMRRC 036166-UCD
Otof-Cre KI C57BL/6 MMRRC 032782-MU
Plp-CreER TG C57BL/6] The Jackson Laboratory [ 005975
Satb2-Cre TG FVB/B6/129/CD1 MMRRC 034813-UCD
Vipr2-Cre TG | FVB/B6/129/Swiss/CD1 MMRRC 034281-UCD
Wis1-Tg2-CreERT2 | TG C57BL/6] The Jackson Laboratory " 009614

" KI - Knock-in, TG - Transgenic, WT - Wildtype
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Committee IACUC). Unless otherwise noted, both male and female mice were used for
experiments and postnatal day 0 (PO) was defined as the day of birth after an assumed
gestation period of 19 days. A list of the mouse strains used, including their approximate
background strain and supplier information, is summarized in Table 7.1.

Ail4 transgenic mice expressing a floxed-stop tdTomato under the control of the
CAG promoter in the Rosa26 locus (Madisen, e7 al., 2010) were obtained from Dr. Thomas
Reh (University of Washington, Seattle, WA), who originally purchased them from the
Jackson Laboratory. These reporter mice were maintained as a homozygous colony and
crossed to various mouse lines expressing Cre recombinase for experiments. The inner ears
obtained from Dr. Julie Harris (Allen Institute for Brain Science, Seattle, WA) were also
crossed to this reporter line. Genotyping was performed according to the supplier’s
protocols using the following primers: wild-type forward 5’-
AAGGGAGCTGCAGTGGAGTA-3’, wild-type reverse 5-CCGAAAATCTGTGGGAAGTC-3’,
mutant forward 5-GGCATTAAAGCAGCGTATCC-3’, and mutant revetrse 5’-
CIGTTCCTGTACGGCATGG-3’. These primers generate a wild-type amplicon of 297 bp and
a mutant amplicon of 196 bp.

Hes5-eGFP transgenic mice expressing GFP under the control of the Hes5 promoter
(Basak and Taylor, 2007) were obtained from Dr. Verdon Taylor (University of Basel, Basel,
Switzerland). These mice were maintained as a homozygous colony and not genotyped.
Presence of the Hes5-eGFP transgene was determined by immunofluorescence.

Math1-nGFP transgenic mice expressing a nuclear-localized GFP under the control

of the Math1 promoter (Lumpkin, ¢f al., 2003) were obtained from Dr. Jane Johnson
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(University of Texas Southwestern, Dallas, TX). These mice were maintained as a
homozygous colony and outcrossed to ND4 Swiss Webster mice for experiments. Mice were
genotyped for GFP using the following primers: forward 5-AAGTTCATCTGCACCACCG-3'
and reverse 5-TCCTTGAAGAAGATGGTGCG-3'. These primers generate a mutant amplicon
of 200 bp.

R26-mTmG transgenic mice expressing a floxed-membrane-localized tdTomato-stop
followed by a membrane-localized GFP under the control of the CAG promoter in the
Rosa26 locus (Muzumdar, ef al., 2007) were obtained from the Jackson Laboratory. These
mice were maintained as a homozygous colony and crossed to the PLP/CtreER mouse line
for lineage tracing support cells. Mice were genotyped for the mutant Rosa26 allele using the
following primers: forward 5-CTCTGCTGCCTCCTGGCTTCI-3’, wild-type reverse 5’-
CGAGGCGGATCACAAGCAATA-3, and mutant reverse 5-TCAATGGGCGGGGGTCGTT-
3. These primers generate a wild-type amplicon of 330 bp and a mutant amplicon of 250 bp.

Dcx-CreER transgenic mice expressing an inducible Cre recombinase under the
control of the doublecortin promoter were originally generated by Dr. Ulrich Mueller (The
Scripps Research Institute, San Diego, CA) and were obtained from the Mutant Mouse
Regional Resource Centers (MMRRC). These mice were maintained as a homozygous
colony and crossed to the Ail4 reporter mouse line for experiments. Genotyping was
performed according to the suppliet’s protocols for the Cre recombinase element and for
the inducible ERT2 element using the following primers: Dcx forward 5’-
TGAATGTCGGATAGCTGCAC-3’, Cre reverse 5-GCAAACGGACAGAAGCATTT-3’, ERT2

forward 5’-GATTGGTCICGTCTIGGCGCTICC-3’, and ERT2 reverse 5’-
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ACGGCTAGTGGGCGCATGT-3’. These primers generate a mutant Cre amplicon of 899 bp
and a mutant ERT2 amplicon of 502 bp.

The Plp-CreER transgenic mice expressing an inducible Cre recombinase under the
control of the Plp promoter (Doerflinger, e al., 2003) were obtained from the Jackson
Laboratory. These mice were maintained as a heterozygous colony and crossed to the R26-
mTmG reporter mouse line for lineage tracing support cells. Genotyping was performed for
Cre recombinase using the following primers: forward 5- AACATTCTCCCACCGTGAGT-3
and reverse 5- CATTTGGGCCAGCTAAACCAT-3’. These primers generate a mutant
amplicon of 300 bp.

Samples from the Calb2-IRES-Cre, DIx5-CreERT2, Gpr26-Cre, Grm2-Cre, Otof-
Cre, Satb2-Cre, Vipr2-Cre, and Wfs1-Tg2-Cre ERT2 mouse lines were obtained from Dr.
Julie Harris (Allen Institute for Brain Science, Seattle, WA). Samples from the Cralbp-CreER
and the Glast-CreER (knock-in and transgenic) mouse lines were obtained from Dr. Thomas
Reh (University of Washington, Seattle, WA).

7.2 INJECTIONS OF PHARMACOLOGICAL AGENTS

In order to birthdate hair cells, a single intraperitoneal (IP) injection of 5-bromo-2'-
deoxyuridine (BrdU, Sigma, 1.25 mg/25 g mouse) in sterile PBS was administered to time-
mated pregnant Swiss Webster females. The age of the embryos at the time of injection was
determined by plug date and confirmed by birthdate assuming a gestation period of 19 days.

To lesion hair cells, a single IP injection of 3,3’-Iminodiproprionitrile IDPN, Acros
Organics) in sterile PBS was administered at doses between 8 and 48 mmol/kg. For

C57BL/6 mice, a dose of 40 mmol/kg was normally used. For all other strains, a dose of 24



144

mmol/kg was normally used. Behaviors consistent with a vestibular deficit including head
bobbing, circling, and hyperactivity normally began approximately 3-4 days after injection.

To induce recombination in Dcx-CreER mice expressing an inducible Cre
recombinase, IP injections of tamoxifen (Sigma, 3.0 mg/25 ¢ mouse) in stetile corn oil
(Sigma) were administered once daily for two consecutive days. To dissolve the tamoxifen in
the corn oil, tamoxifen was incubated on a nutator overnight at 37°C. For the mice obtained
from Dr. Julie Harris (Allen Institute for Brain Science, Seattle, WA), tamoxifen (5.0 mg/25
g mouse) was administered via oral gavage for five consecutive days.

To inhibit Notch signaling, the y-secretase inhibitor N-[N-(3,5-Difluorophenacetyl)-
L-alanyl]- S-phenylglycine t-butyl ester (DAPT, Calbiochem) was administered via
subcutaneous injection at a dose of 10-90 mg/kg using either sterile corn oil or DMSO as a
vehicle.

7.3 ORGANOTYPIC CRISTAE CULTURES

Mice were euthanized according to approved procedures. Cristae were explanted
from the capsule on ice in modified Hank’s balanced salts solution without phenol red or
sodium bicarbonate (Sigma) supplemented with 5 mM HEPES and 200 U/mL penicillin.
The semicircular canals were mechanically separated from the cristae using fine forceps,
while the cupula and ampulla were left intact. The cristae were cultured in modified
Dulbecco’s MEM (DMEM)/F-12 medium [DMEM/F-12, Reh modification without L-
Aspartic Acid, L-Glutamic Acid powder (US Biological) with an additional 0.3% D-glucose,
0.8 mM GlutaMAX (Life Technologies), 0.1275% sodium bicarbonate, 5% fetal bovine

serum (FBS), 1x N2 supplement, 1x B27 supplement, and 200 U/mL penicillin, at pH 7.4],
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with 5% COz at 37°C. Unless otherwise noted, 75% of the media was replaced every three
days. Cristae were cultured at the gas-liquid interface on hydrophilic PTFE cell culture
inserts with 0.4 um pores (Millipore) coated with a 2:1 mixture of 0.12% rat-tail collagen and
growth-factor reduced Matrigel (BD).

For pharmacological inhibition of Notch signaling, the y-secretase inhibitor, DAPT,
was used at a concentration of 30 pM with an equal volume of DMSO as a vehicle control
(concentrations of 1-50 uM DAPT were also used in specific experiments as noted).

To induce recombination in the PLP/CreER;mTmG and Dcx-CreER;Ai14 mice,
explants were treated with 5 pM 4-Hydroxytamoxifen (4-OHT; Sigma) for 2 days followed
by washing prior to Notch inhibition. For the PLP/CreER;mTmG mice, only one media
change containing fresh 4-OHT was given on the first day. For the Dcx-Cre ERmTmG
mice, two media changes with fresh 4-OHT were given per day.

To assess proliferation, the thymidine analogue Ethynyl deoxyuridine (EdU, Life
Technologies) was added to the culture media at a concentration of 5 uM. EdU was
visualized using the Click-iT Alexa Fluor 647 Kit (Life Technologies). For experiments using
cither DAPT or EAU, 75% of the media was replaced daily.

7.4 IMMUNOFLUORESCENCE

Immunostaining of whole mount cristae and cultured cristae were performed almost
identically with the differences noted below. For whole mount immunostaining, capsules
were removed from the head and bisected using a scalpel to isolate the vestibular system and
expose the membranous labyrinth. The capsules were then fixed in cold 4%

paraformaldehyde (PFA) overnight (O/N). Cultured cristae were fixed on the culture
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membranes in cold 4% PFA for one hour. After fixation, all samples were rinsed in
phosphate buffered saline (PBS), permeabilized in 0.5% Triton-X in PBS (PBSTx) for 30
minutes at room temperature (RT), and then blocked at RT. For Chapter 3, 10% fetal bovine
serum (FBS) in 0.5% PBSTx was applied for one hour as a blocking solution. For all other
experiments, samples were blocked for three hours in a solution containing 10% donkey
serum, 4% bovine serum albumin, and 100 mM glycine in 0.5% PBSTx. There was not a
significant difference between these two blocking solutions; however, the increased blocking
period resulted in a significantly better signal to noise ratio. Blocking solution was used for
both primary and secondary antibody solutions and 0.5% PBSTx was used for washing.

Primary antibodies were applied O/N at 4°C and secondary antibodies were applied
either O/N at 4°C or for 3 hours at RT. When applicable, Hoechst 33342 (1:10,000) and/or
Phalloidin conjugated to Alexa Fluor 647 (1:200) were added to the secondary antibody
solution. All genetically encoded fluorescent reporters, including Hes5-eGFP, Math1-nGFP,
tdTomato, mTomato, and mGFP, were visualized without additional antibody labeling. To
preserve fluorescence, all samples were mounted in Fluoromount-G (SouthernBiotech).
Occasionally, for experiments where the curved morphology of the cristae was important,
whole mount cristae were mounted using 0.12 mm thick imaging spacers (Sigma). A
summary of the antibodies used is presented in Table 7.2, including the host species,
concentration used, and the supplier’s information.

For mice that received embryonic BrdU injections, antigen retrieval was performed
after permeabilization and prior to blocking. For antigen retrieval, cristac were incubated in

2N hydrochloric acid (HCI) for 30 minutes at 37°C followed by two washes in 0.1 M sodium



borate (pH 8.5) for 10 minutes to neutralize the acid. After treatment with sodium borate,

cristae were rinsed in PBS and antibody staining proceeded as normal beginning with

blocking.

For imaging intact embryonic inner ear capsules, the ears were cleared after

immunolabeling using a solution containing five parts methyl salicylate and three parts

benzyl benzoate (MSBB) according to the protocol published by MacDonald and Rubel

(2008). Prior to immunolabeling but after fixation, inner ears were decalcified in 10%

ethylenediamine tetraacetic acid-disodium salt (EDTA) in PBS, pH 7.4, for four days on a

TABLE 7.2
Summary of antibodies used
ANTIGEN |CONJUGATED | HOST | CONC. SUPPLIER PRODUCT #
BrdU (BU1/75) - Rat 1:100 Accurate Chemical OBT-0030
" Calretinin - Rabbit 1:2000 Swant 7699/4
%’ Dcx (C-18) - Goat 1:120 | Santa Cruz Biotechnology |  SC-8066
;é; Gfil - Guinea Pig| 1:1000 |Dr. Hugo J. Bellen, Baylor -
B Myosin6 - Rabbit 1:1000 Proteus Biosciences 25-6791
.é Myosin7a - Rabbit 1:500 Proteus Biosciences 25-6790
2 Sox2 (Y-17) - Goat 1:200 | Santa Cruz Biotechnology [ SC-17320
Sox9 - Rabbit 1:800 Millipore AB5535
Goat Alexa Fluor 488 | Donkey 1:400 | Jackson ImmunoResearch [ 705-545-147
Goat Alexa Fluor 568 | Donkey 1:400 Life Technologies A11057
Goat Alexa Fluor 594 | Donkey 1:400 Life Technologies A11058
'—% Goat Alexa Fluor 633 | Donkey 1:400 Life Technologies A21082
Txg Guinea Pig DyLight 649 Donkey [ 1:200 | Jackson ImmunoResearch| discontinued
i Rabbit Alexa Fluor 488 | Donkey 1:400 Life Technologies A21206
—§ Rabbit Alexa Fluor 568 | Donkey 1:400 Life Technologies A10042
§ Rabbit Alexa Fluor 594 | Donkey 1:400 Life Technologies A21207
” Rabbit Alexa Fluor 647 | Donkey 1:400 Life Technologies A31573
Rat Alexa Fluor 594 | Donkey 1:400 Life Technologies A21209
Rat DyLight 649 Donkey 1:400 | Jackson ImmunoResearch | discontinued
Phalloidin Alexa Fluor 647 - 1:200 Invitrogen A22287
Hoechst 333432 - - 1:10,000 Life Technologies H3570
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nutator at 4°C. Samples were changed into a new solution of 10% EDTA each day. After
four days, the samples were rinsed in PBS.

After immunolabeling, samples were dehydrated in 70% ethanol overnight, followed
by 95% ethanol for 30 minutes, and then two incubations with pure ethanol for two hours
each. After dehydration, samples were incubated in a 1:1 mixture of MSBB and pure ethanol
for four hours. Samples were then cleared using three changes of MSBB for 2 hours, 4
hours, and overnight. Samples were imaged in the MSBB solution on 1 mm thick rubber
imaging spacers (Coverwell PCI-A-2.0, Grace Bio-Labs).

7.5 PAINT-FILL OF THE EMBRYONIC INNER EAR

An embryonic day 14.5 (E14.5) inner ear was filled with 0.1% white latex paint in
methyl salicylate according to Morsli, ef a/. (1998) and Kiernan (2000).

7.6 IMAGING AND PROCESSING OF IMAGE FILES

All samples were imaged using a Nikon A1R laser scanning confocal mounted on a
Nikon TiE inverted microscope. Images were taken in NIS Elements (Nikon) using either a
20x dry CFI Plan Apochromat VC objective with a numerical aperture (NA) of 0.75 or a 60x
oil immersion CFI Plan Apochromat VC objective with a NA of 1.4. Unless otherwise
noted, z-stacks were taken at a step size of 0.5 pm with the 20x objective and at 0.125 um
with the 60x oil objective.

Maximum intensity projections and slice projections were created using either NIS
Elements or Image]. On images shown at higher magnification in Chapter 3, blind 3D
deconvolutions were performed using AutoQuant X vX2.1.1 (Media Cybernetics). Three-

dimensional reconstructions and movies were created using NIS Elements. Images for
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figures were compiled in Adobe Photoshop CS4 and all diagrams were made in Adobe
Iustrator CS4.
7.7  ANALYSIS OF FLUORESCENT INTENSITY

For the analysis of the fluorescence intensity of Hes5-eGFP, all samples within an
experiment (not across ages) were cultured, fixed, stained, imaged, and processed
simultaneously using the same intensities and settings in order to preserve the integrity of the
intensity comparison. Since it was therefore not appropriate to compare the absolute
intensity values across ages I showed these values as only the relative difference between the
DAPT-treated cristae and their own age-matched controls.

The fluorescence intensity of the entire sensory epithelium was measured in NIS
Elements on maximum intensity projections as the sum fluorescence intensity/pum?. Since
Hes5-eGFP is downregulated by DAPT-treatment, the sensory epithelium region of interest
(ROI) was created by outlining the Gfil labeling and included the non-sensory crux
eminentia. The sum fluorescence intensity/pum? was then normalized to the average sum
fluorescence intensity of six 30 pm? randomly placed squares outside of the sensory region
(negative for both Gfil and Hes5).

7.8 MANUAL CELL COUNTING

Cells were counted manually in Image] using the standard cell counter plugin. Hair
cells were counted by continuously scanning through confocal stacks taken at a z-interval of
0.5 um to avoid double counting or missing cells. The hair cell counts in the control cristae

are similar to what has been reported previously in adult mice with optical dissector counting
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(Desai, ¢t al., 2005) and in E18.5 mice using confocal slices taken at 6 um intervals (Fritzsch,
et al., 2010).

In Chapter 5, the data on cell counts in whole mount cristae from C57BL/6 and
CBA/CaJ mice was collected from multiple people (counters). To standardize counts, all
counters were trained on files that had previously been counted until the counts were
consistent between counters within an acceptable margin of error (approximately * 50 cells).
7.9 IDENTIFYING LINEAGE-TRACED HAIR CELLS

In the lineage tracing experiments using PLP/CreER;mTmG mice, lineage traced hair
cells were defined as mGFP* cells expressing the early hair cell marker Gfil, irrespective of
morphology or position. More specifically, the Gfil labeling had to be centered within the
mGFP labeling in all dimensions to control for support cells “cupping” hair cells as they
extend through the hair cell layer. In addition, lineage traced hair cells had to be
distinguishable from the surrounding GFP* cells. To be counted as a lineage traced hair cell,
a cell could not exhibit ambiguity on any of these criteria, which generally resulted in the
exclusion of areas of high recombination from this analysis. Al mGFP* cells were analyzed
in confocal stacks taken at a z-interval of 0.5 um. Generally, lineage traced hair cells
expressing mGFP had decreased mTomato expression, though this was not a criterion for
analysis.

710 NORMALIZATION OF CRISTAE POSITION

For the analysis of the spatial pattern of development in the cristae, the position of

each crista had to be normalized within the 3-dimensional space. In order to do this, the

visual data in the confocal images had to be converted to xyz coordinates. For each confocal
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stack, the standard cell counter plugin in Image] was used to mark the position of the BrdU-
labeled hair cells (double positive for BrdU and Myosin7a) in addition to the position of the
majority of Myosin7a+ hair cells. This information was then exported into two separate lists
of xyz-coordinates, one containing the BrdU+ hair cells and the other containing the
Myo7a+ hair cells for each crista. Once these coordinate lists were obtained, they were run
through a python script that normalized the position of the cristae in all three dimensions by
rotating all of the coordinates in both lists.

In order to determine the degree of rotation along the z-axis, the script found the
median y-value of the cells in a 40 pixel range around the x-coordinates at the 25 and 75t
percentiles (approximately 0.56 pm/pixel). The slope of the line between the two median
values was calculated and the angle, theta, between this line and a line with a slope of 0 was
determined. If theta was greater than +/- 0.07 degrees, then the coordinates in both lists
were rotated by theta. Almost identical functions were performed for rotations along the y-
axis and the x-axis with the following exceptions. For y-axis rotations, the cutoff value for
theta was +/- 0.018 degrees. For x-axis rotations, the range of cells used to determine the
two median values was expanded. Here, the hair cells were divided into two halves along the
y-axis and the median z-value for each half was calculated. In addition, the cutoff value for
theta for rotations along the x-axis was +/- 0.034 degrees. All rotations were visually verified
by plotting both the raw coordinates and the rotated coordinates in 2-dimensions by

flattening the dimension of rotation.
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711 ANALYSIS OF SPATIAL PATTERNS OF DEVELOPMENT

To analyze the spatial distribution of the BrdU+ hair cells, a python script was again
used in order to divide the hair cells into bins based on their position. For an analysis along
the x-axis, hair cells were divided into ten evenly distributed bins based on their position
along the x-axis. The total number of BrdU+ hair cells in each bin was then counted and
exported. For an analysis along the z-axis, which is equivalent to digitally unfolding the
cristae and analyzing the y-axis, hair cells were divided into four evenly distributed bins
based on their position along the z-axis. The total number of BrdU+ hair cells in each bin
was then counted and exported.

712 ANALYSIS OF MOUSE BEHAVIOR USING VIDEO TRACKING

In order to quantify behaviors consistent with a vestibular deficit such as circling and
hyperactivity, mice were recorded performing a two minute open field test followed by a one
minute swim test in 37°C water. If mice could not swim or float, the swim test was ended
prematurely by removing the mouse from the water.

The TrackMate plugin in Image] was used to manually track the mice in the video
files. For the open field test, one minute of video at 20 frames/second was analyzed. For the
swim test, 30 seconds of video at 20 frames/second was analyzed. For each frame, a point
was made on the mouse’s head between its ears. Points between consecutive frames were
linked to generate a continuous path for the entire sequence, or individual bouts of circling
within the sequence. A bout of circling was defined as a minimum of a 90° turn by the

mouse.
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For the open field test, the videos were analyzed for the total distance traveled, the
percentage of time active, the percentage of time circling, and the total number of rotations.
The distance traveled was defined as the sum of the length of the links between points. This
was given in pixels, which was converted to centimeters by measuring the length of the cage
in the image in pixels and the length of the actual cage with a ruler.

The percentage of time active was determined by summing the number of frames in
which the mouse moved less then 0.2 cm in that frame and less than 0.2 cm in the previous

or next frame. The total number of frames multiplied by 0.05 seconds/frame was considered

to be the dwell time for the mouse. The percentage of time active was then equal to: (sixty

seconds — the dwell time)/60 seconds.

The percentage of time circling was determined by summing the number of frames in

which the mouse was turning at least 90°. This number was then divided by 1200, or the

TABLE 7.3
Summary of qPCR primers used
GENE | ACCESSION # | AMP. SIZE PRIMERS REFERENCE
GFP Us5762 37 F: geaagetgaceetgaagttcate |1 e¢ a1 (2006). ] RNAi and Gene
e S
R: tcaccttgatgecgttettetg Silencing, 2, 195-204
F: ggcattgctctcaatgacaa
Gapdh NM. 008084 262 Lamba et al (2008). Dev Dyn,
R: cttgctcagtgtccttgctg 237, 3016-23
F: ccgagegtettggggaaatac
Hes1 NM._008235.2 144 Yamamoto et al (20006). ] Mol
R: gttgatctgggtcatgcagtteg Med, 84, 37-45
F: gcaccagccecaactccaa
Hes5 NM_010419.4 32 Basch et al (2011). ] Neuro, 31,
R: ggcgaaggctttgetgtgt 8046-58
F: gacaactcctacctetgettatgece
Notchl | NM_008714.3 305 Yamamoto et al (2000). ] Mol
R: ttactgttgcactcgttgacctcg Med, 84, 37-45
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total number of frames analyzed, to determine the percentage of time circling.

The total number of rotations was defined as the sum of all rotations greater than
90°. For example, four individual 90° turns count as one complete rotation, just as two 180°
turns also count as one complete rotation. Turns were defined in 90° increments.

713 QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION

For the cristae cultured with DAPT or DMSO, three independent pools of cDNA
were used for each condition and age. Each pool was generated using cultured cristae
explanted from 6 to 8 mice (36-48 cristae). For the analysis of uncultured cristae at various
ages, only two independent pools of cDNA were used for each age. This was due to the high
number of animals needed to successfully extract the RNA as each pool was generated using
uncultured cristae from 12-14 mice (72-84 cristae). For all experiments, the pools of cristae
were homogenized in 250 pL. of TRIzol (Life Technologies), extracted using chloroform
supplemented with 10 pg glycogen as a carrier, treated with DNase I (Qiagen), and column
purified using the RNeasy Micro kit (Qiagen). cDNA was synthesized using the iScript kit
(BioRad). Quantitative RT-PCR (RT-qPCR) was performed using a SYBR Green-based
mastermix (Applied Biosystems) on an ABI 7900 384- and 96- well block with TagMan Low
Density Array (Applied Biosystems). For all samples, cycle differences were normalized to
the housekeeping gene, Gapdh (glyceraldehyde 3-phosphate dehydrogenase), and are
reported as either cycle differences to GAPDH (ACt) or as fold changes, equal to 2Mc A

list of the primers used is provided in Table 7.3.
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714 GRAPHS, TABLES, AND STATISTICAL ANALYSES

In Chapter 3, the analyses of hair cell number and fluorescent intensity only include
data from anterior and posterior cristae. For all other experiments, all cristaec were analyzed.

Microsoft Excel was used to create tables and Prism v5.0c (GraphPad) was used to
create graphs and perform statistical analyses. The analyses used include one-or two-tailed
unpaired Student’s #tests, one- and two-way ANOVAs with either Tukey-Kramer or
Bonferroni post-tests, and, Pearson’s correlations. Unless otherwise noted, the error bars of
graphs depicting means are standard error of the mean (SEM) and the error bars of graphs
depicting differences between means are standard error of the difference (SE). SE was
calculated using the following formula: SE = square.root[(sd?/n.) + (sd?/nv)], where sd is the
standard deviation of each sample group and n./ny are the sizes of the two sample groups, a
and b.

For one-tailed unpaired Student’s t-tests, significance is denoted as follows: ns for
$>0.025, * for p=<0.025, ** for p<0.0125, *** for p=0.00125, and **** for p<0.0001.
Otherwise, significance is denoted as: ns for p>0.05, * for p = 0.05, ** for p < 0.01, *** for p
< 0.001, and **** for p < 0.0001. Exact p-values are reported for all cases where p=0.0001.
Otherwise, p-values are reported as p<0.0001.

Prism was also used to create the visual representations of the spatial data. In order to
visually compare cristae, the cristac were aligned using a python script that created a scaled
dataset for each crista with an arbitrary height of 500 pixels and a width of 1000 pixels.
These scaled datasets were then plotted as xy points in Prism and colored based on z-depth

ot to distinguish individual samples.
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For the graphs replotted from Ruben (1967), the number of hair cells born at
different embryonic ages were extrapolated from the printed graphs in his publication by
measuring the height of the data points and relating this to the relative height of the scaled
axis. In addition, the analysis by Ruben (1967) had a longer gestational period of 21 days.
Therefore, to reconcile and compare the data to my own, I reassigned Ruben’s data to a

gestational period of 19 days by counting backwards from the day of birth.
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Al1.1 SCREEN FOR CRE RECOMBINASES EXPRESSED IN THE INNER

EAR
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Mouse lines with known expression of Cre recombinase in the nervous system were

screened for expression of Cre recombinase in the mature inner ear. Samples were provided

by Dr. Julie Harris at the Allen Institute for Brain Science and more information on the

screen can be found in Chapter 3.2.1. A summary of the results of the screen is shown in

Non-Inducible Cre Recombinases

Inducible Cre Recombinases

TABLE A1l.1

Summary of the cellular expression of various Cre recombinase Mouse Lines

CRISTAE COCHLEA
Central Peripheral Crux Other HCs SCs  SGNs Other
HCs  SCs HCs  SCs - - IHCs OHCs - - -
Vipt2-C
P X IXXX X XXX XXX XX | - X XX XX XX
(Transgenic)
Satb-Crel = gy x XX XX XXX | XX -~ XX XXX -
(Transgenic)
Gpr26—¢re 3 B 3 X 3 X X B X X 3
(Transgenic)
Calb2-IRES-Cre
(Knockin) XXX -- XXX -- - X XXX X - X X
Otof-Cre
(Knockin) | X~ (XXX - ~ - XXX X - - -
Grm2-Cre
(Transgenic)| - %S - - S - - - - -
DIx5-CreERT2
(Knockin)| ™ -- - X XXX XXX - -- - XX X
Dex-CreBRY o xx - X - - - XXX -
(Transgenic)
/fs1-Te2-CreERT?2
WRITgZCreERT2) - Bl x @ - x | - - X - X
(Transgenic)
Glast-CreER
(Transgenic) | - - X - X HCs: Hair cells
. SCs: Support cells
Glast—CreER - - _ X - X SGNs: Spiral ganglion neurons
(Knockin) IHCs: Inner hair cells
OHCs: Outer hair cells
Plp-CreER
(Tralzlsgenic) - - - XXX - XXX --: Not expressed by these cells
X: Expressed by a few cells
Cralbp-CreER . <X B - . <X XX: Expressed by many cells
(Transgenic) XXX: Expressed by most cells
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Table 3.1, which indicates if the Cre recombinase was a transgene or knocked-in to the
native locus, if the Cre recombinase was inducible or non-inducible, and in what cell types
the Cre recombinase was expressed. Two Cre-expressing lines, Vipr2-Cre and Satb2-Cre,
showed almost ubiquitous expression in both the cochlea and the cristae (Figure Al.1).
Three lines, DIx5-CreERT2, Gpr26-Cre, and Grm2-Cre showed specific and interesting
patterns of expression in the cristae that are, however, not immediately useful (Figure A1.2).
More importantly, two lines, Calb2-IRES-Cre and Otof-Cre, showed specific expression in
hair cells (Figure A1.3), and five lines showed expression mainly in support cells, including
Wis1-Tg2-CreERT2, Glast-CreER (transgenic and knock-in), Cralbp-CreER, and Dcx-
CreER (Figure Al1.4).
Atl.1.1 CRE RECOMBINASES EXPRESSED UBIQUITOUSLY
Vipr2-Cre transgenic mice (GENSAT)(Gong, ¢f al, 2007, Gerfen, ez al., 2013) express
a non-inducible Cre recombinase under the vasoactive intestinal peptide receptor 2 (Vipr2)
promoter. In the adult cochlea, recombined cells include many spiral ganglion neurons, some
support cells and hair cells, and many other non-sensory cells (Figure A1.1A). In the cristae,
recombined cells include most support cells, some hair cells, and many non-sensory
epithelial cells, including those found in the ampulla and in the crux eminentia (Figure
A1.1B,C). Vipr2 was originally identified in the pituitary (Lutz, ez al, 1993, Inagaki, ez al.,
1994) and has no known role in the inner ear, including no expression at E14.5 as assayed by

in situ hybridization (Visel, e al., 2004).
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Satb2-Cre transgenic mice (GENSAT)(Gong, ¢z al, 2007, Gerfen, ez al., 2013) express
a non-inducible Cre recombinase under the special AT-rich sequence-binding protein 2
(Satb2) promoter. In the adult cochlea, recombined cells include many spiral ganglion

neurons (Figure A1.1D), inner hair cells, and support cells, including pillar cells (Figure

Phalloidin

Vipr2-Cre;Ai14 Vipr2-Cre;Ai14

Satb2-Cre;Ai14 - o W A EE
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Figure Al.1 Cre recombinase strains ubiquitously expressed in the inner ear. A-C) Adult Vipr2-

Cre;Ai114 mice show recombination in most cell types of the inner ear in both the cochlea (A) and

the cristae (B,C). D-G) Adult Satb2-Cre;Ai14 also mice show recombination in most cell types of
the inner ear in both the cochlea (D,E) and the cristae (F,F°,G).
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A1.1E). In the adult cristae, recombined cells include most non-sensory epithelial cells
(Figure A1.1F) in addition to some hair cells (Figure A1.1F’) and most support cells (Figure
A1.1G). Satb2 is a transcription factor thought to mediate long-term epigenetic changes in
chromatin configuration (reviewed in Leyva-Diaz and Lopez-Bendito, 2013). When assayed
by #n situ hybridization, Satb2 was not found in E13.5 or early postnatal ears (Gray, ez al.,
2004); however, Satb2 does have a well-characterized role in the development of callosal
projection neurons in the cortex (Britanova, ez al., 2006, Szemes, ¢t al., 2006, Holm, ¢t al.,
2007, Alcamo, et al., 2008, Gyorgy, et al., 2008, Leone, ef al., 2008, Lickiss, ez al., 2012,
Srinivasan, ez al., 2012, Zhang, ez al., 2012, Huang, ez al., 2013, Leone, et al., 2014).
Atl.1.2 CRE RECOMBINASES WITH INTERESTING EXPRESSION
DIx5-CreERT2 knock-in mice (NIH Blueprint and Josh Huang, Cold Spring Harbor
Laboratory) express an inducible Cre recombinase in the distal-less homeobox 5 (DIx5)
native locus. In the adult cochlea, recombined cells include the spiral ganglion neurons and
other non-sensory cells (Figure A1.2A). In the adult cristae, almost all non-sensory epithelial
cells recombine (Figure A1.2B), in addition to some support cells (Figure A1.2C). Normally,
DIx5, assayed by 7z situ hybridization, is expressed throughout inner ear development
including in the otic placode at E8.5 and in the postnatal ear (Simeone, ¢f al, 1994, Yang, et
al., 1998, Depew, et al., 1999, Wang, ¢t al., 2001, Wright and Mansour, 2003, Gray, ez al., 2004,
Ozaki, et al., 2004, Visel, et al., 2004, Moraes, ef al., 2005, Lillevali, ¢z al., 2006, Hwang, ¢t al.,
2009, Yokoyama, e# al., 2009). In addition, DIx5 is critical for the development of the

vestibular organs, including the cristae, canals, and endolymphatic duct, with a lesser effect
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on the maculae (Acampora, e al., 1999, Depew, ¢t al., 1999) (reviewed in Chatterjee, ¢ al.,
2010).
Gpr26-Cre transgenic mice (GENSAT)(Gerfen, ez al., 2013) express a non-inducible

Cre recombinase under the G-protein-coupled receptor 26 (Gpr26) promoter. In the adult

Dix5-CreERT2;Ai14

Phalloidin

Dix5-CreERT2;Ai14

Gpr26-Cre;Ai14
Grm2-Cre;Ai14

Gpr26-Cre;Ai14

Figure Al.2 Cre recombinase strains with interesting expression patterns. A) Adult DIx5-
CreERT2;Ai14 mice show recombination in the cochlea in the spiral ganglion, as well as in some
other non-sensory cells. B-C) In the cristae, DIx5-CreERT2;A114 mice show recombination in
some support cells as well as in every other non-sensory epithelial cell including in the crux
eminentia. D-E) Adult Gpr26-Cre;Ail4 mice show recombination in only a few cells, including
some support cells in a small region of peripheral cristae, some non-sensory epithelial cells, and a
scattering of cells along the midline of the ampulla parallel to the axis of the semicircular canal.
F-G) Adult Grm2-Cre;Ai14 mice have almost no recombination in the inner ear. Interestingly
though, they consistently show recombination in less than a handful of hair cells per cristae in
approximately the same region.
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cochlea, there was very little recombination overall with tdTomato expression in only a few
inner hair cells, inner phalangeal cells, and spiral ganglion neurons (data not shown). In the
adult cristae, expression was also fairly low, with recombination in some peripheral support
cells and non-sensory epithelial cells (Figure A1.2D,E). Though many cells do not express
the Gpr26 transgene, there was a scattering of recombined cells along the midline of the
ampulla parallel to the axis of the semicircular canal, which was interesting but not
particularly useful (Figure A1.2D). Normally, Gpr26 is expressed in the spiral ganglion and
fibrocytes of the inner ear at P5 and is one of three candidate genes for the headbobber mice
(Buniello, ¢7 al., 2013). Headbobber mice have vestibular and hearing impairment at two
weeks of age (Somma, ¢7 al, 2012) and morphologically lack semicircular canals and cristae,
have fused maculae, and have severe cochlear abnormalities (Buniello, ¢7 4/, 2013). Based on
the severity of the phenotype of the headbobber mice, it is surprising that the Gpr26
transgene is not expressed in more cells; however, it is possible that the Gpr26 transgene is
not faithfully reporting on the endogenous expression of Gpr26 or that Gpr26 is not the
causative gene for the headbobber phenotype.

Grm2-Cre transgenic mice (GENSAT)(Getfen, ez al, 2013) express a non-inducible
Cre recombinase under the metabotropic glutamate receptor 2 (Grm?2) promoter. This
transgene was not expressed in the cochlea and in the cristae was only expressed in a couple
of hair cells per crista (Figure A1.2F,G). Interestingly, these hair cells were found in all of the
cristae screened and were located in the same region in similar numbers in each crista.
However, since only a few cells in the sensory organs express this transgene, it is not very

useful and unlikely to be playing an important role in the inner ear.



A8

Atl.1.3 CRE RECOMBINASES EXPRESSED IN HAIR CELLS
Calb2-IRES-Cre knock-in mice (NIH Blueprint and Josh Huang, Cold Spring Harbor

Laboratory)(Taniguchi, ez al., 2011) express a non-inducible Cre recombinase in the

Calretinin (also known as Calbindin 2) native locus. The expression of Calretinin in the

inner ear is well described and is mostly recapitulated in these knock-in mice. In the cochlea,

Calb2-IRES-Cre;Ai14

Calb2-IRES-Cre;Ai14

Phalloidin

Calb2-IRES-Cre;Ai14

Otof-Cre;Ai14

Otof-Cre;Ai14

Figure Al.3 Cre recombinase strains expressed in hair cells. A) Adult Calb2-IRES-Cre;Ail14 mice
show recombination in all inner hair cells in the cochlea in addition to in some ganglion cells and
non-sensory cells. B-C) In the cristae, adult Calb2-IRES-Cre;Ai14 mice show recombination in
almost all hair cells (dark area in C is shadowed by pigment) as well as in some non-sensory cells.
D) Adult Otof-Cre;Ail4 show recombination in all inner hair cells and in a random pattern of
outer hair cells in all three hair cell rows. E) In the cristae, adult Otof-Cre;Ai14 mice show
recombination in all hair cells.
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recombined cells include the inner hair cells, outer hair cells, some non-sensory cells, and
some ganglion cells, as expected (Figure A1.3A) (Rogers, 1989, Dechesne, ¢z al, 1991,
Desmadryl and Dechesne, 1992, Dechesne, ef al,, 1993, Dechesne, e al, 1994). In the cristae,
most of the recombined cells were hair cells in addition to some non-sensory cells and
neuronal like cells (Figure A1.3B,C). While this expression is in agreement with previous
studies (Dechesne, ¢z al, 1994), these mice lack recombination in the calyces of the afferent
nerve fibers, which is the characteristic expression pattern for Calretinin in the mature cristae
and utricle (Rogers, 1989, Dechesne, ¢ al., 1991, Desmadryl and Dechesne, 1992, Dechesne,
et al., 1993, Dechesne, ef al., 1994).

Otof-Cre knock-in mice (NIH Blueprint and Ulrich Mueller, The Scripps Research
Institute) express a non-inducible Cre recombinase in the Otoferlin native locus. Like
Calretinin, the expression of Otoferlin in the inner ear is well characterized and mostly
recapitulated in these knock-in mice. In the cochlea, recombined cells included all inner hair
cells and a smattering of outer hair cells located in all three hair cell rows (Figure A1.3D). In
the cristae, only the hair cells underwent recombination (Figure A1.3E), consistent with the
endogenous expression previously described (Schug, ez a/., 20006). In the cochlea, Otoferlin is
endogenously expressed in inner hair cells, a subset of low frequency outer hair cells, and
some auditory nerve fibers (Engel, ¢z a/, 2006, Roux, ez al., 2000).

Atl.1.4 CRE RECOMBINASES EXPRESSED IN SUPPORT CELLS

Wis1-TG2-CreERT?2 transgenic mice (Theresa Zwingman and Ed Lein, Allen

Institute for Brain Science) express an inducible Cre recombinase under the Wolfram
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Figure Al.4 Cre recombinase strains expressed in support cells. A,B) Adult Wfs1-TG2-
CreERT2;Ai14 mice show recombination in the cochlea in some support cells and non-sensory
cells. C,D) In the cristae, Wfs1-TG2-CreERT2;A114 mice show recombination mainly in support
cells, but also in some hair cells and non-sensory cells. E,F) Adult Glast-CreER knock-in mice
show recombination in a scattering of support cells throughout the sensory epithelium. G,H)
P14 Cralbp-CreER;Ai14 mice show recombination in many non-sensory cells of the ampulla and
canals, with less recombination occurring around the utricle. In addition, they show
recombination in many support cells located in the central zone of the cristae. White dotted lines
indicate the location of the sensory epithelia, including the two cristae and the utricle. I) Adult
Dcx-CreERT2;A114 mice show the expected pattern of recombination in the cochlea with
recombination mainly in the nerve fibers of the spiral ganglion neurons. J,K) In the cristae,
however, adult Dcx-CreERT2;Ai14 mice show recombination almost exclusively in the support
cells.
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syndrome 1 homolog (Wfs1) promoter. In the cochlea, the identity of recombined cells was
varied, including support cells and several other types of non-sensory cells (Figure A1.4A,B).
In the cristae, support cells throughout the entire sensory epithelium were labeled almost
exclusively (Figure A1.4C,D). If not for the presence of some recombined hair cells, this
transgenic line would be excellent for support cell lineage tracing. Even with some hair cell
recombination, these mice may still be useful for experiments involving fluorescence-
activated cell sorting (FACS). In humans, mutations in Wfs1 are associated with Wolfram
syndrome and non-syndromic progressive low-frequency sensorineural hearing impairment
(Bespalova, ez al,, 2001, Young, ez al., 2001). In the adult cochlea, Wfs1 is normally expressed
in many cells, including inner and outer hair cells, spiral ganglion neurons, Deiters’ cells,
Hensen cells, Claudius cells, and cells in the interdental region, Reissnet’s membrane, and the
spiral ligament (Cryns, e al., 2003). In the vestibular system, Wfs1 is normally expressed in
both hair cells and support cells (Cryns, e al., 2003).

Both Glast-CreER transgenic (Wang, ez al., 2012) and knock-in mice (Mori, ¢# al.,
2000) express an inducible Cre recombinase under the glutamate aspartate transporter
(Glast) promoter. I did not analyze the cochlea of the Glast-CreER mice, but found in the
cristae of both the transgenic and the knock-in mice that recombination exclusively occurred
in a smattering of support cells found throughout the sensory epithelium (Figure A1.4E,F).
This pattern of expression makes Glast a good candidate for lineage tracing support cells;
however, the efficiency of recombination in both the transgenic and the knock-in mice is
low. Endogenously, Glast is expressed in the support cells of the vestibular system, the

support cells surrounding inner and outer hair cells, and in satellite cells ensheathing type I
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spiral ganglion neurons (Li, ¢z al, 1994, Furness and Lehre, 1997, Takumi, ¢f al, 1997,
Furness, ez al., 2002, Jin, e al., 2003).

Cralbp-CreER transgenic mice (Vazquez-Chona, ¢z al, 2009) express an inducible Cre
recombinase under the Retinaldehyde binding protein 1 (RIbp1/Cralbp) promoter. I only
analyzed the vestibular system, where recombination occurred in many non-sensory
epithelial cells around the cristae, including in the ampulla and the semicircular canals. In
addition, support cells recombined specifically in the central region of the cristae, where the
type I hair cells that receive calyx afferent nerve innervation are located (Figure A1.4G,H).
Very little recombination occurred in the utricle and its surrounding tissues (Figure A1.4G).
Based on the expression in the cristae, this transgenic line would be very useful for lineage
tracing support cells in the central region. Endogenously, Cralbp has no known function or
expression in the inner ear, but is expressed by Miiller glia in the retina (Bunt-Milam and
Saari, 1983, Anderson, ez al., 19806) (reviewed in Saari and Crabb, 2005). Miller glia are very
similar to support cells and serve similar functions in the retina as support cells in the inner
ear, including acting as the progenitor cell that undergoes reprogramming during
regeneration in lower vertebrates (reviewed in Goldman, 2014).

Dcx-CreER transgenic mice (Cheng, ef al, 2011) express an inducible Cre
recombinase under the Doublecortin (Dcx) promoter. In the cochlea, Dex transgenic mice
show recombination in the nerve fibers extending from the spiral ganglion to the cochlea, as
well as in the bouton afferents innervating the inner and outer hair cells (Figure A1.41). In
the cristae, however, Dcx transgenic mice show recombination primarily in the support cells

throughout the entire sensory epithelium. In addition, the efficiency of recombination is
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higher than that in the Glast-CreER mice (Figure A1.4E,F), making the Dcx-CreER mice a
better candidate for support cell lineage tracing. Endogenously, Dcx is expressed in neurons
during development (Francis, ez al., 1999, Gleeson, ¢ al, 1999, Tanaka, ez al., 2004) and in
regions of the adult brain where there is ongoing neurogenesis, including the subventricular
zone and the subgranular zone (Nacher, e a/, 2001, Brown, ez al., 2003, Rao and Shetty,
2004, Couillard-Despres, ¢ al, 2005). In neurons, Dcx mainly associates with microtubules
(Francis, e al, 1999, Gleeson, ¢f al., 1999, Horesh, ez al., 1999), but has also been shown to
interact with actin (T'sukada, ez a/, 2003, Tsukada, ez a/, 2005, Tsukada, ez a/., 2006). More
specifically, Dex promotes the nucleation, assembly, and stability of microtubules (Moores, ef
al., 2004, Fourniol, ef al, 2010) and decreases the dissociation of other nearby molecules

from the microtubules (Bechstedt and Brouhard, 2012) (reviewed in Reiner, 2013).
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SUPPLEMENTAL MOVIES
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MOVIE 1.1

The inner ear contains six distinct sensory organs: The cochlea, utricle, saccule,
posterior cristae, horizontal cristae, and anterior cristae. These organs be seen in an intact
E15.5 inner ear labeled for the sensory regions with Sox2 (white) and in a color coded model
of the position of the Sox2-labeled sensory organs created by 3-dimensionally rendering
tracings of the Sox2 regions in the individual confocal slices.
MOVIE 2.1

Cristae are highly three-dimensional, composed of two saddle-shaped hemicristae
separated by the eminentia cruciatum. Sox9 (red) labels support cells as well as non-sensory
cells in the eminentia cruciatum and throughout the ampulla and semicircular canals. Gfil
(white) labels all hair cells in the sensory epithelium. Hes5-GFP is expressed in a subset of
support cells in the Calretinin-negative peripheral zone. Note that while the overall structure
of the sensory epithelium was preserved, the normally dome-like Sox9* ampulla flattened
onto the sensory epithelium. Dimensions in pm (w x h x d) - 544.9 x 272.5 x 75.5.
MOVIE 2.2

An example of a lineage traced transitional cell from the mTmG mouse (see Figure
7B-B”). The GFP* cell expressed Gfil, but had an elongated body similar to a support cell.
The nucleus was lifting off of the basement membrane and the apical part of the cell had an
unusual appearance unlike a normal hair cell or support cell. There was also another GFP*
support cell that spans the sensory epithelium as well as several non-sensory cells in view.

Dimensions in pm (w x h x d) — 36.4 x 61.2 x 6.9.
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MOVIE 2.3

An example of a lineage traced transitional cell from the mTmG mouse (see Fig. 7C-
C”). The GFP* cell expresses Gfil and overall has a normal appearance for a hair cell,
except for a thin foot-like projection that extends to the basement membrane. Also in view
are two support cells, one of which is directly next to the hair cell. Dimensions in pm (w x h
x d) —43.3 x 52.6 x 13.0.
MOVIE 2.4

An example of a lineage traced hair cell with a kinocilium from the mTmG mouse
(see Fig. 7D-D”). The GFP* cell expressed Gfil (red) and had a flask shape with a rounded
bottom and a thin neck. A long kinocilium extended up from the apical surface. Nuclei are
labeled with Hoechst 33342 (white) and had prominent nucleoli at this fluorescent intensity.
Also in view were a couple of GFP* support cells and a non-sensory cell. Dimensions in pm

(wxhxd) —28.7x642x 13.5.
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