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I. INTRODUCTION.
The vertebrate inner ear mediates the senses of hearing and balance.
I

Contained within both the auditory and vestibular compartments of the inner ear
are specialized mechanosensory hair cells that fun9tion as receptors and
transducers of environmental stimuli. In all vertebrates, these sensory hair cells
I

i

are particularly susceptible to ototoxic insults result,ng in cell death and, in
mammals, the irreversible loss of hair cells underlies deafness and balance
disorders. In contrast to mammals, several non-mammalian vertebrates
(including zebrafish) possess the innate capacity td. produce new hair cells
throughout life as well as regenerate hair cells that .have been lethally damaged.
A long-term strategy of the hearing research field

i~

to determine the molecular

mechanisms of hair cell regeneration using regenerating model systems such as
l
I

zebrafish, then to apply this information to mammalian models where sensory
hair cell regeneration is limited or nonexistent.
I

During embryogenesis, sensory hair cell fates are specified through a
I

mechanism of Notch-Delta-mediated lateral

inhibiti~n. The gamma secretase

complex is an upstream regulator of Notch signalinf, responsible for proteolytic
cleavage and activation of the Notch receptor. Recent evidence suggests that
Notch signaling may also play a role during the propess of hair cell regeneration
in zebrafish (Ma et al., 2008). I used a chemical inhibitor of the gamma

11

12
secretase complex to examine the role of Notch si~naling in the regulation of hair
I

cell number maintenance in larval

zeb~afish.

Results presented in this thesis
,I,

provide novel insight into the mechanisms regulating the maintenance of resident
I

hair cell precursors within the sensory epithelium. ,Moreover, this new
!

information is directly relevant to research efforts in mammalian models by
providing the molecular framework for therapeutic ~trategies designed to replace
or regenerate lethally damaged hair cells in the ma1mmalian cochlea by
reactivating resident precursors to differentiate into! hair cells.
!

13
A. STATEMENT OF THE PROBLEM
The vertebrate inner ear is the primary organ\ of hearing and balance, and
these functions are mediated by a specialized cell type called the
,

I

mechanosensory hair cell. Within the auditory and vestibular compartments
I

(cochlea and semicircular canals) of the inner ear, ~ensory hair cells function as
both receptors of mechanical stimuli and transducet:s of sensory information to
the brain. However, sensory hair cells are

particula~ly sensitive to ototoxic
I

trauma, including chemotherapeutic agents, aminoglycoside antibiotics, and loud
noise. In both humans and mammalian model

syst~ms, these hair cells are not

replaced following drug- or noise-induced degenera~ion (Chardin and Romand,
I

I

1995; Roberson and Rubel, 1994; Schuknecht, 1974 ). In fact, the permanent
I

!

loss of hair cells is a primary cause of deafness, he? ring impairment, and
I

balance disorders. Thus, a major goal of the hearidg research field is to
!

ameliorate damage and loss of this specialized cell type and identify potential
I

therapies to replace. or regenerate lethally damaged hair cells in the mammalian
inner ear.
Although mammals do not regenerate

dama~ed inner ear auditory
I

I

sensory epithelia, several non-mammalian

vertebra~es

(including birds,

I

amphibians, and fish) possess the robust capacity tf replace lethally damaged
sensory hair cells. Not only do these systems regel[lerate the missing cell type,
but they also reestablish neuronal connections between the new sensory cell and
the brain, completely restoring sensory and behavi~ral functions. Identification of
the molecules and mechanisms sufficient for hair cell regeneration in birds,

14
amphibians, or fish is likely to form the basis of gen~ therapies that enable hair
I

cells to be replaced in mammals, most notably humans. The overall goal of this
thesis project is to exploit the experimental features of zebrafish to approach the
I

mechanisms regulating hair cell number and

precur~or

maintenance in post-

embryonic zebrafish. Further characterization of these precursor cells and a
more thorough understanding of the mechanisms th.at regulate their formation or
differentiation would represent a significant advancJment in the hearing research
field.
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B. BACKGROUND
i. Notch signaling pathway.
a. Overview.
Cell-cell signaling mediated by the Notch family of receptors is an
evolutionarily conserved mechanism involved in mahy processes, including the
!

regulation of cell growth, proliferation, survival, fate,! differentiation, and
morphogenesis (Schweisguth, 2004).
I

The Notch receptor as well as the DSL family of Notch ligands (including
Delta and Serrate/Jagged) are type I transmembrane proteins (Schweisguth,
!

2004 ). Because both receptor and ligand are membrane-bound, signaling can
I
I

only occur between neighboring cells. Ligand binding initiates two successive
proteolytic cleavages of the Notch receptor, first by

~xtracellular

proteases of the

ADAM/TACE/Kuzbanian family, and second by the gamma secretase activity of
I

the Presenilin-Nicastrin-Aph1-Pen2 protein comple~ (De Strooper, 2003; Fortini,
I

2002; Schroeter et al., 1998; Schweisguth, 2004). This second cleavage ev~nt
i

occurs through regulated intramembrane proteolysis and releases the active form
of the receptor, the Notch intracellular domain (NICD), which contains two
nuclear localization signals (Schweisguth, 2004) and acts as a transcriptional
i

regulator in the nucleus (Brown et al., 2000; Selkoe; and Wolfe, 2007). Inside the
nucleus, NICD assembles into a complex with the GSL (mammalian CBF1/RBPJ, fly Suppressor of Hairless, worm Lag-1) DNA-bin~ing protein and the
Mastermind (Mam)/Lag-3 coactivator (Bray and Furriols, 2001; Petcherski and
Kimble, 2000). This complex then binds specific regulatory DNA sequences and
I

16
ultimately activates expression of CSL/Notch targeti genes (Bray and Furriols,
2001; Kao et al., 1998; Morel and Schweisguth,

20~0).

In the absence of NICD,

CSL interacts with repressor complexes including the histone deacetylase
HDAC-1 and SMRT (silencing mediator of retinoid and thyroid hormone
.

!

receptors), and Notch activation disrupts the formation of these repressor
I

:

complexes (Kao et al., 1998). Thus, activation of Nptch involves de-repressing a
I

repressor complex in order to induce target gene expression (Bray and Furriols,
'

2001; Kao et al., 1998; Morel and Schweisguth, 2000).
Genetic and mole_cular studies have implicat~d a number of proteins that
may participate in the transmission and regulation qf Notch signaling (ArtavanisTsakonas et al., 1999). The transcription factor Su~pressor of Hairless [Su(H)] is
I

the major downstream effector of Notch signaling, while
the genes of the
I

•

I

Enhancer of split [E(spl)] locus, which encode nucllar basic helix-loop-helix

(bHLH) proteins, such as Hairy/Enhancer of Split1 and 5 (Hes1, HesS), are the
I

primary targets of Notch activation (Artavanis-Tsakdnas et al., 1999; Egan et al.,
I
i
1

1998; Greenwald, 1998). It is thought that the extra cellular domain of the ligand,
i

expressed on the surface of one cell, interacts with the extracellular domain of
the Notch receptor, expressed on the surface of a neighboring cell (ArtavanisTsakonas et al., 1999). Upon receptor activation by ligand binding, Su(H) binds
to regulatory sequences of the E(sp/) genes and, a~ a result, upregulates
expression of the encoded bHLH proteins, which th~n affect the regulation of
downstream target genes (Artavanis-Tsakonas et all., 1999; Bailey and
I

Posakony, 1995; Lecourtois and Schweisguth, 199q). The Achaete-Scute

17
complex is one such target, containing proneural genes that encode proteins
involved in the segregation of neural and epidermal, lineages (ArtavanisTsakonas et al., 1999; Heitzler et al., 1996; Oellers:et al., 1994). An overview of
Notch signaling is presented in Figure 1.
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Figure 1. Notch signaling pathway.
!

Membrane-bound Delta ligand binds to membrane~bound Notch receptor on a
neighboring cell, activating two subsequent proteolytic cleavages of the Notch
i

receptor. Notch is first cleaved extracellularly by ApAM/TACE and then
intracellularly by the ·gamma secretase complex. Gamma secretase cleavage
releases the Notch intracellular domain (NICD), which translocates into the
nucleus and binds to the CSL DNA-binding protein 'and the Mastermind
(Mam)/Lag-3 coactivator. This complex is bound t9 the Enhancer of split [E'(sp/)]
I

locus and activates expression of basic helix-loop-Helix (bHLH) genes, which
I

repress expression of proneural genes of the Achai:Jte-Scute complex. In the
. I

absence of Notch activation, repressor complexes ihteract with CSL and prevent
target gene expression.
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b. The gamma secretase complex.
1. Structure and organization.
The gamma secretase complex is a nineteeh-transmembrane domain
I

(TMD) enzyme made up of the four integral membr~ne proteins Aph-1, Nicastrin,
!

Presenilin, and Pen-2 (Sato et al., 2007; Selkoe

an~ Wolfe, 2007; Spasic and

Annaert, 2008). The stepwise assembly of these four proteins is required for
I

activation of Presenilin, an aspartyl protease which! is the active site component
i

of the gamma secretase enzyme (lwatsubo, 2004;

~azarov

et al., 2006; Selkoe

I

I

and Wolfe, 2007; Spasic and Annaert, 2008). The

~even-TMD

protein Aph-1 and

I

i

single-pass TM protein Nicastrin associate in the e~doplasmic reticulum (ER) as
I

the initial step in gamma secretase complex format!on (Spasic and Annaert,
I

2008). The Aph-1-Nicastrin subcomplex then interacts with full-length Presenilin,
a nine-TMD protein that is at this point catalytically ~nactive. The two-TMD
i

protein Pen-2 then joins the Aph-1-Nicastrin-Prese~ilin trimer, allowing Presenilin
to undergo endoproteolysis between the two aspartate-bearing TMDs to form an

!
N-terminal fragment {NTF) and a C-terminal fragm~nt (CTF), thus creating an
active gamma secretase enzyme (Selkoe and

Wolf~, 2007; Spasic and Annaert,
I

2008). The four transmembrane proteins Aph-1, Ni:castrin, Presenilin, and Pen-2
I

are present within the gamma secretase complex iri the ratio 1:1:1:1 and each is
I

required for gamma secretase activity (Sato et al., ~007; Selkoe and Wolfe,
2007).
Purification of proteolytically active gamma secretase complexes from
mammalian cells and subsequent electron microscc;>pic (EM) analysis and 3D
I
I

20
reconstruction have revealed a structural explanation
for its unique function
I
I

during regulated intramembrane proteolysis (Lazarov et al., 2006). The gamma
secretase complex is a cylinder-shaped, globular structure with a belt-like region
encompassing the middle circumference of the mol:ecule, most likely
I

representing the transmembrane segment. At the ~pi cal and basal regions of the
I

molecule are pores opening from the extracellular and cytoplasmic sides into a
central, irregular-shaped chamber. The large, glyc~sylated ectodomain of
Nicastrin partially covers the top of the central

i
cha~ber,

restricting its size. This

i

chamber provides the most likely location for the prpteolytic site of the enzyme, a
!

i

site necessarily sequestered away from the hydroprobic environment of the lipid
bilayer. Furthermore, the apical and basal pores cqnnecting the central chamber
to the extracellular and cytoplasmic milieu provide

i

~cutes

for substrate entry as

I

well as for entry of water molecules necessary for peptide bond hydrolysis, and
I

for release of cleaved fragments into the extracellul'8r space and into the
cytoplasm (Lazarov et al., 2006; Selkoe and Wolfe,: 2007; Spasic and Annaert,
!
I

2008).

2. lntramembrane proteolysis.
Regulated intramembrane proteolysis involv~s the seemingly paradoxical
j

process of peptide bond hydrolysis within the hydrdphobic
environment of the
I
lipid bilayer (Brown et al., 2000). As mentioned
reconstruction of active gamma

secr~tase

pr~viously,

EM analysis and 30

complexes have revealed that gamma

secretase is a cylindrical structure containing a central chamber and two pores
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(Lazarov et al., 2006). This 3D structure suggests that the substrate (as well as
I

water '!lolecules) enter the central chamber throug~ the apical pore, with the.
!
I

large lid-like ectodomain of Nicastrin serving a gatekeeper and substrate
recognition role (Lazarov et al., 2006; Spasic and Annaert, 2008). After the
substrate enters the central chamber, peptide bond! hydrolysis occurs by means
of the catalytic aspartate residues of Presenilin

I

(Se~koe

and Wolfe, 2007; Spasic

I
I

and Annaert, 2008). The extracellular TMD region ~f the substrate can then be
released back though the apical pore into the extracellular environment, while the
I

intracellular TMD region as well as any intracellular! fragment can be released
!

through the basal pore into the cytoplasm. Evidenqe suggests that a first
I
I

cleavage event is required to remove a large portion of the substrate ectodomain
("ectodomain shedding") before the gamma secretJse complex can efficiently
I

cleave type I transmembrane proteins (Selkoe and Wolfe, 2007). Ectodomain
I

shedding may serve to remove steric hindrance and allow access of the
substrate into the central chamber of the gamma secretase enzyme. There is
I

I

evidence that a glutamate residue within the NicastHn ectodomain interacts with
I
I

substrate remainders generated by ectodomain shfbdding, ensuring that gamma
I

!

secretase only cleaves substrates that have already undergone cleavage to
remove a large portion of the ectodomain {Spasic Jnd Annaert, 2008). For
I

example, following ligand binding, the Notch receptbr is cleaved first by
I
I

I

extracellular proteases of the ADAM/TACE/Kuzban,ian family before the gamma
I

secretase complex cleaves and releases NICD, the active form of the receptor

22
I

i
I

that initiates signal transduction in the nucleus (De !strooper, 2003; Fortini, 2002;
I

Schroeter et al., 1998; Schweisguth, 2004).

3. Substrate specificity.
In terms of substrate specificity, the gamma recretase enzyme is a
promiscuous protease with nearly sixty substrates teported to date (Beel and
Sanders, 2008; Selkoe and Wolfe, 2007). The aspartyl protease Presenilin
I

cleaves type I transmembrane proteins; i.e., single~pass transmembrane
I

proteins, the N-terminus of which is oriented toward the extracellular space and
I

.

C-terminus toward the cytoplasm (Beel and Sander, 2008; Fortini, 2002; Selkoe.
and Wolfe, 2007). However, neither orientation of substrate
TMD nor
I
ectodomain length are absolute features of gamma secretase substrate
recognition (Beel and Sanders, 2008). Evidence suggests that Presenilin can
I

cleave the multi-pass transmembrane protein glutainate receptor subunit 3
I
I
I

(GiuR3) as well as full-length proteins E-cadherin ahd the VEGF receptor (Beel
and

S~nders, 2008). Although attempts have beenl made to determine if
I
I

substrate primary, secondary, or higher-order structure are important factors in
I

recognition by gamma secretase, evidence suggests
that no such predictors will
I
apply to all gamma secretase substrates. For exafple, single point mutations in
a valine residue of the Erb84 receptor tyrosine kina1se and the Notch receptor
I

abrogate gamma secretase proteolysis, while proteflysis of other substrates is
unaffected. Secondary structural predictions of known gamma secretase
I
.
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substrates suggest that helix destabilization may be important for proteolysis
(Beel and Sanders, 2008).
Gamma secretase substrates have many diverse functions and include
the well-known amyloid precursor protein (APP), E~bB4, a receptor tyrosine
I

kinase, cell adhesion molecules N-and E-cadherini, neurotrophin receptor p75
I

NTR, and the Notch receptor (Selkoe and Wolfe, 2007). Substrate specificity has
I

important implications not only for inhibitor-based J?'perimental studies, but also
for pharmacological interventions, such as for Alzh~imer's disease.

ii. Development and morphology of the inner ear.
a. Inner ear morphogenesis and function.
During embryogenesis, the inner ear develo"bs from a structure called the
I

otic placode, a thickening of head ectoderm adjacelnt to the developing hindbrain.
I

The otic placode then descends beneath the surface ectoderm, forming an otic
cup and finally the otic vesicle. Prior to sensory organ formation, neuroblasts

wil give rise to the statoacoustic
I

delaminate from the otic vesicle and these cells

ganglion (SAG) or Vlllth cranial nerve. Neurons within the SAG will later
innervate hair cells within the auditory and vestibul~r regions of the inner ear
I
I

(Bryant et al., 2002; Fekete, 1996; Kelley, 2006b).l
During inner ear development, the otic vesiqle undergoes morphogenesis
I

i

to create the membranous labyrinth, a duct lined with epithelium and filled with
fluid. The labyrinth contains six to eight sensory organs, depending upon the
I

animal (Fekete, 1996). As shown in Figure 2, the sensory organs are composed

24
of three types: the cristae (associated with the sem.icircular canals) which detect
I

angular acceleration, the maculae (found in the saqcule, utricle, and lagena)
i
I

which detect linear acceleration and gravity, and th~ organ of hearing found
I'

within the cochlea, called the organ of Corti in ma~mals and the basilar papilla in
non-mammalian vertebrates such as birds and

i

am~hibians.

the labyrinth contains the vestibular organs and

The dorsal portion of

th~ ventral portion contains the

cochlea (Kelley, 2006b). In addition, the inner ear ¢ontains non-sensory
structures such as the tegmentum vasculosum in birds and the stria vascularis in
mammals, which secretes endolymphatic fluid, as ~ell as the endolymphatic duct
and sac, which channels fluid out of the ear and into the ventricular system in the
brain (Fekete, 1996). All of the cell types within the inner ear, including sensory
and non-sensory structures, as well as the neuron~ of the SAG, are derived from
l

the otic placode (Bryant et al., 2002; Fekete, 1996; !Kelley, 2006b ).
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Figure 2. Inner ear structure and sensory organs.

I

I

The labyrinth contains the vestibular organs (crista:e and maculae) as well as the
I

hearing apparatus (organ of Corti). The cristae, sHown in blue, are associated
with the semicircular canals. The maculae are sh,wn in red. The organ of Corti,
shown in green, is found within the cochlea.

1

I

I

I
I
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The auditory and vestibular sensory organs,of the inner ear differ in terms
of function (i.e., hearing versus balance) but are composed of the same two
basic cell types: mechanosensory hair cells and non-sensory supporting cells
(Bryant et al., 2002). All hair cells are modified epithelial cells, but variations in
hair cell morphology exist between different senson' epithelia and different
animals. In birds and mammals, the cochlea contains two types of hair cells: tall
and short hair cells in birds and inner and outer hair cells in mammals. These
different types of hair cells can be distinguished baised on morphology and
i

electrophysiology. Similarly, diversity exists

amon~

non-sensory supporting cells

in the mammalian cochlea, with at least four differ~nt types of supporting cells
I

identified to date. However, in most sensory epith$1ia (including those in
I

zebrafish), supporting cells appear to be a fairly ho:mogenous population in terms
!

I

of morphological and molecular criteria (Bryant et ~1., 2002).
I
I

Within the sensory epithelia, supporting cells rest upon a basal lamina and
project to the surface of the epithelium, contacting

~he

hair cells and isolating

i

them from each other so that hair cell-hair cell cont;act is not made (Bryant et al.,
I
I

2002; Kelley, 2006b). Hair cells do not contact thejbasallamina though their
specialized mechanosensitive structures, called stereociliary bundles, project
!

I

from the apical' surface of each hair cell into the epithelial lumen. In the utricular
I

and saccular maculae, stereociliary bundles projeJ up to an otoconia! membrane
that contains otoconia, small calcium carbonate particles that serve to stimulate
the hair cells in response to movement. In the cristae, hair cell stereocilia project
I
!

up to an overlying structure called the cupula, which stimulates the hair cells in
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I

I

response to fluid movement within the

semicircula~ canals.

Hair cell bundles in

I

the cochlea project up to a gelatinous membrane dalled the tectorial membrane,
I

.

I

the movement of which also serves to stimulate th~ hair cells (Bryant et al., 2002;
I

I

Kelley, 2006b ).

!

I

Although the fish inner ear does not have a

~counterpart to the mammalian

cochlea, the sensory patches of the maculae act as detectors of sound waves in
I
I
I

addition to responding to linear acceleration and g,avity (Haddon and Lewis,
1996). This hearing function is made possible by the movement of dense,
I

calcium carbonate-based otoliths, overlying the sa6cular, utricular, and lagenar
.I
maculae, in response to sound waves, which cause vibrations of the soft tissues
I
I

of the fish relative to the heavy otolith. This is similar to the function of otoconia
I

within the mammalian inner ear vestibular organs. ISound detection is further
I

I

.

enhanced in zebrafish and other Otophysan fish b~ the presence of a system of
small bones called Weberian ossicles, which functibn together with the swim
i

bladder to amplify and transmit sound vibrations di~ectly to the saccular macula
!

(Haddon and Lewis, 1996; Popper and Fay, 1993).j
I

b. Mechanosensory hair cells.
1. Structure and function.

j

The mechanosensory hair cell mediates the !auditory and vestibular
I
I

functions of the vertebrate inner ear. Similar in strJcture
and function among
all
I
.
I

vertebrates, the sensory hair cell converts

environ~ental
stimuli (i.e., sound,
!
i

motion, and gravity) into neurochemical signals

tha~

are relayed to the brain
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!

where they are processed as sound and balance ihformation (Hudspeth, 1989;
Vollrath et al., 2007).
As mechanoreceptors, sensory hair cells exhibit a highly specialized
\

morphology which is best evidenced by the apically-located stereociliary bundle
l
I

(Vollrath et al., 2007). Consisting ofF-actin-based stereocilia, as well as a single
.

I
I

microtubule-based kinocilium, the hair cell bundle i:s flexible and can be deflected
!

!

in response to fluid motion within the sensory orgahI as the first step toward the
!

process of mechanosensory signal transduction. Stereocilia are arrayed in
I

increasing ,heights, so that the tallest are near the yccentrically-located
kinocilium; furthermore, the placement of the kinocilium relative to the stereocilia
I

defines the hair cell's polarity (Vollrath et al., 2007)~.
Mechanosensory hair cell polarity is a form pf planar cell polarity (PCP), or
polarity within the plane of the epithelium, and is d~fined by the asymmetric
placement of the stereociliary hair bundle and

kino~ilium (Jones and Chen, 2008;

Jones et al., 2008; Lewis and Davies, 2002). The ?evelopment of PCP in hair
cells is thought to be mediated by the non-canonic~ I (beta-catenin-independent)
Wnt signaling pathway (Dabdoub et al., 2003; Lewis and Davies, 2002). Studies
in the chick cochlea and mouse vestibular organs

~ave shown that hair bundle

orientation arises as a two-step process: first, sterJocilia develop with an initial
I
'

orientation, then gradually reorient to obtain their fihal orientation (Cotanche and
I

Corwin, 1991; Den man-Johnson and Forge, 1999)( Hair cells in the mammalian
I

organ of Corti develop in a similar manner, and it h,as been proposed that Wnts
may function in a gradient, diffusing across hair ce1:1s and differentially activating
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the G-protein coupled receptor Frizzled based on distance from the Wnt source
I

;

(Dabdoub et al., 2003). In addition, the PCP of hair cells in different types of
sensory organs is coordinated in different patterns (Lewis and Davies, 2002). In
the basilar papilla and organ of Corti, hair cells witHin the same region are all
i

oriented in the same direction. In fish and

amphibi~ns, however, hair cells of

opposite polarity are mixed together, with half point'ing
in one and half pointing in
I
I

the other of two opposite directions (Lewis and Da~ies, 2002). Fish ·and
amphibians

posses~ a mechanosensory organ in a~dition to the inner ear called

the lateral line, which is located on the surface of the animal and is composed of
l
i

groups of cells called neuromasts, which are made! up of hair cells and
I

I

supporting cells (Kalmijn, 1989). In the zebrafish la:teral line, each neuromast
has its own stereotyped polarity, defined by the aggregate polarities of all the hair
I

cells within that particular neuromast (Lopez-Schie~ et al., 2004 ). Some
neuromasts are oriented parallel to the anterior-posterior (A-P) body axis (made
i

up of anterior- or posterior-facing hair cells) while other neuromasts are oriented
perpendicular to the A-P body axis (made up of dor~al- or ventral-facing hair·
i
I

cells). Importantly, the correct perception of sound,! acceleration, gravity, and (in
I

I

fish and amphibians) water movement over the surface of the body is dependent
on the precise arrangement of stereocilia and the

p~anar

polarization of hair cells

(Lewis and Davies, 2002).
Mechanotransduction channels are located

qn the distal tips of stereocilia
I

and are mechanically gated, which means that hair;bundle deflections cause
them to open or close, depending on the direction of the deflection. These
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transduction channels are nonselectively permeable to small cations; specifically,
I
I

they are highly permeable to calcium (Vollrath et al~, 2007). Stereocilia
deflections and subsequent mechanotransduction ~hannel opening (or closing)
I

cause a change in the hair cell's membrane potenti;al, and these voltage changes
I

i

cause the release of neurotransmitter onto postsyn~ptic processes from inner ear
i
I

ganglion neurons of the Vlllth cranial nerve. Gang !'ion
neurons then give rise to
I
i

action potentials which are sent to the brain by the

~uditory

nerve {Trussell,

2002). In this way, environmental stimuli such as sound waves, linear and
i

angular acceleration, or gravity, cause motion of th~ structures overlying the hair
I

i

cells (i.e., otoconia or otoliths in the maculae, the c~pula in the semicircular
i
I

canals, and the tectorial membrane in the cochlea).j This motion is detected and
I
!

converted to neurochemical signals by deflection

o~

hair cell stereociliary bundles

I

and is then transmitted to the underlying neuron.

2. Markers relevant to these studies.
I

Sensory hair cells can be labeled with the m?rphological marker
i

phalloidin, which labels the F-actin-based stereocilia, as well as the hair cell1

i

specific antibody, acetylated tubulin, which labels tHe kinocilium, providing an
I

assay of hair cell polarity (Harris et al., 2003;

Lopez~Schier et al., 2004).

Relevant to many of the assays used throughout th1s thesis,
1

mechanotransduction channels are permeable to srpall organic cations such as
FM 1-43, a fluorescent vital dye that labels active ha'ir cells in many animals,
1

I

I
I

including zebrafish (Nishikawa and Sasaki, 1996; S~ntos et al., 2006; Seiler and
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Nicolson, 1999). Because of their permeability to FM1-43, mechanotransduction
channels can be exploited to label functional hair c~lls in vivo. In addition, hair
I

cells contain many mitochondria and can be labeled with the mitochondrial
voltage-sensitive dye DASPEI, a vital marker that, if incubated for a short period
of time (S 5 minutes), specifically labels hair cells as well as the nasal epithelium
of live fish (Alexandre and Ghysen, 1999; Harris et.al., 2003; Murakami et al.,
2003). An additional marker of hair cells is the nuc~ear dye YOY0-1. YOY0-1
and other cyanine dyes have been shown to selectively
label hair cell nuclei in
I
I

live zebrafish (Santos et al., 2006). A sensory hair !cell and relevant markers are
I

depicted in Figure 3.
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I

Figure 3. Mechanosensory hair cell structure and markers.
I
Stereocilia (green), arrayed in increasing heights, ~nd a single kinocilium (red)
!

project from the hair cell's apical surface, forming tre stereociliary hair bundle.
F-actin-based stereocilia can be labeled with phalle>idin while the microtubule!
!

based kinocilium can be labeled with an antibody to acetylated tubulin. The
!

fluorescent vital dye FM 1-43 enters through mechanotransduction channels
I

located on stereocilia and labels the cell membrane in active hair cells. Hair cell
I'

I

mitochondria can be labeled with the voltage-sensitive dye DASPEI. YOY0-1 is
a cyanine dye that labels hair cell nuclei.
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c. Hair cell and supporting cell lineage. birth. and ~egulation of cell cycle exit.
In the mammalian inner ear, the birth of hain cells and supporting cells
occurs during a brief period of time after prosensorjy specification (Ruben, 1967;
i

Sans and Chat, 1982). These cells then undergo t~rminal differentiation (into
i

hair cells or supporting cells) and thereafter remain mitotically quiescent.
Withdrawal from the cell cycle by cells in the organ! of Corti is marked by
I

I

expression of the cyclin-dependent kinase inhibitor!; p27kip 1, and the expression
pattern of this marker delimits the region in which

~.air cells and supporting cells
i

will differentiate (Chen et al., 2002; Chen and Segil!, 1999). p27kip 1 is
down regulated in hair cells as they differentiate but! is retained in supporting cells
into adulthood (Chen and Segil, 1999). Evidence ~uggests that p27kip 1 negatively
regulates cell proliferation in the organ of Corti, as p27kip 1-null mice exhibit
I

continued cell proliferation in the organ of Corti andI produce excess hair cells
i

and supporting cells (Chen and Segil, 1999; Lowen·heim et al., 1999). However,
!

the fact that cells are able to exit the cell cycle and pifferentiate into hair cells and
!

supporting cells in these mice suggests that other f~ctors must control the final
I

decision to undergo terminal differentiation. One of these factors is
Retinoblastoma 1 (Rb1 ), a tumor suppressor protein expressed in developing
vestibular sensory patches in a pattern that correlates with the timing of cell cycle
i

exit and terminal differentiation (Mantela et al., 2005; Ruben, 1967). In addition,
deletion of Rb1 from the mouse inner ear results in ldelayed exit from the cell
I

cycle, excess production of hair cells during embryqgenesis, and ectopic cell
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proliferation postnatally (Mantela et al., 2005; Sag~ et al., 2005). These types of
I

defects are also present in the cochlea.
Auditory hair cells and supporting cells are fuorn simultaneously in
I
I

mammals (Ruben, 1967) and birds (Katayama anq Corwin, 1989), suggesting
that they share a common lineage. Evidence that hair cells and supporting cells
are derived from the same lineage has been provided by retroviral tracing
i

!

experiments in the chicken inner ear (Fekete et al.,! 1998; Lang and Fekete,
i

2001 ). These studies have demonstrated the pres~nce of clones containing one
I
I

hair cell and one supporting cell, suggesting that pr;ogenitors retain a bipotent
developmental potential (i.e., competent to

assum~ a hair cell or supporting cell
!

fate) up to the final cell division before terminal differentiation
(Fekete et al.,
I
1998).
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iii. Embryonic development of hair cells and supporting cells.
During embryogenesis, hair cells arise from;a field of cells, each with the
potential to form a hair cell. In addition to hair cell~, however, sensory epithelia
also contain accessory or supporting cell types

de~ived from the same field of
I

I

cells. The Notch signaling pathway is used in two different contexts during the
I

I
I

development of hair cells and supporting cells: ead,Y, to establish the sensory
primordium through a process called lateral inductibn, and later in a process

.

I

called lateral inhibition, which generates the correct number and pattern of hair
I

I

cell and supporting cell fates (Brooker et al., 2006; :Bryant et al., 2002; Kelley,
1

!

2006a; Kelley, 2006b).

a. Establishment of the sensory primordium.
All of the sensory organs in the inner ear arise from domains of cells
cell and supporting cell
called prosensory patches (Kelley, 2006b ). Before ihair
I
fate determination can occur, the prosensory regions themselves must first be
established. Several markers are expressed in patterns consistent with the early
development of prosensory regions; namely, bone rorphogenetic protein 4
(Bmp4 ), several components of the Notcfl signaling! pathway, including Notch 1,
Lunatic Fringe (Lfng), and Jagged1/Serrate 1 (Jag1 in mammals), and Sox2
(Kelley, 2006b).
I

Evidence to suggest that Bmp4 plays a role ih prosensory patch
I

specification is unclear (Kelley, 2006b). In the chicken, Bmp4 is initially
!

expressed in a broad pattern within the developing 9tic cup (Cole et al., 2000; Oh
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et al., 1996; Wu and Oh, 1996). As development continues, Bmp4 expression is
restricted to each of the developing prosensory patqhes. Conversely, in the
mouse, Bmp4 expression is restricted to the prosensory patches for the three
cristae, but is excluded from the prosensory patches that will become the
maculae and organ of Corti (Morsli et al., 1998).

B~~ed

on expression patterns

alone, it would appear that Bmp4 is involved in the specification of prosensory
domains. However, the extent to which Bmp4 contr~ls prosensory specification
is unclear, as studies in chicken embryos using the

~mp4

inhibitor noggin

i

indicate that prosensory patches located near a sou rce of noggin are unaffected
1

in size but rather in cellular patterning (Chang et al.,! 1999; Gerlach et al., 2000).
I

Moreover, the presence of noggin in these chicks causes morphological changes
to the overall structure of the inner ear, compounding the difficulty of analyzing
I

the results. Experiments designed to uncover the exact role of Bmp4 during hair
I

cell formation have been ambiguous, with one study: indicating that Bmp4
promotes hair cell formation (Li et al., 2005) and another concluding an inhibitory
I

role for Bmp4 on hair cell formation (Pujades et al., 2006). The exact role of
Bmp4 during prosensory specification remains unre~olved (Kelley, 2006b ).
The Notch signaling components Jag1 and Lfng are expressed in the
developing otic cup in patterns that are consistent wi'th a role in prosensory
specification (Kelley, 2006b). Jag1 is a Notch ligand: while Lfng is a modulator of
Notch-ligand interactions (Bruckner et al., 2000; Moloney et al., 2000). Like the
expression pattern of Bmp4, Jag1 and Lfng initially e~hibit broad, diffuse
i

expression in the developing otic cup and are spatially restricted to the
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I
I

prosensory domains as development continues (Adam et al., 1998; Cole et al.,
2000; Morsli et al., 1998; Wu and Oh, 1996). In the mammalian cochlea, Jag1
expression abuts the prosensory domain and persi.sts past the developmental
I

period of prosensory specification (Chen et al., 2002; Kiernan et al., 2006).
Further consistent with a role for Notch signaling dUring prosensory specification,
I
I

Notch 1 is expressed throughout the otic vesicle, and expression is maintained
throughout development of the inner ear (Adam et ilal., 1998; Groves and
I

.

I
I

Bronner-Fraser, 2000; Haddon et al., 1998a; Lindsell et al., 1996).
The high mobility group (HMG)-box transcri~tion factor Sox2 has been
shown to be required for the development of sensotry epithelia (Kelley, 2006b;
Kiernan et al., 2005). Sox2 is a marker of neural progenitor cells during central
nervous system development (Cai et al., 2002), and evidence from Drosophila
I

and Xenopus indicates that Sox genes are required for specification of early
I

neural fates (Buescher et al., 2002; Kishi et al., 2oqo; Overton et al., 2002). The
requirement for Sox2 during prosensory specificati<j>n has beer demonstrated by
I

I

two mouse mutants in which Sox2 is either signific~ntly reduced (yellow
submarine; Ysb) or completely absent (light coat

a~d

circling; Lee) in the inner

I

ear (Kiernan et al., 2005). Lee mice fail to form prosensory domains, develop no
hair cells or supporting cells, and are completely

d~af, while

Ysb mice have

abnormally developed inner ears, develop fewer ha.ir cells which are
I
I

disorganized, and are severely hearing impaired (Kiernan et al., 2005). In
addition, expression of p27kip 1 , an established mark,er of the prosensory domain
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in the cochlea (Chen and Segil, 1999), is absent from the inner ears of Lee mice
and reduced in Ysb mice.

b. Lateral induction versus lateral inhibition.
Evidence from chicken and mouse indicates that Notch signaling functions
!

in two contexts during inner ear development, depending on developmental
timing and ligand-receptor interactions (Brooker etial., 2006; Daudet et al., 2007;
I

Daudet and Lewis, 2005). Notch is thought to function early, during prosensory
induction, through Ser1/Jag1-mediated signaling (arooker et al., 2006). During
prosensory induction, signaling between Notch and the Ser1/Jag1 ligands serves
!

to promote cooperation between neighboring cells,: so that cells expressing Notch
ligands will make their neighbors do the same. Thl s lateral induction serves to
1

maintain and extend prosensory boundaries.

Late~,

Notch interactions with

another ligand, Delta, function during the process ~f. lateral inhibition, in which
hair cell and supporting cell fates are established

t~rough

competition between

I

neighbors. During lateral inhibition, cells that express Notch ligands activate
Notch in neighboring cells, and Notch activation in~ibits these cells from
I

expressing ligands (Brooker et al., 2006). Brooker et al. used a Cre-Lox strategy
to knock out Jag1 or Delta1 in the mouse and

exa~ined the phenotype of the

inner ear (Brooker et al., 2006). As predicted by a

~ual

role for Notch signaling,

loss of Jag1 leads to a severe reduction in sensory· tissue (lateral induction
blocked) while loss of Delta1 leads to the premature and excessive production of
hair cells (lateral inhibition blocked). Con-sistent with an inductive role for Notch,
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I

overexpression of activated Notch at an early

stag~

sufficient to induce expression of ectopic sensory

in the chick inner ear is

i
i

~atches

(Daudet and Lewis,

I

2005). Furthermore, when Notch activation is bloc:ked using the gamrria
I

secretase inhibitor DAPT, there is a complete loss !of prosensory epithelial cells
I

in the anterior portion of the otic vesicle (Daudet eti al., 2007). All of these cells
instead delaminate from the epithelium and are div:erted to a neuroblast fate, as
I

would be expected of a failure of Notch-Delta-mediated
lateral inhibition. Within
I
I

I

I

the posterior portion of the prosensory domain, expression of Ser1 is initially
I

normal but eventually decreases. Sox2 and Bmp4l expression is reduced and
patches of hair cells that eventually develop are

s~all.

th~

Based on this evidence,

i

Daudet et al. propose that factors other than Notch\ may initially drive Ser1
I

I

expression, as evidenced by the expression of this!ligand despite the use of a
f

Notch (gamma secretase) inhibitor (Daudet et al.,

I

~007).

Ser1-mediated Notch

I

I

activation promotes the expression of Sox2 and B1p4, both prosensory markers,
as well as continued expression of Ser1, as part ofithe circuitry that serves to
!

I

maintain and extend prosensory domains (Daudet et
al., 2007).
I
I

!

i

l
i
I

c. Specification of hair cell and supporting cell fates.
I
I

Lateral inhibition or lateral specification is th+ process whereby a single
i

neuronal cell type is specified from a small cluster ~f equipotential cells (Figure
i

4 ). Typically this process utilizes the Notch recept~r and Delta ligand signaling ·
I

molecules to select one cell for the neuronal fate arid actively force the remaining
cells to adopt an alternative (non-neuronal) fate (Lewis,
1998).
I
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c~lls

In the vertebrate sensory epithelium, hair

and supporting cells are

thought to arise from small groups of developmentally equivalent cells, called a
proneural cluster, specified by the expression of bltiLH transcription factors,
called proneural genes (Artavanis-Tsakonas et al. ,i 1999; Lewis, 1998). During
development, cells in a proneural cluster adopt the:ir individual fates; the primary
l

or default fate is a neuronal (hair cell) fate while the secondary fate is a noni

neuronal (supporting cell) fate. Initially during development,
cells within a
I
I

I

I

proneural cluster fated to become either hair cells ~r supporting cells express
I
I

Notch receptors and Delta ligands. An imbalance in this expression occurs when
one cell expresses slightly higher levels of Delta, vJhich activates Notch in
neighboring cells. Activation of Notch promotes expression of the bHLH proteins
Hes1 and Hes5, which inhibit production of Achaeie-Scute and Delta proteins in
Notch-expressing cells. As illustrated in Figure 5 (Bryant et al., 2002), this slight
•

.

I

imbalance in expression of Notch and Delta is amplified so that expression of
!

Delta continues in sensory hair cells while laterally ,inhibiting neighboring Notch.

I

expressing supporting cells from adopting a sensory fate (Artavanis-Tsakonas et
I

I
I

al., 1999; Lewis, 1996; Lewis, 1998). Hair cells

ex~ress

the Notch ligands Delta1

i

{DI1) and Serrate2/Jagged2 (Ser2), which bind to Notch1 on neighboring
supporting cells. Notch1 activation in supporting

c~lls stimulates expression of

Serrate 1/Jagged 1 (Ser1) and represses DI1/Ser2 expression. Expression of the
Notch targets Hes 1 and Hes5 in supporting cells in,hibits expression of AchaeteScute proneural genes and prevents these cells frdm differentiating as hair cells.
The proneural gene and bHLH transcription factor

~ouse

atonal homolog
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(math1) is both necessary and sufficient for hair cell Idifferentiation (Bermingham ·
I

et al., 1999; Zheng and Gao, 2000). Additionally, hair cells express Numb, which
prevents Notch activation by Ser1 (Bryant et al., 2002). In this way, cells
receiving low levels of Notch activation differentiate jnto hair cells (primary fate),
I

!

while cells with high levels of Notch activation adopti a supporting cell (alternate)
i

fate (Bryant et al., 2002). Hair cell-hair cell contact

i~

I

never made and hair cells

and supporting cells are arranged in a mosaic patte~n (Artavanis-Tsakonas et al.,
[
I

1999; Lewis, 1996; Lewis, 1998).

I
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Figure 4. Hair cells and supporting cells are specifi~d through lateral inhibition.
I
I

(A) Cells within a proneural cluster express equal amounts of Notch receptor
i
I

and Delta ligand and have equivalent developmenta:l potential. (B) One cell
'

i

begins to express higher levels of Delta ligand (nasdent hair cell), activating
1
i

Notch in neighboring cells (nascent supporting cells). Notch is downregulated in
I

Delta-expressing cells and Delta ·is down regulated i~ Notch-expressing cells,
I

amplifying the initial imbalance in expression. (C)· fiair cells express Delta ligand
I

i

and supporting cells express Notch receptors, creati:ng a mosaic of cell types.
!
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Figure 5. Notch signaling during hair cell and supp6rting cell development.
A hair cell expresses the Notch ligands Delta 1 (011 ) and Serrate2/Jagged2
1

!

(Ser2). These ligands bind to Notch 1, expressed

b~ supporting cells.

Notch 1

activation stimulates expression of Serrate1/Jagged1
(Ser1) and represses
I
DI1/Ser2 expression. Activation of Notch in supporting cells leads to the
expression of Notch target genes Hes1 and HesS,

~hich repress expression of

Achaete-Scute proneural genes such as Math1, the;reby preventing these cells
I

from differentiating as hair cells. The neighboring h~ir cell expresses the Notch:

antagonizing protein Numb, which prevents Notch dctivation by Ser1.
I

I

Expression of the bHLH transcription factor mouse ~tonal homolog (Math1) is
I

both necessary and sufficient for hair cell differentia:tion.
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In zebrafish, proneural and neurogenic genes are expressed in lateral line
neuromasts and this expression is associated with the selection of hair cell and
supporting cell fates (ltoh and Chitnis, 2001 ). As p~eviously mentioned, the
lateral line is composed of groups of cells called neuromasts, which are made up
!

of hair cells and supporting cells (Kalmijn, 1989). Fpur Notch genes have been
I

identified to. date in zebrafish (Sprague et al., 2008):and expression of notch3
i

(also called notch5) is observed in the posterior lat~ralline primordium, a group
I

of cells that migrates and deposits neuromasts at r~gular intervals, as well as in
I

newly deposited neuromasts during the formation of the lateral line system (ltoh
I

and Chitnis, 2001 ). Although notch3 is widely expr~ssed in neuromasts, its
!

expression is absent from the centrally located hair bells (as would be expected
I

i

based on lateral inhibition), which is identifiable by the highly expressed
[
I

proneural gene zath1 (zebrafish atonal homolog). ~xpression of zath1 is also
I

observed in nascent hair cells in neuromasts at vari?us stages of maturation (ltoh
and Chitnis, 2001 ). Thus, notch3 expression is

excl~ded from hair cells in the

maturing neuromasts while expression is retained

I

i~ neighboring cells that
I

i

presumably adopt a supporting cell fate. Four Delta! genes have been identified
i

.

in zebrafish (Sprague et al., 2008) and deltaA is exp!ressed in the neural plate
I

and ear of the zebrafish; this expression is associatJd with the progressive
I

selection of neuronal fate via lateral inhibition (Appel and Eisen, 1998; Chitnis,
1999; Haddon et al., 1998b; Takke et al., 1999). In

~aturing neuromasts,
i

expression of deltaA
is associated
with the progressive
restriction of zath1
.
,
I
i

expression and selection of hair cell fate. In addition, the pattern of expression of
I

45

I

I

I
I

I

de/taB appears to identify nascent hair cells in maturing neuromasts of the lateral
line primordium. Notch signaling has therefore beem shown to mediate the
developmental specification of hair cell and supporting cell fates.
I

!

d. Neurogenic phenotype.

I

I
I

The lack of lateral inhibition as evidenced by ia failure of Notch signaling
results in a classic neurogenic phenotype: too manJ neuronal cell types form at
I

I

the expense of non-neuronal cell types (Figure 6). The zebrafish mutant for mind
I

bomb, a ubiquitin ligase essential for efficient activation of Notch signaling by
I

Delta ligand, illustrates a phenotype typical of a failure of Notch-Delta signaling;
I

in these mutant embryos, Notch signaling is decreased, permitting too many
neuronal progenitors to adopt a hair cell fate (Haddon et al., 1998a; ltoh and
!

Chitnis, 2001; ltoh et al., 2003; Riley et al., 1999).

~onsistent with a breakdown
I

.

in lateral inhibition, mind bomb mutants form super~umerary hair cells at the
I

.

I

expense of supporting cells. Mind bomb mutants also fail to restrict expression
I

.

1

of zath 1 and delta homologs in neuromasts, a findin g supported by the presence
.

!
i

of supernumerary hair cells in some neuromasts (ltoh and Chitnis, 2001 ).
I

i

Similarly, zebrafish with a dominant-negative allele of the deltaA gene have
I
I

supernumerary hair cells with a concomitant loss of most supporting cells in the
inner ear (Bryant et al., 2002; Riley et al., 1999). In !the mouse, mutation of
Math1 prevents hair cells from differentiating, while pverexpression of Math1
i

mRNA in the ear of the mouse is sufficient to drive the
robust production of extra
I
I
I

hair cells (Bermingham et al., 1999; Zheng and Gaq, 2000). In addition, several
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groups have recently induced ectopic hair cell

form~tion

in the mammalian

cochlea in vitro and in vivo using chemical inhibitors of gamma secretase and
I
I

TACE to block Notch signaling (Hori et al., 2007; T~kebayashi et al., 2007;
Yamamoto et al., 2006).
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B

Proneural cluster

Notch failure :

Neurogenic phenotype:

No lateral inhibition

Extra hair cells (primary fate)
form at the expense of
supporting cells
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I
I

I

Figure 6. Failure of Notch-mediated lateral inhibiti0n results in a neurogenic
I

phenotype.
(A) Cells within a proneural cluster have equivale~t developmental potential and
normally express equal amounts of Notch receptor and Delta ligand. (B) One
1

cell begins to express higher levels of Delta ligand !(nascent hair cell), but fails to
!

activate Notch in neighboring cells. Because NotcM signaling is not activated,
I

neighboring cells are not inhibited from expressing jDelta. Lateral inhibition does
I

not occur. (C) All cells within the proneural cluster have adopted a hair cell
I

.

(primary) fate. Supernumerary hair cells form at th~ expense of supporting cells.
I
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iv. Ototoxicity.
a. Hair cell damage. repair and protection.
I

I

The degeneration of hair cells following exposure
to aminoglycoside
I
I

antibiotics, which they are particularly sensitive to, js thought to occur through an
I

apoptotic cell death pathway (Forge and Schacht, 4000). An understanding of
r

I

the molecular mechanisms underlying hair cell death has led to potential
therapeutic targets aimed at preventing or repairing ototoxic damage. Activated
i

caspase-9 as well as caspase-3 have been detect~d in hair cells damaged by
several ototoxic agents, including aminoglycoside Jntibiotics, cisplatin, and
I

acoustic trauma (Cheng et al., 2005; Matsui and Cotanche, 2004). In addition,
!

inhibition of caspase activation increases hair cell s:urvival following ototoxic
I
I

insult (Cheng et al., 2003; Cunningham et al., 2002:; Forge and Li, 2000; Li et al.,
I
I

1995; Matsui et al., 2002; Williams and Holder, 2odo). Furthermore, the c-Jun N1

i

terminal kinase (JNK) signaling pathway, which is i~plicated in apoptotic cell
i

death following insults such as oxidative stress, has been shown to be activated .
after aminoglycoside treatment in auditory hair cell1 (Pirvola et al., 2000; Ylikoski

et al., 2002).

'

Following cochlear hair cell degeneration in mammals, spiral ganglion
I

/

I

neurons (SGNs) are also damaged, leading to perrl!Janent deafness not only due
't

to loss of sensory hair cells, but also loss of the ne4rons that innervate them
I
I

(Carnicero et al., 2002; Martinez-Monedero and Edge, 2007; Sekiya et al., 2003).
I

In order to protect ·hair cells and their innervating SGNs from undergoing damage
I

I

caused by ototoxic agents, knowledge of the factors promoting survival of these
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I

cells is required. Hair cells themselves express growth factors such as
I

neurotrophin-3 (NT3) and brain-derived neurotrophic factor (BDNF), and these
gr?wth factors in turn act on tyrosine kinase recept~rs expressed by the sensory
neurons, promoting their survival. Neuronal survival is dependent on electrical
·stimulation from hair cells and consequently, hair c~llloss is associated with the
I
I

loss of SGNs. It is therefore logical that growth fac~ors have been assessed as
I

therapeutic targets in terms of their ability to protect hair cells and SGNs from
I

ototoxic damage. Upon stimulation, mammalian

in~er hair cells release the

neurotransmitter glutamate, which acts on NMDA rlceptors on SGN dendrites.
!
I
I

These NMDA receptors are thought to be mediator~ of damage induced by noise
I

or aminoglycoside antibiotics due to their impl~catio~ in excitotoxic cell death
I

I

(Holley, 2002). In vivo experiments in the guinea pig have shown that col
I
I

application of the growth factor NT3 as well as an N MDA antagonist prior to
1

noise or aminoglycoside-induced damage prevents

~orphological damage to
!

hair cells and SGNs and hearing loss-related chahg~s to auditory brain stem
I

responses, a measurement of physiological function (Duan et al., 2000; Holley,
I
I
I

2002). The ability of growth factors to protect audit9ry physiology and
morphology from ototoxic damage is clearly

promisi~g, and may one day provide
I

a prophylactic therapy against hearing loss. Howev~r, any prophylactic strategy
I

would depend on foresight or anticipation of exposure to damaging noise or
chemicals, and therefore other methods need to be explored to repair or replace
hair c~lls that have already been damaged or lost.
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b. Hair cell death.
1. Inducers of hair cell death.
Hair cell damage mediated by aminoglycoside antibiotics occurs through
oxidative stress within the cell initiated by reactive oxygen species (Rybak and
Whitworth, 2005). Aminoglycosides themselves form complexes with iron and
then react with unsaturated fatty acids to form superoxide radicals and lipid
peroxides. Superoxide radicals are converted by the enzyme superoxide
dismutase (SOD) into hydrogen peroxide, and finally into oxygen and water by
catalase; however, this process can become overwhelmed in highly oxidative
conditions. Furthermore, aminoglycosides such as gentamicin can activate
inducible nitric oxide synthase (iN OS) in the inner ear, which leads to an increase
in nitric oxide. Superoxide radicals can then react with the nitric oxide to form
peroxynitrite radicals or go on to directly initiate cell death. The resulting
oxidative stress brought about from the interaction of these free radicals with cell
membranes and DNA can trigger apoptosis (Rybak and Whitworth, 2005).
Reactive oxygen species are thought to initiate hair cell death primarily
through the intrinsic pathway of apoptosis (Rybak and Whitworth, 2005). In the
intrinsic apoptotic pathway, G-proteins such as Ras and GTPases such as Rae
are activated, resulting in the activation of stress-activated protein kinases such
as mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK).
As a result of the increased activity of these enzymes, intracellular calcium
concentrations increase and cytochrome c is released from the mitochondria
(Rybak and Whitworth, 2005). Both auditory and vestibular hair cell mitochondria
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have been shown to release cytochrome c upon treatment with aminoglycosides.
Cytochrome c then activates caspase-9, an initiator caspase, by binding the
cytoplasmic apoptotic protease activating factor (APAF-1 ), dATP, and
procaspase-9. Once caspase-9 has been cleaved and activated, it can go on to
cleave and activate downstream caspases, such as caspase-3. As an
executioner caspase, caspase-3 is responsible for cleaving proteins necessary
for cell survival, such as Bcl-2, deoxyribonuclease inhibitors, and cytoskeletal
proteins. Activated caspase-9 as well as caspase-3 have been detected in hair
cells damaged by several ototoxic agents, including aminoglycosides, cisplatin,
and acoustic trauma (Cheng et al., 2005; Matsui and Cotanche, 2004).

2. Characteristics of hair cell death.
Upon treatment with aminoglycosides, hair cells display morphological
characteristics consistent with an apoptotic mode of cell death (Forge and Li,
2000). Examination of mammalian organ of Corti explants by electron
microscopy after exposure to the aminoglycoside antibiotic gentamicin reveals
condensed, fragmented chromatin in hair cell nuclei, as well as hair cells that
have been expelled from the sensory epithelium (Forge and Li, 2000). Nuclei in
the degenerating expelled hair cells likewise display condensed chromatin and
fragmentation. Comparison of EM sections from gentamicin-treated explants and
those treated with staurosporine, a membrane-permeable broad-spectrum kinase
inhibitor shown to induce programmed cell death (Negron and Lockshin, 2004 ),
reveals identical results, indicating that hair cells likely die via programmed cell
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death. Examination of gentamicin-treated explants by the terminal
deoxynucleotidyl transferase-mediated UTP nick-end labeling (TUNEL) method,
used to visualize nuclei of cells undergoing programmed cell death (Gavrieli et
al., 1992), shows labeled nuclei in locations consistent with apoptotic nuclei seen
in EM sections (Forge and Li, 2000). Furthermore, double-labeling of explants
with propidium iodide (PI), used to visualize nuclear morphology, and phalloidin,
a marker used to label the F-actin-rich hair cell stereocilia, was performed to
examine further the extent of apoptotic morphology (Forge and Li, 2000). As
depicted in Figure 7, phalloidin labeling reveals numerous "scar" formations,
possibly stereocilia remnants, at the apical surface o'f the epithelium at the sites
of missing hair cells; moreover, irregular, densely stained and fragmented nuclei
are seen by PI staining in the damaged regions, consistent with the TUNEL
results (Forge and Li, 2000).
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Figure 7. Phalloidin and propidium iodide labeling of apoptotic hair cells.

Mammalian organ of Corti explants were labeled with phalloidin and propidium
iodide (PI) to examine hair cell stereocilia and nuclear morphology, respectively,
following treatment with the aminoglycoside antibiotic gentamicin (Forge and Li,
2000). (A, C) are control explants and (B,D) are gentamicin-treated explants. (A)
In a control explant, phalloidin labels the F-actin-rich hair cell stereocilia. (B)
Following aminoglycoside treatment, phalloidin labeling reveals numerous "scar"
formations, thought to be the remnants of stereocilia. (C) In a control explant, PI
labels hair cell nuclei. (D) Following aminoglycoside treatment, PI labeling
reveals irregular, densely stained and fragmented nuclei.
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Like those of mammals, zebrafish hair cells display a loss of functional
and morphological markers in response to treatment with aminoglycosides
(Figure 8). Following treatment with the aminoglycoside antibiotic neomycin,
lateral line hair cells fail to label with the mitochondrial voltage-sensitive dye
DASPEI (Alexandre and Ghysen, 1999; Harris et al., 2003; Murakami et al.,
2003). DASPEI staining in the nasal epithelium is unaffected by neomycin
treatment, serving as an internal positive control. Similarly, another functional
hair cell marker, FM 1-43, has been used to assess hair cell viability following
neomycin treatment, and labeling of hair cells with this marker is abrogated
following aminoglycoside treatment (Santos et al., 2006). In addition to markers
of hair cell functionality, several morphological markers are also lost following
treatment with neomycin. These include staining of the F-actin-based stereocilia
with phalloidin, as well as the hair cell-specific antibody, acetylated tubulin, which
labels the kinocilium (Harris et al., 2003). Hair cells have also been examined by
EM after neomycin treatment, with swollen mitochondria observed following
treatment with a low dose and more severe damage after higher doses (Owens
et al., 2007). The damage seen in hair cells at higher neomycin doses includes
condensed and fragmented nuclei, similar to the damage seen in mammalian
hair cells, as well as swollen mitochondria, cellular debris, and occasional
expulsion from the sensory epithelium (Owens et al., 2007). Additional EM
examination of lateral line neuromasts after neomycin treatment indicates an
overall destruction of the hair cell, with apoptotic debris seen in addition to a loss
of stereocilia and kinocilia, which confirms the observed loss of the morphological
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markers phalloidin and acetylated tubulin (Harris et al., 2003; Murakami et al.,
2003).
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Figure

8~

Apoptotic hair cell morphology in zebrafish.

(A) An undamaged, control hair cell labeled with several morphological and
functional markers (see Figure 3). Stereocilia (green), labeled with phalloidin,
can be seen emerging from the top of the hair cell, while the single kinocilium
(red) is labeled with an antibody to acetylated tubulin. The fluorescent vital dye
FM 1-43 enters the hair cell through active mechanotransduction channels
located on stereocilia and labels the cell membrane (green dashed line). Hair
cell mitochondria (green-striped ovals) are labeled with the voltage-sensitive dye
DASPEI, while the hair cell nucleus (large green circle) is labeled with the
cyanine dye YOY0-1. (B) A hair cell that has been damaged by the
aminoglycoside antibiotic neomycin displays loss of functional and morphological
markers. Stereocilia and the single kinocilium have been lost, precluding labeling
with the morphological markers phalloidin and acetylated tubulin as well as the
functional marker FM1-43, which enters through mechanotransduction channels
located on stereocilia. Mitochondria (black-striped circles) are swollen and fail to
label with the voltage-sensitive dye DASPEI and the hair cell nucleus (small
green circles) is fragmented and condensed.
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v. Hair cell regeneration.
a. Mammals versus non-mammalian vertebrates.
Although continuous hair cell production does not occur in mammals,
mammalian vestibular hair cells do possess a limited capacity to regenerate after
noise- or aminoglycoside-induced ototoxicity (Forge et al., 1993; Kopke et al.,
2001; Warchol et al., 1993; Zheng et al., 1997). Ultrastructural analysis of the
mature mammalian inner ear has uncovered some capacity for regeneration in
vestibular (but not auditory) organs following treatment with gentamicin.
Examination of guinea pig utricular (vestibular) sensory epithelia by electron
microscopy after gentamicin-induced hair cell loss reveals a reappearance of hair
cells, with a large number of cells with immature hair bundles seen four weeks
after treatment (Forge et al., 1993). Utricular explants from adult guinea pigs
incubated with a cell proliferation marker after aminoglycoside exposure show
labeled nuclei in the sensory epithelia, and these results are consistent with
similar experiments in mice (Lambert, 1994; Li and Forge, 1997; Warchol et al.,
1993). However, the number of cells incorporating the cell proliferation marker is
small and insufficient to account for the number of hair cells appearing after
damage in vivo (Li and Forge, 1997). In a subsequent in vivo study, guinea pigs
were continuously infused with the cell proliferation marker tritiated thymidine for
prolonged periods of time following exposure to gentamicin. Despite the
appearance of immature hair cells after gentamicin, incorporation of tritiated
thymidine was detected only in supporting cells; no labeled hair cells were found
in the vestibular sensory epithelia (Li and Forge, 1997; Rubel et al., 1995).
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These experiments suggest that the immature hair cells appearing in mature
mammals after aminoglycoside-induced ototoxicity may arise through a nonmitotic mode of regeneration; rather, regenerated hair cells might directly arise
from the phenotypic conversion of post-mitotic hair cell precursors, likely a
population of surrounding supporting cells. Furthermore, morphological evidence
from regenerating· guinea pig utricular maculae suggests that such direct
conversion of supporting cells into hair cells does indeed occur. Hair cell- and
supporting cell-like characteristics

ca~

be seen by EM in cells populating the

regenerating utricular sensory epithelia in gentamicin-damaged animals, and the
morphology of these cells has been proposed to be consistent with phenotypic
conversion of supporting cells into hair cells (Li and Forge, 1997). Direct
phenotypic conversion of post-mitotic hair cell precursors may indeed play a role
in the regeneration, however limited, of vestibular hair cells following ototoxic
damage in mammals. However, mammalian auditory sensory epithelia do not
regenerate hair cells and therefore hair cell damage and loss in the cochlea
results in permanent hearing deficits.
Unlike mammals, fish and amphibians possess the unique capacity to
produce both auditory and vestibular hair cells throughout life as well as during
regeneration after hair cell damage (Corwin, 1981; Corwin, 1983; Corwin, 1985;
Diaz et al., 1995; Popper and Hoxter, 1984). In birds, hair cells are produced
throughout life in the vestibular sensory organs (Jorgensen and Mathiesen, 1988;
Roberson et al., 1992) and auditory hair cells regenerate after acoustic or
chemical insult (Corwin and Cotanche, 1988; Ryals and Rubel, 1988). This is in
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stark contrast to mammals, in which regenerative capacity is confined to the
limited regeneration of vestibular hair cells.

b. Zebrafish as a model system for hair cell regeneration.
The zebrafish is a significant and powerful model system for the
investigation of hair cell function and regeneration. In addition to the large and
cost-effective availability of embryos for study, the zebrafish offers many other
experimental advantages over other models, such as chick and mouse.
Fertilization and development of zebrafish eggs occur external to the mother; in
addition, embryos are available in abundant supply. Furthermore, the neuromast
hair cells of the lateral line organ, because of their location on the surface of the
fish and documented sensitivity to aminoglycoside antibiotics, are ideal for the
experimental investigation of hair cell function and regeneration (Kalmijn, 1989;
Murakami et al., 2003).
As mentioned previously, fish possess an additional mechanosensory
organ in addition to the inner ear called the lateral line (Fekete, 1996; Haddon
and Lewis, 1996; Whitfield et al., 2002). The lateral line organ, illustrated in
Figure 9A, consists of groups of stereotypically arranged clusters of interspersed
hair cells and supporting cells, called neuromasts, which reside along the surface
of the head and body of the fish. As illustrated in Figure 98, neuromasts consist
of three cell types: interior hair cells surrounded by supporting cells, as well as
mantle cells, a population of supporting cells which reside around the neuromast
periphery. These neuromasts function to detect currents as the fish moves
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through the water (Kalmijn, 1989; Montgomery et al., 2000). Furthermore, the
ability of the fish to sense directional water movements depends on the proper
orientation of hair cells along the lateral line system. As discussed earlier,
sensory hair cells possess a stereociliary bundle as well as a single kinocilium,
which project from the apical surface. The eccentric location of the kinocilium
relative to the hair bundle gives each hair cell a polarity. Consequently, each
neuromast itself has a stereotyped polarity, with some neuromasts being oriented
either parallel or perpendicular to the A-P body axis (Hudspeth, 1989; LopezSchier et al., 2004). Additionally, neuromasts of the zebrafish lateral line
undergo active cell turnover, as a small number of hair cells die and are replaced
by compensatory cell proliferation, which occurs in supporting cells located within
the neuromast periphery (Williams and Holder, 2000). Consequently, there
exists a central-to-peripheral gradient in lateral line neuromasts with respect to
hair cell age (Lopez-Schier and Hudspeth, 2006). Hair cell progenitors, located
at the periphery of the neuromast, divide and give rise to new hair cells, which
are located in the center of the neuromast. As a result, those hair cells located
farther from the center are the youngest while those located closer to the center
are the oldest (Lopez-Schier and Hudspeth, 2006).
Importantly, hair cells contained within lateral line neuromasts in the
zebrafish are structurally and functionally similar to those of the inner ear.
Moreover, as previously discussed, many of the molecular and cellular
mechanisms that specify hair cell fates in the embryonic inner ear, such as Notch
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signaling, also are used during hair cell formation in the lateral line (ltoh and
Chitnis, 2001 ).
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Figure 9. Latera/line neuromast structure.
(A) The lateral line organ is composed of neuromasts, depicted as green spots
along the head and trunk of a zebrafish embryo. Trunk neuromasts P1, P2, P3,
and P4 are used for the assays described in this thesis and are indicated by
arrows. (B) Neuromasts of the lateral line are composed of hair cells, supporting
cells, and mantle cells. Hair cells are located within the center of the neuromast
and are surrounded by supporting cells, which interdigitate between the hair cells
so that hair cell-hair cell contact is not made. A third cell type, the mantle cell, is
a subpopulation of supporting cells and resides around the periphery of the
neuromast.
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c. Hair cell regeneration: mitotic versus non-mitotic mechanisms.
Two mechanisms of vertebrate hair cell regeneration have been proposed
(Baird et al., 2000; Stone and Rubel, 2000a; Stone and Rubel, 2000b). During
proliferative, cell cycle-dependent hair cell regeneration, new hair cells and
supporting cells are produced as the result of the mitotic division of a progenitor
cell, which is usually a supporting cell (Corwin and Cotanche, 1988; Cotanche,
1987; Ryals and Rubel, 1988). A second, cell cycle-independent mechanism of
hair cell regeneration depends on either the conversion of supporting cells
directly into hair cells or the repair of hair cells that have sustained damage
(Adler and Raphael, 1996; Baird et al., 1996; Li and Forge, 1997; Sobkowicz et
al., 1996; Zheng et al., 1999). The conversion of post-mitotic, terminally
differentiated precursor cells into another cell type, often called
transdifferentiation, occurs when these cells de-differentiate, losing
characteristics of their previous cell type, and then differentiate to form·a cell with
different characteristics. Evidence for this kind of transdifferentiation has been
shown in retina, lens, pancreas, and hair cell regeneration models (Tsonis,
2007b ). Importantly, non-mitotic hair cell regeneration can be distinguished from
repair of damaged hair cells by ensuring that complete hair cell loss has occurred
following ototoxic treatment before the process of regeneration proceeds, such
as by electron microscopy (Li and Forge, 1997) or by laser cell ablation (Jones
and Corwin, 1996).
The possibility of direct phenotypic conversion of resident supporting cells
directly into hair cells without an intervening cell division was first proposed by
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Jones and Corwin (Baird et al., 2000; Jones and Corwin, 1996). Following laser
ablation of all hair cells within lateral line neuromasts of the axolotl, a type of
salamander, Jon~s and Corwin performed time-lapse video microscopy, which
revealed two distinct origins of regenerated hair cells. New hair cells were
directly observed to arise from either differentiation of resident cells within the
neuromast or via the differentiation of cells produced by one or two asymmetric
supporting cell divisions (Jones and Corwin, 1996).
Two hair cell regeneration mechanisms have also been suggested to
occur in the frog (Baird et al., 1996). Following aminoglycoside treatment in the
bullfrog, regeneration takes place in the vestibular organs, the saccular and
utricular maculae of the inner ear (Baird et al., 2000; Baird et al., 1996; Baird et
al., 1993). Regeneration has been reported to occur through mitotic and nonmitotic means in these organs (Baird et al., 1996). Moreover, the occurrence of
hair cell regeneration despite mitotic blockade would lend considerable support
to the role of a non-mitotic mode of regeneration. Indeed, hair cells regenerate
following aminoglycoside treatment in bullfrog saccular cultures in the presence
of aphidicolin, an inhibitor of DNA polymerase alpha, providing evidence for the
contribution of non-mitotic hair cell regeneration (Baird et al., 2000; Spadari et al.,
1985). Additional evidence for non-mitotic regeneration has been shown by in

vivo experiments in the bullfrog saccular macula in which hair cell regeneration is
accompanied by a concomitant loss of supporting cells, suggesting that some of
these supporting cells may have directly converted into hair cells (Baird et al.,
2000; Baird et al., 1996). The possibility of the presence of early markers of
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transdifferentiation-competent supporting cells has also been demonstrated in
the frog. Because of their involvement in cell growth, differentiation and gene
upregulation, expression of the calcium-binding proteins cal bind in and
parvalbumin was examined in mitotically blocked bullfrog saccular cultures
undergoing hair cell regeneration (Steyger et al., 1. 997). These proteins are
expressed in healthy, undamaged mature hair cell stereociliary bundles and cell
bodies. However, in regenerating, mitotically blocked and non-blocked cultures,
these proteins label hair bundles, an actin-rich apical region of the hair cell called
the cuticular plate, and cell bodies of hair cells displaying an immature
phenotype. Furthermore, in mitotically blocked, regenerating cultures, calbindin
and parvalbumin label a population of supporting cells with hair cell-like
characteristics (Steyger et al., 1997).
Studies in the avian auditory epithelium have also revealed evidence for
two distinct mechanisms of hair cell regeneration (Adler et al., 1997; Adler and
Raphael, 1996). In an earlier study involving continuous delivery of tritiated
thymidine into chick ears during regeneration, it was noted that about one-third of
regenerated hair cells fail to incorporate this marker of cell division, suggesting a
non-mitotic origin for these cells (Roberson et al., 2004 ). Subsequent
experiments in chicks involving continuous delivery of the cell proliferation
marker bromodeoxyuridine (BrdU) over the entire regeneration timecourse have
confirmed the previous results with tritiated thymidine and suggest that both
mitotic and non-mitotic regeneration are responsible for giving rise to new hair
cells after aminoglycoside treatment. These two modes of regeneration each
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have a distinct cellular timecourse: differentiation of post-mitotic hair cell
precursors occurs early in the regeneration process and gives rise to the first
new hair cells, and mitotic regeneration occurs later and gives rise to the majority
of the regenerated hair cells. It is thought that this difference in timecourse is
due to the involvement of fewer steps in precursor cell differentiation than in a
mitotic process (Roberson et al., 2004 ). Additional evidence involving the use of
mitotic inhibitors suggests that regeneration can occur despite the lack of cell
proliferation, and supports the role of non-mitotic hair cell regeneration (Adler et
al., 1997; Adler and Raphael, 1996; Roberson et al., 2004 ).
Recent work in zebrafish has shown that the mechanism of regeneration
is dependent upon the conditions used to destroy hair cells. Hernandez et al.
used high and low concentrations of copper to kill lateral line hair cells
(Hernandez et al., 2007). Following treatment with high-dose copper,
regeneration was found to occur through a proliferative mechanism, as
regenerated hair cells were frequently BrdU-Iabeled. Conversely, regenerated
hair cells appearing after low-dose copper treatment differentiated from postmitotic precursors. BrdU-Iabeling was frequently found in cells of the neuromast
periphery but not in regenerated hair cells. The authors speculate that postmitotic hair cell precursors are destroyed by high-dose copper but are resistant to
low-dose copper (Hernandez et al., 2007). Importantly, these results indicate
that conditions that damage hair cells can also cause damage to hair cell
precursors. The two mechanisms of hair cell regeneration are illustrated in
Figure 10.
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Figure 10. Hair cell regeneration can occur through mitotic and non-mitotic
mechanisms.
(A) In this example, hair cell death is followed by the asymmetric division of a
surrounding supporting cell, giving rise to a supporting cell and a new hair cell.
Following regeneration, there is no net change in supporting cell number
because they are replaced through cell division. Mitotic sisters are labeled with
the cell proliferation marker bromodeoxyuridine (BrdU). (B) Hair cell death is
followed by the direct conversion of a surrounding supporting cell into a new hair
cell, with no intervening cell division. Following regeneration, there is a net loss
of supporting cells because they differentiate into hair cells and are not replaced
through compensatory cell division. Regenerated hair cells are not labeled with
BrdU. Mitotic and non-mitotic pathways occur together in many animals as
complementary mechanisms of hair cell regeneration.

68
vi. Stem cells. progenitor cells. and implications for hair cell regeneration.
In the strictest sense, a pluripotent stem cell is a self-renewing cell that,
under the appropriate stimuli, can give rise to cells or tissues outside of its region
of origin, including tissues representing the three germ layers (ectoderm,
mesoderm, and endoderm) (Tsonis, 2007a). Totipotent stem cells are
embryonically-derived and, in addition to possessing the properties of selfrenewal and the ability to give rise to tissues of the three germ layers, are able to
give rise to extra-embryonic tissue such as the placenta (Tsonis, 2007a).
Typically, the term "progenitor cell" is reserved for self-renewing multipotent (able
to give rise to multiple cell types) or unipotent (give rise to only one cell type),
tissue-specific precursors, capable of producing certain cell types (or one
particular cell type, in the case of committed precursors) within the tissue where
they reside. For example, pluripotent hematopoietic stem cells residing in the
bone marrow can give rise to cells in the skin and brain (ectoderm), kidney and
vasculature (mesoderm), and the lung (endoderm) when isolated from a donor
animal, clonally expanded, and transplanted into a new host (Ogawa et al.,
2006).
In contrast to true stem cells,· tissue-specific progenitors exist within many
tissues that normally undergo turnover and renewal, including the hair follicle
bulge, gut epithelium, and sensory organs such as the olfactory epithelium
(Alonso and Fuchs, 2003; Blanpain et al., 2007; Fuchs, 2008; Moore and
Lemischka, 2006; Schwob, 2002; Tumbar et al., 2004). These

tissue-~pecific

progenitors are often called "stem cells," but are not true stem cells in the

69
strictest sense because they do not give rise to tissues outside their resident
germ layer. Epithelial stem cells renew themselves by producing proliferating
progeny, referr~d to as transiently amplifying {TA) cells (Bianpain et al., 2007).
TA cells typically proliferate for a restricted period of time and then differentiate
into different cell types to reconstitute the tissue of interest. Hair follicle bulge
"stem cells" can give rise to hair follicles, sebaceous glands, and epidermis, and
are more appropriately called multi potent progenitors (Bianpain et al., 2007).
Another type of multipotent progenitor is the intestinal crypt "stem cell," which
gives rise to a new villus every 3-5 days, including enterocytes of the absorptive
lineage and Goblet cells, Paneth cells, and neuroendocrine cells of the secretory
lineage (Bianpain et al., 2007).
Recently, pluripotent stem cells have been isolated from the vestibular
utricular sensory epithelium of the mammalian inner ear (Li et al., 2003).
Following dissociation of cells from the utricular maculae of adult mice, the cells
were clonally expanded and formed neurospheres in culture. When these cells
were injected into the amniotic cavity of early chicken embryos, they gave rise to
muscle, kidney, heart, liver, and skin, representing the three germ layers.
Injection into the amniotic cavity allowed the stem cells to be distributed during
gastrulation and exposed to different inductive environments (Li et al., 2003).
When injected into chicken otic vesicles, the stem cells gave rise to hair cells, as
indicated by expression of the hair cell marker myosin VIlA (Li et al., 2003).
Additionally, inner ear stem cells obtained from the vestibular utricular sensory
epithelium of postnatal mice have been shown to form functional sensory
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neurons in culture (Martinez-Monedero and Edge, 2007). These sensory
neurons grew processes that contacted hair cells in an organ of Corti explant
model. These studies have important implications for future hair cell
regenerative strategies: in addition to regenerating the proper cell type, the hair
cells themselves must be reinnervated in order to form functional connections to
the brain and restore the sense of hearing.

vii. Significance for advancing the field.
Mechanosensory hair cells mediate the functions of hearing and balance
within the vertebrate inner ear. Loss of sensory hair cells within the mammalian
cochlea, as evidenced by human deafness and balance disorders, is permanent.
In stark contrast to mammals, several non-mammalian vertebrates possess an
innate regenerative capacity, replacing functional hair cells after they are lost as
well as continually producing these sensory cells throughout life due to growth.
Identification of the molecules and mechanisms sufficient for hair cell
regeneration in models that regenerate is likely to form the basis for gene
therapies that may one day enable hair cells to be replaced in humans.
In this thesis I present evidence for a population of post-mitotic precursor
cells capable of differentiating into ectopic hair cells in the presence of the
gamma secretase inhibitor DAPT. I hypothesize that the Notch signaling
pathway (or gamma secretase) negatively regulates the differentiation of these
precursor cel.ls. The goals of this thesis project are to determine if these ectopic
hair cells are indeed bona fide mechanosensory hair cells and to determine the

71
mechanism of ectopic hair cell formation. Results of these studies provide novel
insight into the mechanisms regulating the maintenance of resident hair cell
precursors within the sensory epithelium. An understanding of the cellular and
molecular mechanisms of ectopic hair cell formation will yield insight into the
ways in which precursor cells can be stimulated to differentiate into the cell type
of interest. Moreover, this new information is directly relevant to future
therapeutic strategies designed to replace or regenerate lethally damaged hair
cells in the mammalian cochlea by reactivating resident precursors to
differentiate into hair cells.

II. MATERIALS AND METHODS
A. Zebrafish maintenance.
Adult and embryonic zebrafish were maintained under standard
conditions, with a 14 hour light/1 0 hour dark cycle at a temperature of
approximately 28.5°C in system water in our facility (Westerfield, 1993). The

brass mutant, which has reduced melanin pigmentation and a yellow body due to
lack of pigmentation as an adult, was used as a surrogate wild-type strain in all
experiments (Haffter et al., 1996; Kelsh et al., 1996; Streisinger et al., 1986).
Embryos were collected in the morning from paired matings set up the previous
afternoon, staged according to Kimmel et al., and maintained until 5 days post
fertilization (dpf) in Petri dishes (Fisherbrand) at a density of 150-300 embryos
per dish at 28.5°C in system water (Kimmel et al., 1995). Briefly, pairs of adult
zebrafish, one male and one female, were placed in small plastic mouse cages
containing system water and separated by transparent plastic dividers. The
following morning after the facility lights came on, the plastic dividers were
removed and the pairs of fish were allowed to mate. A plastic sieve-like inner
container, placed within the mouse cages, allowed eggs to fall safely to the
bottom and not be disturbed by the adults. Later, eggs were collected from
successful matings and the adults were returned to their tanks.
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All experiments were conducted on embryos beginning at 5dpf in 6-well
tissue c_ulture dishes (Corning Incorporated). During experiments, embryos were
maintained at a density of 25 embryos per well in a volume of 5 milliliters of
system water, embryo medium (13.7 mM NaCI, 537 ~M KCI, 25.2 ~M Na2HP04,
44.1 ~M KH2P04, 1.3 mM CaCb, 1 mM MgS04, 4.17 mM NaHC03) or E3
medium (5 mM NaCI, 170 ~M Kyl, 330 ~M CaCb, 330 ~M MgS04) at 28.5°C.
Prior to beginning experiments, embryos were first anesthetized with 2.38%
Tricaine (3-aminobenzoic acid ethyl ester methanesulfonate salt; Sigma) in
system water and transferred into 6-well tissue culture dishes using a glass
Pasteur pipette (Fisherbrand). Fresh media was then added to each well and
changed several times, until the fish recovered from anesthesia. Experiments
were conducted according to IACUC-approved protocols.

B. Inhibitor studies.
For experiments involving pharmacological Notch signaling inhibition,
embryos were treated with the gamma secretase inhibitor N-[N-(3,5difluorophenacetyi)-L-alanyi]-S-phenylglycine t-butyl ester (DAPT) beginning at
5dpf (Dovey et al., 2001; Geling et al., 2002). DAPT was obtained from
Calbiochem as a lyophilized powder and dissolved in DMSO to make a 10 mM
stock concentration. For use, 10 mM DAPT was diluted in system water, embryo
medium, or E3 medium to a final concentration of 100

~M.

This concentration

was chosen because it was shown to disrupt somitogenesis and neurogenesis in
a manner indistinguishable from Notch signaling mutants when applied to early
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zebrafish embryos (Geling et al., 2002). For DAPT treatments, embryos were
first prepared in 6-well tissue culture dishes and DAPT was then added. Sibling
fish received 1% DMSO and served as vehicle controls. Media was changed
and fresh DAPT and DMSO were added on each day of the experiment. All
incubations were performed at 28.5°C.

C. Hair cell labeling and immunohistochemistry.

i. FM1-43.
Functional lateral line hair cells were labeled in live embryos with FM143FX, an aldehyde-fixable analog of the fluorescent vital dye FM 1-43 [(n-(3triethylammoniumpropyl)-4-(4-(dibutylamino)-styryl) pyridinium dibromide], with
modifications to methods described elsewhere (Santos et al., 2006; Seiler and
Nicolson, 1999). FM1-43 enters a_ctive mechanotransduction channels located
on hair cell stereocilia by means of their non-selective permeability to small
organic cations and therefore labels functional hair cells in several animals,
including zebrafish (Nishikawa and Sasaki, 1996; Santos et al., 2006; Seiler and
Nicolson, 1999). FM1-43FX powder was obtained from Invitrogen Molecular
Probes and reconstituted in distilled water to make a stock concentration of 20
mM. The 20 mM stock concentration was further diluted to 167 1-1M aliquots in
distilled water and stored at -20°C. For staining lateral line hair cells, 167 IJM
FM 1-43FX was diluted in system water, embryo medium, or E3 medium to a final
concentration of 167 nM. Fish were incubated in media containing FM1-43FX for
25 minutes at room temperature. After staining, fish were transferred directly to
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small glass vials (Fisherbrand) in a small volume of FM1-43FX staining solution
and fixed immediately in 4o/o paraformaldehyde (PFA) for 2 hours at room
temperature or overnight at 4°C. Following fixation, fish were rinsed 3 times in
PBS/0.1 o/o Tween 20 (PBST) and either mounted on slides and imaged
immediately using a Zeiss LSM 510 Meta confocal microscope (Achroplan
63x/0.9 W objective, 488 nm laser line) or stored at 4°C.

ii. DASPEI.
Hair cell staining using the vital dye DASPEI [(2-(4-dimethylaminostyryi)N-ethyl pyridinium iodide] was carried out as described, with modifications
(Whitfield et al., 1996). Hair cells are labeled by the mitochondrial voltagesensitive dye DASPEI due to their many mitochondria; DASPEI also labels the
nasal epithelium, providing an internal positive control (Alexandre and Ghysen,
1999; Harris et al., 2003; Murakami et al., 2003). DASPEI powder was obtained
from Invitrogen Molecular Probes and reconstituted in embryo medium to make a
saturated stock. The saturated stock was stored at room temperature, protected
from light. For use, the saturated DASPEI stock was vortexed and then
immediately diluted 1:200 in system water, embryo medium or E3 medium and
fish were incubated for 5 minutes at room temperature. After staining, fish were
rinsed 3 times with fresh media and anesthetized in Tricaine, mounted in 3%)
methylcellulose using a superfine pig eyelash (Ted Pella, Inc.) on a depression
glass slide, and imaged using a GFP filter set.
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iii. YOY0-1 .
YOY0-1 was also used to label hair cells in the lateral line of live embryos.
Cyanine dyes such as YOY0-1 have been used to selectively label hair cell
nuclei in live zebrafish (Santos et al., 2006); furthermore, retention of the YOY01 marker after fixation facilitated the hair cell counting process. YOY0-1
(Invitrogen Molecular Probes) was obtained as a 1 mM solution in DMSO and
stored at -20°C. To label hair cells, 1 mM YOY0-1 was diluted in system water,
embryo medium, or E3 medium to a final concentration of 1 IJM. Fish were
incubated in media containing YOY0-1 for 25 minutes at room temperature,
rinsed 3 times in fresh media, and fixed immediately in 4°/o PFA for 2 hours at
room temperature or overnight at 4°C. Following fixation, fish were rinsed 3
times in PBST and either mounted on slides and imaged immediately using a
Zeiss LSM 510 Meta confocal microscope (Achroplan 63x/0.9 W objective, 488
nm laser line) or stored at 4°C.

iv. Phalloidin/acetylated tubulin.
Zebrafish can be labeled with phalloidin, which labels the F-actin-based
stereocilia, as well as an antibody against acetylated tubulin, which labels the
kinocilium, providing an assay of hair cell polarity (Harris et al., 2003; LopezSchier et al., 2004). In order to assess hair cell-polarity, fish were double-labeled
with anti-acetylated tubulin and phalloidin as previously described, with
modifications (Lopez-Schier et al., 2004; Murakami et al., 2003). Following
fixation in 4% PFA for 2 hours at room temperature or overnight at 4°C, fish were
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rinsed briefly in PBST and transferred into small mesh-bottomed baskets held in
place by a plastic rack. The rack/basket assembly was placed in a glass slidestaining dish (Wheaton) in a volume of 50 milliliters of PBST so that the baskets
were elevated off the bottom of the dish and the washes could flow freely around
the embryos. The fish were then rinsed 3 times in PBS/0.05% Triton X-1 00/1%
bovine serum albumin (BSA) and incubated in this solution overnight at 4 oc. The
next morning, the fish were incubated in 10% normal goat serum (NGS) in PBST
for 1 hour at room temperature to block non-specific binding. Fish were then
transferred to small glass vials and incubated in a mouse monoclonal antibody
against acetylated tubulin (Sigma) diluted 1:1000 in blocking solution overnight at
4 oc. The following morning, the primary antibody was removed and saved for
later use and the fish were transferred back to baskets in a slide-staining dish
and washed extensively in PBST. The fish were then incubated in Alexa 594conjugated goat anti-mouse antibody (Invitrogen Molecular Probes) diluted 1:400
in blocking solution overnight at 4 oc. The next morning, the secondary antibody
was removed and saved for later use and the fish were washed extensively in
PBST. Following the PBST wash, fish were incubated in Alexa 488-conjugated
phalloidin {Invitrogen Molecular Probes) diluted 1:200 in PBS/1 o/o BSA for 3
hours at room temperature. The phalloidin was removed and saved for later use
and the fish were rinsed 3 times in PBST and either mounted on slides and
imaged immediately using a Zeiss LSM 510 Meta confocal microscope (PianApochromat 1OOx/1.4 oil DIC objective, 488 and 543 nm laser lines) or stored at ,
4°C.
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D. BrdU incorporation.
Incorporation of the thymidine analog bromodeoxyuridine (BrdU) into
newly synthesized DNA was used as shown by Harris et al. as a measure of cell
proliferation and a permanent tracer of dividing cells (Harris et al., 2003; Mokry
and Nemecek, 1995). Cell proliferation experiments were performed as
described, with modifications (Ma et al., 2008). BrdU powder was obtained from
Sigma and dissolved in E3 medium to make a 10 mM final concentration. The 10
mM BrdU stock was kept on ice until ready for use. Because a 3 day exposure
to DAPT is necessary for hair cell doubling but a 3 day exposure to BrdU itself is
I

lethal, groups of embryos were systematically labeled for 3 different 24 hour
intervals that comprise the first, second, and third day of DAPT exposure.
Embryos treated with BrdU during day 1 of DAPT treatment were incubated in
BrdU for 24 hours and were then rinsed 3 times in fresh E3 medium and allowed
to incubate for 2 days (chase period) before fixation. Embryos treated with BrdU
during day 2 of DAPT treatment were incubated in BrdU for 24 hours and were
then rinsed 3 times in fresh E3 medium and allowed to incubate for 1 day (chase
period) before fixation. Embryos treated with BrdU during day 3 of DAPT
treatment were incubated in BrdU for 24 hours and were then rinsed 3 times in
fresh E3 medium and fixed immediately. All fish were incubated in E3 medium
containing 10 mM BrdU and 1%, DMSO, with or without 100 IJM DAPT. Those
receiving 10 mM BrdU and 1% DMSO without 100 IJM DAPT served as controls.
Fresh DAPT and DMSO were added back to the E3 medium during all BrdU
chase periods and media was .changed each day of the experiment. At the
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conclusion of the BrdU experiment (8dpf), hair cells were labeled with FM1-43
and/or YOY0-1 as previously described, then fish were fixed in 4% PFA for 2
hours at room temperature or overnight at 4°C. Following fixation, fish were
rinsed 3 times in PBST and stored at 4°C for later BrdU immunohistochemical
detection. All incubations were performed at 28.5°C.
In order to detect BrdU labeling, fixed fish were transferred into baskets,
placed in a slide-staining dish, and washed in PBS/0.05% Trito'n X-1 00 for 2
hours at room temperature or overnight at 4

oc.

Following PBS/Triton incubation,

the fish were washed 4 times in PBST, 15 minutes each, then incubated in acid
to denature the DNA and expose the BrdU epitope. Fish were rinsed twice in 2N
HCI before incubating in fresh 2N HCI solution for 1 hour at room temperature.
After acid denaturation, the fish were washed 8 times in PBST, 15 minutes each,
to bring the pH back up to approximately 7.0. Fish were then blocked in BrdU
blocking solution (2% goat serum, 1% BSA, 1% DMSO, 0.1% Triton X-1 00,
0.002% sodium azide in PBS) for 1 hour at room temperature. The fish were
then transferred into small glass vials and incubated in mouse anti-BrdU antibody
(Roche) diluted 1:50 in blocking solution overnight at room temperature. The
following morning, primary antibody was removed and saved for later use and
the fish were moved back into baskets and placed in a slide-staining dish. The
fish were washed 4 times in PBST, 1 hour each, and incubated in Alexa 594conjugated goat anti-mouse antibody (Invitrogen Molecular Probes) diluted
1:1000 in blocking solution overnight at room temperature. Secondary antibody
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was then removed and saved for later use, and the fish were washed 4 times in
PBST, 15 minutes each. Fish were stored in PBST at 4°C for later imaging.

E. Neomycin treatments.
For regeneration experiments, neomycin sulfate powder (Fisher) was
reconstituted in distilled water to make a 100 mM stock concentration. For use,
100 mM neomycin was diluted in embryo medium to a final concentration of 200
~M.

Embryos were prepared in 6-well tissue culture dishes and neomycin was

added. To ablate lateral line hair cells, fish were incubated in embryo medium
containing neomycin for 1 hour at room temperature. Sibling fish were incubated
in neomycin-free embryo medium for 1 hour and served as controls. The fish
were then rinsed

~

times with fresh system water and allowed to recover for 3

hours at room temperature in neomycin-free system water. After this recovery
period, fish were incubated at 28.5°C. For Notch signaling inhibition studies
during regeneration, fish were incubated in embryo medium containing neomycin
and 1°/o _DMSO, with or without 100

~M

DAPT, for 1 hour. Following neomycin

treatment, the fish were allowed to recover in neomycin-free system water
containing 1°/o DMSO, with or without 100

~M

DAPT. To confirm hair cell

ablation, control and neomycin-treated fish were assessed for the ability of lateral
line hair cells to take up vital dyes after the 3 hour recovery period. Fish were
assessed for hair cell regeneration beginning 24 hours post neomycin treatment.
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F. Whole-mount mRNA in situ hybridization.
Whole-mount mRNA in situ hybridization was performed at 65oe using
normal stringency protocols (Thisse et al., 1993). Following fixation in 4% PFA
for 2 hours at room temperature or overnight at 4 oe, fish were rinsed 3 times in
PBST and dehydrated in 100% methanol at -2ooe for several hours or overnight.
Alternatively, fish were stored in 100% methanol at -2ooe for up to several
months. Prior to beginning the in situ hybridization protocol, fish were transferred
into baskets and placed in a slide-staining dish. The fish were then rehydrated in
a graded methanol/PBS series (75% methanol/25% PBS; 50% methanol/50%
PBS; 25% methanol/75% PBS) at room temperature and washed in PBST before
being digested in 10 J.Jg/ml proteinase K in PBST for 30 seconds to 10 minutes,
depending on embryo stage and desired probe penetration. Following
proteinase K digestion, fish were post-fixed in 4% PFA for 20 minutes at room
temperature and washed in PBST. Fish were incubated in hybridization mix
(50% formamide, 5X saline sodium citrate (SSe), 50 J,Jg/ml heparin, 500 J,Jg/ml
tRNA, 0.1 o/o Tween 20, 9.2 mM citric acid in distilled water) without probe for 1-3
hours at 65oe and then transferred to plastic scintillation vials (Sarstedt) before
hybridizing overnight in hybridization mix with probe at 65°e. The next morning,
fish were removed from scintillation vials containing probe mix and returned to
baskets in the slide-staining dish before being washed in a graded posthybridization mix (PHM; 50% formamide, 5X SSe, 0.1% Tween 20, 9.2 mM citric
acid in distilled water)/SSe buffer series (1 00% PHM, 75% PHM/25% 2X SSe,
50% PHM/50% 2X sse, 25% PHM/75% 2X sse, 100o/o 2X sse, 100o/o 0.2x

82
SSC) at 65°C. Fish were then washed in a graded SSC/PBST series (75% 0.2X
SSC/25°/o PBST, 50°/o 0.2X SSC/50% PBST, 25% 0.2X SSC/75o/o PBST, 100%
PBST) at room temperature before incubating in blocking solution at room
temperature for 1 hour. Incubation in alkaline phosphatase (AP)-conjugated
primary antibody, directed against the digoxigenin or fluorescein probe label, was
carried out overnight at 4 oc. AP-conjugated anti-digoxigenin or anti-fluorescein
antibodies (Roche) were diluted 1:400 in blocking solution. The following
morning, the primary antibody was removed and saved for later use and the fish
were washed extensively in PBST and transferred to 24-well tissue culture plates
(Corning Incorporated) for biochemical detection of the alkaline phosphatase
enzyme. The color reaction was developed with nitro blue tetrazolium chloride
(NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) substrates in AP staining
buffer (100 mM Tris-CI pH 9.5, 50 mM MgCI2, 100 mM NaCI, 0.2% Tween 20,
0.2%> Triton X 100, 1.2 mg/ml levamisole in distilled water), protected from light,
at room temperature for several hours or overnight at 4 oc. After staining was
deemed satisfactory for imaging purposes, fish were washed in PBST and stored
at 4°C for later imaging.
Plasmid containing the notch5/3 template was a gift from the Chitnis
laboratory (ltoh and Chitnis, 2001 ). Digoxigenin-labeled antisense notch5/3
riboprobe was made by linearizing the plasmid with Hindll I and transcribing with
T3 RNA polymerase.

83
G. Hair cell guantitation and scoring of neuromast polarity.
Hair cells were quantitated using the hair cell marker FM1-43. Fish were
stained with FM1-43 as described earlier and fixed immediately in 4% PFA for 2
hours at room temperature or overnight at 4°C. Following fixation, fish were
rinsed 3 times in PBST, mounted on slides, and imaged using a Zeiss LSM 510
Meta confocal microscope (Achroplan 63x/0.9 W objective, 488 nm laser line).
Optical slices through posterior lateral line (trunk) neuromasts P1, P2, and P3
(Whitfield, 2000) were taken at 1 J.Jm intervals and z-stacks typically ranged from
15-25 J,Jm. For accurate quantitation of hair cells at different depths within the
neuromast, transparency film was overlaid on confocal images and hair cells
were marked and counted in each slice of the z-stack. This method facilitated
the counting process and helped ensure that overlapping hair cells were not
overlooked.

i. Quantitation of cells in lateral line neuromasts.
To determine changes in total cell number and supporting cell number per
neuromast during DAPT treatment, hair cells were quantitated using the FM 1-43
marker as described above and the total number of nuclei per neuromast was
counted by labeling cells with the nuclear dye DAPI (4',6-diamidino-2phenylindole, dilactate), which was used as a counterstain. DAPI powder was
obtained from Invitrogen Molecular Probes and dissolved in distilled water to
make a 5 mg/ml stock concentration. For use, the 5 mg/ml DAPI stock was
diluted 1:500 in PBS or PBST and fixed fish were stained for 25 minutes at room
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temperature. The fish were then rinsed 3 times in PBST, mounted on slides, and
imaged using a Zeiss LSM 510 Meta confocal microscope (Achroplan 63x/0.9 W
objective, 488 and 760 nm laser lines). Neuromasts P1, P2, and P3 were
imaged as described above and FM 1-43-positive hair cells and DAPI-positive
nuclei were counted throughout the z-stack using transparency film. Although
there is currently no marker that labels the entire population of supporting cells in
zebrafish, supporting cell counts were made by subtracting FM1-43-positive,
DAPI-positive cells (hair cells) from total cells in each neuromast. By definition,
supporting cells are FM1-43-negative, DAPI-positive. In this way, the total
number of nuclei and the percentage of the total that are hair cells are easily
determined from confocal images of fixed samples. Hair cells, supporting cells,
and total cells were quantitated in neuromasts P1, P2, and P3 on days 1, 2, 3,
and 4 of DAPT treatment. Significance was determined by unpaired, one-tailed ttests, to test the hypotheses that hair cell and supporting cell counts will increase
and decrease with treatment, respectively.

Unpair~d,

two-tailed t-tests were

used to compare total cell number, where appropriate. Means were considered
to be significantly different when p s 0.05.

ii. BrdU guantitation.
To determine the extent of hair cells arising from cell proliferation during
DAPT treatment, BrdU-treated fish were first stained with FM1-43 and/or YOY01, fixed, and processed for BrdU labeling as described previously. Neuromasts
P1, P2, P3, and P4 were imaged as previously described and FM1-43-
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positive/YOY0-1 positive hair cells were counted throughout the z-stack using
transparency film. BrdU-positive nuclei were also counted throughout the zstack. BrdU-positive hair cells were confirmed by viewing the cell from an
orthogonal angle and ensuring that the BrdU-Iabeled nucleus was either colabeled with YOY0-1 (nuclear) marker or surrounded by FM1-43 (membrane)
marker. ··It is important to note that due to the denaturing conditions required for
BrdU processing, hair cell labels (FM1-43 and YOY0-1) are adversely affected
(loss of fluorescence or label) and therefore hair cells are always underestimated
in BrdU experiments. However, BrdU labeling most often occurs within the
neuromast periphery (supporting cell region) and is rarely seen in the center of
the neuromast (hair cell region). Unpaired, two-tailed t-tests were used to
compare total BrdU-positive nuclei, where appropriate. Means were considered
to be significantly different when p s 0.05.

iii. Polarity quantitation.
For hair cell/neuromast polarity determinations, fish were first co-labeled
with phalloidin and anti-acetylated tubulin and imaged as described earlier.
Neuromast orientations were scored essentially as previously described (LopezSchier et al., 2004). Briefly, orientation of hair bundles in neuromasts relative to
the A-P body axis was determined by overlaying transparency film on confocal
images and drawing arrows on each hair cell to indicate angle and direction.
Angles were then measured using a protractor and assigned into one of three
categories: parallel (0°-30° and 150°-180°), oblique (30°-60° and 120°-150°), and
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perpendicular (60°-120°). Neuromasts P1, P2, P3, and P4 were scored. Polarity
distributions were compared and significance was determined by Chi-square test.
Distributions were considered to be significantly different when p s 0.05.

H. Imaging and data analysis.
Confocal images were acquired using Zeiss LSM software (Carl Zeiss) on
a Zeiss LSM 51 0 Meta upright confocal microscope. Other images were
acquired using a Zeiss AxioPian 2 upright microscope. Images were adjusted for
brightness and/or contrast, equivalently between control and treated groups,
using the Zeiss LSM image browser, lmageJ software, and Adobe Photoshop
software. Statistics were performed using GraphPad Prism software.

Ill. RESULTS
Major questions in the auditory research field include: what are the
mechanisms of embryonic hair cell formation, and can they be reactivated to
promote hair cell regeneration in mammals? One approach to these questions is
to identify the genes that promote or regulate hair cell regeneration in other
model systems that do regenerate sensory hair cells, then apply this information
to regenerative therapies in the mammalian inner ear.

A. Notch receptor mRNA expression is dynamic during hair cell regeneration.
The Notch signaling pathway is a key regulator of hair cell formation and
patterning during embryogenesis. As mentioned previously, Notch signaling- is
used during the process of lateral inhibition, which generates the correct number
and pattern of hair cell and supporting cell fates (Brooker et al., 2006; Bryant et
al., 2002; Kelley, 2006a; Kelley, 2006b).
During hair cell regeneration, similar signaling mechanisms may be
reactivated to generate and pattern newly formed hair cells. In fact, Notch
receptor mRNA continues to be expressed in mature sensory epithelia, and this
expression is dynamic during hair cell regeneration (Figure 11 ). Notch receptor
mRNA expression is almost completely lost 3 hours following exposure to the
ototoxic aminoglycoside antibiotic neomycin (Figure 11 B), the timepoint at which
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loss of hair cell markers is also seen. However, mRNA expression begins·to
return as early as 6 hours post neomycin (Figure 11 C) and is comparable to
control expression 12 hours post neomycin (Figure 11 D). Although the
significance of this post-embryonic mRNA expression is not known, it may be
that the restricted expression of Notch signaling components is necessary to
regulate post-embryonic hair cell production.
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Figure 11. Representative notch5/3 mRNA expression in control and
regenerating latera/line neuromasts.
(A-D) are mRNA in situ hybridizations of whole-mount zebrafish embryos.
Expression of notch5/3 mRNA is shown in trunk neuromast P2 of a 5dpf control
embryo (A) as well as at several timepoints following treatment with the ototoxic
aminoglycoside antibiotic neomycin (8-D). Scale bar, 10 IJm.
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B. The gamma secretase inhibitor DAPT does not qualitatively affect hair cell
regeneration in the brass zebrafish mutant.
As a surrogate approach to directly testing the requirement of Notch
activity during regeneration, I performed hair cell regeneration experiments in the
presence of the gamma secretase inhibitor DAPT (Figure 12). Twenty-four hours
following exposure to the aminoglycoside. antibiotic neomycin, vehicle-treated
embryos (Figure 128) as well as embryos regenerating in the presence of DAPT
(Figure 12C) display complete hair cell regeneration, as assessed by DASPEI
staining in hair cells of lateral line neuromasts (arrows in Figure 12C). As
mentioned previously, DASPEI is a mitochondrial voltage-sensitive dye that
labels hair cells due to their many mitochondria (Alexandre and Ghysen, 1999;
Harris et al., 2003; Murakami et al., 2003). DASPEI staining in these embryos is
comparable to vehicle-treated, non-regenerating embryos (Figure 12A), which
suggests that the number of hair cells is comparable between these fish. In
further support of this qualitative data, 48 hours following neomycin treatment,
vehicle-treated embryos (Figure 120) as well as embryos regenerating in the
presence of DAPT (Figure 12E) continue to display DASPEI staining levels
indicative of complete hair cell regeneration (arrows in Figure 12E). Therefore,
the presence of DAPT during hair cell regeneration does not qualitatively alter
DASPEI staining at 24 hours or 48 hours post neor:nycin. This suggests that
DAPT does not alter the total number of newly regenerated hair cells.

91
Figure 12. DAPT does not qualitatively affect hair cell regeneration in the brass
zebrafish mutant.
(A) Live 5dpf vehicle-treated control embryo stained with the mitochondrial
potentiometric dye DASPEI. Neuromast hair cells are evident as illuminated
spots along the surface of the embryo. (B) Normal hair cell regeneration in a
vehicle-treated embryo 24 hours post neomycin reveals DASPEI-positive
neuromasts. (C) An embryo regenerating in the presence of DAPT, 24 hours
post neomycin, also has complete regeneration as assessed by DASPEI staining
in neuromasts (arrows). (D) Complete regeneration in a vehicle-treated embryo
48 hours post neomycin. (E) An embryo regenerating in the presence of DAPT,
48 hours post neomycin, also has complete hair cell regeneration (arrows).
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C. DAPT promotes ectopic hair cell formation in non-regenerating brass lateral
line neuromasts.
i. Ectopic hair cells express functional mechanosensorv hair cell markers.
An important control for the regeneration experiments is to determine the
effect of DAPT exposure in healthy, non-regenerating neuromasts. In contrast to
the results of Figure 12, DAPT exposure results in the ectopic formation of
additional hair cells in otherwise normal neuromasts (Figure 13). Treatment of
Sdpf embryos with DAPT for 3 days increases the ·number of hair cells per
neuromast as qualitatively assessed by DASPEI staining (Figure 130, arrows),
YOY0-1 staining (Figure 13E), and FM1-43 labeling (Figure 13F) compared to
vehicle-treated controls (Figure 13A,B, and C). To determine if this effect is
specific to the gamma secretase inhibitor DAPT, I tested another gamma
secretase inhibitor, MDL28170, which is also a calpain inhibitor reported to
induce ectopic hair cell formation in mouse cochlear cultures (Yamamoto et al.,
2006). Similar to results obtained using DAPT, non-regenerating neuromasts
exposed to MDL28170 also form increased numbers of hair cells per neuromast
as qualitatively assessed by DASPEI staining (data not shown). The observation
that 2 different gamma secretase inhibitors yield ectopic hair cell phenotypes in
zebrafish lateral line neuromasts implicates gamma secretase as a negative
regulator of hair cell formation in the lateral line neuromast. However, as stated
previously, these data do not address changes in gamma secretase activity in
response to DAPT but rather the effect of the inhibitor and cellular mechanism of
hair cell formation in lateral line neuromasts.
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Figure 13. DAPT promotes ectopic hair cell formation in non-regenerating brass
latera/line neuromasts.
(A,D) are live 8dpf DASPEI-stained embryos; (B,E) are YOY0-1-Iabeled
neuromasts in live 8dpf embryos; (C,F) are projections of confocal z-stacks of
FM 1-43 staining in 8dpf whole-mounts. Following 3 days of DAPT treatment,
DASPEI staining in neuromasts appears brighter in DAPT-treated embryos (D,
arrows) compared to vehicle-treated controls (A). YOY0-1 labeling (E) and FM 143 staining (F) reveal a qualitative increase in hair cells per neuromast in DAPTtreated embryos compared to controls (B,C). Scale bar, 10 tJm.
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ii. DAPT doubles the number of hair cells in brass lateral line neuromasts.
Although DASPEI, YOY0-1, and FM1-43 staining qualitatively suggest
that hair cell number increases in lateral line neuromasts in response to DAPT
treatment, it is necessary to quantitate hair cell number in order to determine the
exact effect of this inhibitor on the extent of ectopic hair cell formation.
Quantitation of hair cell number in DAPT-treated lateral line neuromasts
with the hair cell marker FM 1-43 (Figure 14) indicates that the number of hair
cells per neuromast is significantly increased following DAPT treatment. In fact,
DAPT doubles the number of hair cells per neuromast. Moreover, these ectopic
hair cells are likely functional since they can be labeled using functional markers
as shown in Figure 13; for example, ectopic hair cells label with the mitochondrial
potentiometric dye DASPEI, the nuClear marker YOY0-1, as well as FM1-43, an
indicator of transduction channel function.

~

Importantly, hair cell number is consistently doubled in 3 different
neuromasts of the lateral line (P1, P2, and P3), indicating that DAPT affects
these neuromasts in a similar and reliable manner, promoting the formation of
ectopic hair cells. Therefore, in subsequent analyses, quantitations from these
neuromasts are combined and averaged together. There is precedent in the
recent literature to combine quantitations from several different neuromasts for
the purposes of statistical analyses (Harris et al., 2003; Hernandez et al., 2006;
Hernandez et al., 2007; Ma et al., 2008).
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Figure 14. DAPT doubles the number of hair cells in brass latera/line
neuromasts.
Quantitation of FM1-43-positive hair cells in neuromasts P1, P2, and P3 after 3
days of DAPT (or vehicle) treatment indicates a significant increase in hair cell
number in DAPT-treated neuromasts compared to vehicle-treated controls. Hair
cell number per neuromast is doubled after DAPT treatment. Results are
graphed as mean number of hair cells per neuromast and error bars represent
standard error of the mean (SEM). n
neuromasts; n

=9 control and 15 DAPT-treated P1

=7 control and 11 DAPT-treated P2 neuromasts; n =6 control

and 11 DAPT-treated P3 neuromasts. Stars indicate p < 0.0001 for all
neuromasts (unpaired, one-tailed t-test).
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D. Correct neuromast polarity is not maintained after DAPT treatment.
Results presented so far indicate that DAPT induces the formation of
ectopic hair cells in lateral line neuromasts and that these hair cells are likely
functional as shown by DASPEI, YOY0-1, and FM1-43 labeling (Figure 13).
Because hair cell polarity is important for sensory function; i.e., the ability of
neuromasts to detect water currents (Lewis and Davies, 2002), I asked whether
ectopic hair cells are correctly oriented within the sensory epithelium. As
mentioned previously, polarity exists not only on the level of individual hair cells,
defined by the arrangement of stereocilia relative to the kinocilium, but also within
each neuromast as a whole, defined by the aggregate polarities of all the hair
cells in a particular neuromast (Lopez-Schier et al., 2004 ). Each neuromast of
the zebrafish lateral line has its own stereotyped polarity, with some neuromasts
oriented parallel to the A-P body axis (made up of anterior- or posterior-facing
hair cells) while other neuromasts are oriented perpendicular to the A-P body
axis (made up of dorsal- or ventral-facing hair cells), as illustrated in Figure 15
(Lopez-Schier et al., 2004 ). Neuromast P1 has a parallel polarity (Figure 158)
while neuromasts P2, P3, and P4 have a perpendicular polarity (Figure 15C) with
respect to the A-P body axis (Lopez-Schier et al., 2004). In order to assess
polarity, I co-labeled embryos with morphological markers of stereocilia
(phalloidin) and kinocilia (acetylated tubulin), as illustrated in Figure 15A, and
overlaid arrows to indicate the polarities of individual hair cells, as shown in
Figures 16 and 17. In control neuromast P2 (Figure 16C), hair cells are oriented
perpendicular to the A-P body axis, as indicated by the overlaid arrows pointing ·
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up or down. This is as expected, since it has been shown that neuromasts of the
zebrafish lateral line each have their own stereotyped polarity, with neuromasts
composed of hair cells which are all oriented either parallel or perpendicular to
the A-P body axis (Lopez-Schier et al., 2004). However, aggregate polarity in the
P2 neuromast of a DAPT-treated embryo (Figure 16F) appears disorganized,
with hair cells oriented both parallel and perpendicular to the A-P axis, as well as
at oblique angles; In fact, some DAPT-treated neuromasts are composed of hair
cells of opposite polarities than controls, while others are composed of hair cells
of random polarities. This is in contrast to the polarity of a control neuromast, in
which hair cells adopt polarities either parallel or perpendicular to the A-P axis,
but are not composed of hair cells of mixed polarities.
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Figure 15. Latera/line neuromast polarity in zebrafish.
(A) Hair cell polarity is assessed by co-labeling with the morphological markers
acetylated tubulin, which labels the microtubule-based kinocilium, and phalloidin,
which labels the F-actin-based stereocilia. The eccentric location of the
kinocilium relative to the stereocilia defines the hair cell's polarity.
(B) Neuromast P1 of the lateral line is composed of anterior- or posterior-facing
hair cells, which are oriented parallel to the A-P body axis. (C) Neuromasts P2,
P3, and P4 are composed of dorsal- or ventral-facing hair cells, which are
oriented perpendicular to the A-P body axis.
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Figure 16. Correct neuromast polarity is not maintained after DAPT treatment.
(A-F) are single confocal optical slices through the apical region of P2
neuromasts. Anterior is to the left, dorsal is to the top. Control (A-C) and DAPTtreated (D-F) hair cell stereocilia are labeled With phalloidin (green) and kinocilia
are labeled in red with an anti-acetylated tubulin antibody (8-C, E-F; merged
channels). Arrows in (C,F) have been overlaid to indicate direction of hair cell
polarity. (C) Hair cell polarities in a vehicle-treated control P2 neuromast are
oriented perpendicular to the A-P body axis, as indicated by up- or down-pointing
arrows. (F) Disorganized polarity in aDAPT-treated P2 neuromast. Some hair
cells are oriented perpendicular to the A-P axis, some are oriented parallel to the
A-P axis, and some are oriented at oblique angles. Scale bar, 5 J.Jm.
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I scored parallel and perpendicular neuromasts from control and DAPTtreated embryos and divided the hair cells in each neuromast into 2 regions:
central and peripheral, as shown in Figure 17. Neuromast hair cells were divided
into central and peripheral regions in an effort to determine if polarity differences
exist between the hair cells in these regions. For example, do central hair cells
adopt random or opposite polarities after DAPT treatment, or do peripheral hair
cells change polarities? Alternatively, all of the hair cells may change polarities
after DAPT treatment. A Chi-square test was performed on the perpendicular
neuromasts, comparing polarity distributions in control and DAPT-treated
neuromasts in both central and peripheral regions. By Chi-square test, the
polarity distributions within the center of the perpendicular neuromasts differ
significantly between control and DAPT-treated fish (p < 0.0001; n

=5.control

and 3 DAPT -treated neuromasts) as well as within the peripheral region of the
neuromasts (p < 0.0001; n = 5 control and 3 DAPT-treated neuromasts), as
shown in Table 1. Because the individual hair cell polarities of the entire
neuromast (center and periphery) are significantly different between control and
DAPT-treated fish, this indicates that the polarities of pre-existing hair cells
change as ectopic hair cells differentiate, and few or none of the hair cells
assume polarities comparable to that of a control neuromast. Perhaps DAPT
treatment and the subsequent differentiation of extra hair cells within the sensory
epithelium changes or disrupts cell polarity in all hair cells, thereby changing
polarity of the neuromast as a whole.
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Figure 17. Scoring neuromast polarity in control and DAPT-treated embryos.
Parallel neuromast P1 (A, C) and perpendicular neuromasts P2, P3, and P4 (B,D;
representative examples) were scored following DAPT (C,D) or vehicle treatment
(A, B). Using phalloidin and acetylated tubulin markers, arrows were overlaid to
indicate the directions of individual hair cell polarities. Aggregate polarity of
individual hair cells within each neuromast relative to the A-P body axis
determines the neuromast polarity as a whole. Neuromast hair cells were
divided into central (inside circle) and peripheral (outside circle} regions.

Control
Number of hair cells of each orientation
Parallel

Oblique

Perpendicular

0°-30°, 150°-180°

30°-60° 120°-150°

60°-120°

Central

0

1

19

Peripheral

0

6

27

n

'

=5 neuromasts, 53 hair cells
DAPT
Number of hair cells of each orientation
Parallel

Oblique

0°-30°' 150°-180° ( 30°-60° ' 120°-150°

Perpendicular
60°-120°

Central

6

10

2

Peripheral

13

8

4

n

=3 neuromasts, 43 hair cells
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Table 1. Polarity in perpendicular neuromasts of control and DAPT-treated
embryos.
Hair cell polarity was scored by co-labeling embryos with phalloidin and
acetylated tubulin and overlaying arrows to indicate the orientations of individual
hair cells within each perpendicular neuromast (P2, P3, and P4). The angle was
measured between the arrows and a line drawn along the A-P body axis. Hair
cells with angles between 0°-30° and 150°-180° are defined as parallel, those
with angles between 30°-60° and 120°-150° are defined as oblique, and those
with angles between 60°-120° are defined as perpendicular. The number of hair
cells of each orientation in the central and peripheral hair cell regions of the
neuromast is shown for control and DAPT-treated embryos. p < 0.0001 (Chisquare, central and peripheral regions); n = 5 control and 3 DAPT-treated
neuromasts.
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E. Ectopic hair cells likely arise by a non-mitotic mechanism. ·
Given that DAPT treatment leads to ectopic hair cell formation, it is
important to identify the mechanism that generates extra hair cells within the
neuromast. Understanding the cellular mechanism of ectopic hair cell formation
will be important to identify the source of these hair cells. As previously
mentioned, tissue-specific progenitors exist within many tissues that normally
undergo turnover and renewal (Alonso and Fuchs, 2003; Blanpain et al., 2007;
Fuchs, 2008; Moore and Lemischka, 2006; Schwab, 2002; lumbar et al., 2004).
Similarly, the sensory epithelium may contain multipotent progenitors that, upon
DAPT exposure, enter the cell cycle to produce a new hair cell and replace
themselves (asymmetric cell division). If this is the case, there will be an
increase in the total number of cells per neuromast (due to self-renewal of the
progenitor cells) as well as the labeling of ectopic hair cells with cell proliferation
markers. Progenitors could also divide symmetrically, producing two new
progenitors (to renew the progenitor pool) and then dividing again to produce two
new hair cells. Importantly, in the case of any. mechanism in which progenitors
re-enter the cell cycle in order to self-renew, I would predict overall cell
proliferation within the neuromast to increase. Alternatively, the sensory
epithelium may contain post-mitotic unipotent hair cell precursors that, in
response to DAPT, differentiate. A prediction of this latter possibility would be
that doubling of hair cell number would be accompanied by no change in the total
number of cells per neuromast (as progenitors change fate and are not
renewed). To distinguish between these models, I performed BrdU labeling
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experiments to identify mitotic derivatives and DAPI staining to identify and
quantitate the total number of nuclei per neuromast during DAPT exposure.

i. Cell proliferation does not account for the two-fold increase in hair cell number.
To determine whether ectopic hair cell formation during DAPT treatment
occurs by the proliferation of existing cell types within the neuromast, I labeled
mitotic cells using the DNA synthesis marker BrdU. Cells progressing through Sphase of the cell cycle will incorporate the thymidine analog BrdU into newly
synthesized DNA, thus permanently marking mitotic daughters (and their
derivatives) for later immunohistochemical detection (Mokry and Nemecek,
1995). Because a 3 day exposure to DAPT is necessary for hair cell doubling
but a 3 day exposure to 8rdU itself is lethal, I systematically labeled groups of
embryos for three different 24 hour intervals that comprise the first, second, and
third day of DAPT exposure, as illustrated schematically in Figure 18A, in an
effort to improve embryo viability. As previously mentioned, the hair cell markers
FM1-43 and YOY0-1 are adversely affected by the 8rdU immunohistochemistry
protocol, and therefore hair cells are always underestimated in these
experiments. Representative examples of BrdU labeling in control embryos and
during DAPT treatment are shown in Figure 188-E.
Control embryos pulsed with 8rdU during day 1 of DAPT treatment then
chased for 2 days without 8rdU (Figure 188) show 8rdU-positive nuclei located
near the neuromast periphery (supporting cell re,gion) as well as the occasional
8rdU-positive nucleus detected toward the center of the neuromast (hair cell
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region; Figure 188, arrow). This is expected, since neuromasts of the zebrafish
lateral line undergo active cell turnover, as a small number of hair cells die and
are replaced by compensatory cell proliferation within the neuromast periphery
(Williams and Holder, 2000). ADAPT-treated embryo pulsed with BrdU during
day 1 of DAPT treatment (Figure 18C) shows similar proliferation to that of a
control embryo; a possible BrdU-positive hair cell (in which the hair cell label has
likely been lost) is indicated by the arrow. Because embryos in this group
receive a 24 hour BrdU pulse and are allowed to survive for 2 days before
fixation (endpoint of DAPT treatment), this is the group in which I expect to see
the most BrdU-positive cells. Any cell that divides during day 1 will incorporate
BrdU and transmit the marker to any mitotic derivatives during the 2 day chase
period. Embryos pulsed with BrdU during the second (Figure 180) and third
(Figure 18E) days of DAPT treatment show less BrdU-positive nuclei overall per
neuromast, with most BrdU-positive nuclei occurring in the neuromast periphery.

)>
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Figure 18. Representative BrdU labeling in neuromasts of control and DAPTtreated embryos.
(A) Experimental design. Embryos are divided into 3 groups and receive BrdU
during day 1, 2, or 3 of DAPT (or vehicle) treatment. All embryos are collected
and fixed at the same endpoint (3 days of DAPT or vehicle treatment; 8dpf). (BE) are confocal optical z-projections of whole-mounts; BrdU is shown in red and
hair cells, stained with FM1-43 and YOY0-1, are shown in green. (B) Control
embryo pulsed with BrdU for 24 hours and chased for 2 days, showing cell
proliferation in the neuromast periphery with one hair cell incorporating BrdU
(arrow). (C) DAPT-treated embryo pulsed with BrdU for 24 hours during the first
day of treatment and chased for 2 days, until hair cells doubled. One possible
BrdU-positive hair cell (in which the hair cell label has likely been lost) is
indicated (arrow). (D) DAPT-treated embryo pulsed with BrdU for 24 hours
during the second day of treatment and chased for 1 day. (E) DAPT-treated
embryo pulsed with BrdU for 24 hours during the last day of treatment. Scale
bar, 10 J.Jm.
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Quantitation of total BrdU-Iabeled nuclei per neuromast during each day of
DAPT treatment (Figure 19) indicates significantly lower levels of neuromast cell
proliferation in DAPT-treated embryos pulsed with BrdU on day 1 of treatment
compared to vehicle-treated controls. The number of BrdU-positive nuclei is
slightly increased in DAPT-treated embryos pulsed with BrdU on days 2 and 3 of
DAPT treatment, but the differences are not significant. Although there ·are
slightly more proliferating cells per neuromast on 2 of the 3 days, the increase is
not enough to account for the number of extra hair cells added to DAPT-treated
neuromasts. For example, after 3 days of DAPT treatment, the mean number of
hair cells per neuromast increases by an average of 10 extra hair cells compared
to vehicle-treated controls (Figure 14). A mitotic mechanism would predict that
approximately 10 extra hair cells would be BrdU-positive. However, even in the
absence of hair cell markers, quantitation of total BrdU-positive nuclei per
neuromast should reveal an increase in overall neuromast cell proliferation if a
mitotic mechanism is operating. In fact, in no case is there an increase

~

10

extra BrdU-positive nuclei in DAPT-treated neuromasts. For example, as shown
in Figure 19, in DAPT-treated fish pulsed with BrdU on day 1 of DAPT treatment,
the mean number of BrdU-positive nuclei per neuromast decreases by 6.8 BrdUIabeled cells. In DAPT-treated fish pulsed with BrdU on day 2 of DAPT
treatment, the mean number of BrdU-positive nuclei per neuromast increases by
3.6 BrdU-Iabeled cells and by 2.3 BrdU-Iabeled cells in DAPT-treated fish pulsed ·
with BrdU on day 3 of DAPT treatment. Net mean increases of 3.6 (day 2) and
2.3 (day 3) BrdU-positive nuclei in DAPT-treated fish cannot account for the
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addition of 10 extra hair cells to the sensory epithelium unless the majority are
formed through a non-mitotic mechanism. The total number of BrdU-positive
nuclei is insufficient to explain a doubling in hair cell number. In fact, DAPT has
a negative effect on cell proliferation during the first day of treatment. Therefore,
cell proliferation cannot account for the number of ectopic hair cells formed
during DAPT treatment.
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Figure 19. Cell proliferation in neuromasts of control and DAPT-treated embryos.
Total BrdU-positive nuclei were counted in neuromasts P1, P2, P3, and P4 of
control and DAPT-treated embryos pulsed with BrdU on days 1, 2, and 3 of
DAPT (or vehicle) treatment. Neuromast counts were combined into a single
average for each timepoint. Results are graphed as mean number of BrdUpositive nuclei per neuromast and error bars represent SEM. Day 1, n = 16
control and 20 DAPT-treated neuromasts; star indicates p

=0.0005 (unpaired,

two-tailed t-test). Day 2, n = 12 control and 20 DAPT-treated neuromasts. Day
3, n = 5 control and 12 DAPT-treated neuromasts.
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To quantitate hair cell number and identify BrdU-positive hair cells, at the
end of each experiment, 8dpf embryos receiving BrdU on days 1, 2, or 3 of DAPT
treatment were labeled with the hair cell marker FM1-43 and in some cases, the
nuclear dye YOY0-1. However, due to the denaturing conditions required during
BrdU processing, hair cell markers are always underestimated in these
experiments due to the loss of FM1-43 and YOY0-1 labeling and/or
fluorescence. Nevertheless, hair cell doubling is always confirmed at the
conclusion of each BrdU experiment, either prior to BrdU processing or in
unprocessed (but BrdU-treated) sibling controls. This control, shown in Figure
20, helps ensure that exposure to BrdU does not itself prevent hair cell labeling,
but rather the immunohistochemistry protocol causes loss of hair cell markers.
I have detected, on rare occasions, 2-4 BrdU-positive hair cells within a
single neuromast in DAPT-treated and control embryos, always in embryos
chased for longer periods after the BrdU pulse (Figure 21 ). I have also been able
to detect BrdU-positive hair cells in control embryos by labeling with BrdU earlier
during development, as hair cells are being added to the sensory epithelium, as a
way to ensure that our BrdU-Iabeling and processing protocols are indeed able to
detect co-labeled hair cells (data not shown). However, as previously mentioned,
FM1-43 and YOY0-1 hair cell markers are adversely affected by BrdU
immunohistochemistry denaturing conditions. Therefore, it is not possible to
make conclusions about BrdU-positive hair cells because hair cells are always
underestimated in these experiments. It is, however, possible to accurately
quantitate BrdU-positive nuclei independent of hair cell markers. As shown in

111
Figure 14, the mean number of hair cells per neuromast increases by an average
of 10 extra hair cells after DAPT treatment. As previously discussed, a mitotic
mechanism would predict that these 10 extra hair cells would be BrdU-positive;
however, even in the absence of hair cell markers, quantitation of total BrdUpositive nuclei per neuromast should reveal an increase in overall neuromast cell
proliferation if these extra hair cells are mitotically derived. Figure 19 does not
indicate an increase in BrdU-positive cells sufficient to account for all of the extra
hair cells formed within neuromasts of DAPT-treated fish.
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Figure 20. Ectopic hair cells can be detected in BrdU-treated, but unprocessed,
DAPT-treated embryos.
(A-B) are projections of confocal z-stacks of FM1-43 staining in 8dpf wholemounts. Following concurrent BrdU and DAPT (or vehicle) treatment, hair cell
number is assessed by FM1-431abeling prior to BrdU immunohistochemistry.
FM 1-43 staining reveals an increase in hair cells per neuromast in DAPT-treated
embryos (B) compared to vehicle-treated controls (A). Scale bar, 10 J..lm.
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Figure 21. Detection of BrdU-positive hair cells.
(A-B) are confocal optical z-projections of whole-mounts; BrdU is shown in red
and hair cells, stained with FM1-43 and YOY0-1, are shown in green.
Orthogonal views are shown to indicate BrdU-positive hair cells. (A) Control
embryo pulsed with BrdU for 24 hours and chased for 2 days, showing cell
proliferation in the neuromast periphery with one hair cell incorporating BrdU
(arrow). Orthogonal views in the upper and right panels show that BrdU labels
the periphery of a YOY0-1-positive hair cell nucleus. (B) DAPT-treated embryo
pulsed with BrdU for 24 hours during the first day of treatment and chased for 2
days, until hair cells doubled. One possible BrdU-positive hair cell (in which the
hair cell label has been lost) is indicated (arrow) in the center panel and is shown
by orthogonal views in the upper and right panels. Scale bar, 10 J,Jm.
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ii. Hair cell number increases at the expense of other cell types.
A prediction of a non-mitotic mechanism of ectopic hair cell formation is
that any increase in hair cell number would be accompanied by a proportional
decrease in the number of other cell types (e.g., supporting or mantle cells)
within the neuromast, similar to a neurogenic phenotype discussed previously.
To determine whether there is a change in total cell number per neuromast
during DAPT treatment, I quantitated hair cell number by FM1-43 staining (Figure
228, E) and the total number of nuclei per neuromast by staining cells with the
DNA intercalating dye DAPI (Figure 22A, D). In this way, tne total number of
nuclei and the percentage of the total that are hair cells are easily determined
from confocal images of fixed samples (Figure 22C, F). By definition, supporting
cells are FM 1-43-negative, DAPI-positive, while both markers label hair cells. If
ectopic hair cells are indeed formed by the differentiation of post-mitotic
precursors, then I predict that the increase in hair cell number will be
accompanied by a proportional loss of supporting cells, with no net change in
total cell number within the neuromast. Figure 23 shows that this prediction is
indeed the case.
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Figure 22. Representative neuromasts of control and DAPT-treated embryos.
(A-F) are confocal z-projections of whole-mounts. All nuclei within the neuromast
are stained with DAPI (blue) and hair cells are stained with FM1-43 (green). (C)
Control embryo and (F) DAPT-treated embryo, merged channels. Separate
channels are shown in (A-B) and (D-E). Supporting cell number was obtained by
quantitating total nuclei, then subtracting the number of hair cells. Scale bar, 20
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Figure 23. Hair cell number increases at the expense of supporting cells.
Total DAPI-positive nuclei including those cells co-labeled with the hair cell
marker FM1-43 were counted in neuromasts P1, P2, and P3 of control and
DAPT-treated embryos on day 2 of DAPT (or vehicle) treatment. Neuromast
counts were combined into a single average for each group. Stacked graph
shows mean number of DAPI-positive nuclei per neuromast, indicating those
cells co-labeled with FM1-43 {black; hair cells)-or FM1-43-negative (white;
supporting cells). Error bars represent SEM. Stars indicate p s 0.05. n = 15
control and 18 D,APT-treated neuromasts; hair cells, p < 0.0001 (unpaired, onetailed t-test); suppor:fing cells, p < 0.0001 (unpaired, one-tailed t-test). Hair cell
number increases at the expense of supporting cells after DAPT treatment, with
no change in total cell number within the neuromast.
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F. Temporal appearance and disappearance of ectopic hair cells from the
sensory epithelium.
Establishing a timeline of ectopic hair cell addition to the neuromast
provides a framework for determining the timecourse of ectopic hair cell
formation; i.e., how quickly ectopic hair cells are added to and begin to disappear
from the sensory epithelium. Ectopic hair cells can be consistently detected
within the neuromast after 2-3 days of DAPT treatment. However, following
treatment with DAPT for 4 days, DASPEI staining begins to return to control
levels (data not shown). I labeled hair cells with FM1-43 and counterstained with
DAPI as shown in Figure 22 to determine the timecourse of ectopic hair cell
addition to the sensory epithelium as well as their disappearance from the
neuromast. Hair cells, supporting cells, and total cells per neuromast were
quantitated at 1, 2, 3, and 4 days of DAPT (or vehicle) treatment and the results
are shown in Figure 24.
After 1 day of DAPT treatment, the number of hair cells, supporting cells,
as well as total cells per neuromast is similar to controls. Two days of DAPT
treatment results in a significant increase in hair cells and a significant decrease
in supporting cells per neuromast with no net change in total cell number.
Following 3 days of DAPT treatment, hair cells remain significantly increased
while supporting cells remain significantly decreased. However, there is a
significant net loss of cells per neuromast beginning at this timepoint. After 4
days of treatment with DAPT hair cells are still significantly increased and
supporting cells are significantly decreased. There is a significant net loss of
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cells per neuromast at this timepoint, which may indicate that ectopic hair cells
eventually undergo cell death. Additionally, supporting cells may not be replaced
by cell division as they differentiate into hair cells. Although I did not examine
changes in cell number past 4 days of DAPT treatment due to the lack of viability
of DAPT- and OM SO-treated embryos past this timepoint, it is possible that
supporting cells are later replaced by cell division. Alternatively, supporting cells
may not be replaced and these post-m"itotic hair cell precursors are depleted after
DAPT treatment.
Addition of ectopic hair cells to the sensory epithelium peaks (mean of 21
hair cells versus 11 in controls) at 3 days of DAPT treatment (Figure 24 ). If this
occurs by a mitotic mechanism, then I would also expect to see a significant
increase in the number of cells incorporating BrdU before or at this timepoint.
Although DAPT-treated fish have slightly more BrdU-positive nuclei per
neuromast at days 2 and 3 of DAPT treatment (Figure 19), the difference is not
significant and is insufficient to explain the number of hair cells added to the
sensory epithelium. Hair cell number remains doubled at 3 days of DAPT
treatment, and, after 4 days of DAPT treatment, although still significantly
increased compared to controls, is no longer doubled (Figure 24; mean of 17 hair
cells versus 11 in controls). Additionally, there are few cells within the neuromast
(less than 5) incorporating BrdU after 3 days of DAPT treatment (Figure 19).

..
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Figure 24. Temporal appearance and disappearance of ectopic hair cells from
the sensory epithelium.
Total DAPI-positive nuclei including those cells co-labeled with the hair cell
marker FM1-43 were counted in neuromasts P1, P2, and P3 of control and
DAPT-treated embryos on days 1, 2, 3, and 4 of DAPT (or vehiCle) treatment.
Neuromast counts were combined into a single average for each group. Stacked
graph shows mean number of DAPI-positive nuclei per neuromast, indicating
those cells co-labeled with FM1-43 (black; hair cells) or FM1-43-negative (white;
supporting cells). Error bars represent SEM. Stars indicate p s 0.05. Day 1, n

=

9 control and 9 DAPT-treated neuromasts. Day 2, n = 15 control and 18 DAPTtreated neuromasts; hair cells, p < 0.0001 (unpaired, one-tailed t-test); supporting
cells, p < 0.0001 (unpaired, one-tailed t-test). Day 3, n = 22 control and 37
DAPT-treated neuromasts; hair cells, p < 0.0001 (unpaired, one-tailed t-test);
supporting cells, p < 0.0001 (unpaired, one-tailed t-test); total cells, p = 0.0414
(unpaired, two-tailed t-test). Day 4, n = 17 control and 18 DAPT-treated
neuromasts; hair cells, p

=0.0007 (unpaired, one-tailed t-test); supporting cells, p

< 0.0001 (unpaired, one-tailed t-test); total cells, p = 0.0002 (unpaired, two-tailed
t-test). Hair cell number increases at the expense of supporting cells beginning
at 2 days of DAPT treatment, with no change in total cell number per neuromast.
At 3 and 4 days of DAPT treatment, hair cells remain significantly increased and
supporting cells are ·significantly decreased. There is a net loss of cells per
neuromast starting at 3 days of DAPT treatment.

IV. DISCUSSION
A. DAPT phenotype is restricted to the brass zebrafish mutant.
As mentioned previously, the brass zebrafish mutant was used as a
surrogate wild-type strain in all experiments. The embryonic pigment phenotype
of the brass mutant, formerly called go/den-2, was originally described to include
the presence of large melanophores (black or brown pigment-bearing cells)
having a light brown pigment as well as a brown-pigmented retina. In contrast,
the pigment phenotype of a wild-type embryo includes large, black melanophores
on the body and a black-pigmented retina. As an adult, the brass mutant exhibits
no black pigment, prominent rows of xanthophores (yellow pigment-bearing
cells), and deep ruby-red eyes; this is in contrast to the wild-type adult pigment
phenotype of rows of large, black melanophores on the body and fins and black
eyes (Haffter et al., 1996; Kelsh et al., 1996; Streisinger et al., 1986). Although
pigment cell morphology and survival are normal in the brass mutant, melanin
pigmentation is absent in the adult fish (Haffter et al., 1996; Link et al., 2004).
This is similar to another zebrafish mutant, brassy, in which melanophore number
is normal, but there is a defect in pigment synthesis or processing (Kelsh et al.,
1996). No other defects in the brass mutant have been reported to date.
Additionally, although the genetic lesion responsible for the brass phenotype has
been linked to chromosome 13, the gene has not yet been identified (Link et al.,
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2004; Postlethwait et al., 1994). Furthermore, the brass mutants used in our
facility have been inbred for over 20 generations.
Regeneration experiments as well as gamma secretase inhibitor
experiments were performed using the brass zebrafish mutant. In addition to

brass embryos, I have tested several wild-type strains, a transgenic strain with a
wild-type background, as well as the brass mutant crossed to a wild-type strain
(heterozygous for at least the brass allele; brass/+) for the DAPT phenotype. As
previously mentioned, in no case besides in homozygous brass embryos

(brass/brass) do I see the DAPT ectopic hair cell phenotype. Importantly, this
suggests that the brass mutation may enable these mutants to respond to DAPT
and, without prior ototoxic damage, produce ectopic hair cells in lateral line
neuromasts. Alternatively, there may be another mutation in these fish,
unrelated to the brass mutation, which enables hair cell precursors to
differentiate into hair cells in response to DAPT. It would be interesting to cross

brass heterozygotes (brass/+ x brass/+) and note the pigment phenotype of
embryos that respond to DAPT (if any) by forming extra hair cells. Crossing

brass heterozygotes (brass/+ x brass/+) should yield embryos in the following
ratios: 50% brass heterozygotes (brass/+), 25o/o wild-type (+/+ ), and 25% brass
homozygotes (brass/brass). Only brass homozygotes (brass/brass) would have
the brass pigment phenotype because the mutation is homozygous recessive,
and if these are the only embryos to respond to DAPT, then this suggests that
the brass mutation itself may confer the DAPT phenotype or segregate with
another mutation which enables the fish to form extra hair cells in response to
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DAPT. Alternatively, other embryos in the same clutch (besides brass
homozygotes) will respond to DAPT. This would suggest that the brass mutation
is unlinked to the DAPT phenotype, or that another mutation, which does not
segregate with the brass mutation, is responsible for the ability to form extra hair
cells. It remains unclear which of these outcomes is the case.

B. Correct polarity is not maintained in DAPT-treated neuromasts.
Because hair cell polarity is important for sensory function; i.e., the ability
of neuromasts to detect water currents (Lewis and Davies, 2002), I tested
whether ectopic hair cells are correctly oriented within lateral line neuromasts. It
is possible that as ectopic hair cells differentiate, they fail to establish correct
polarity as they are added to the neuromast, while pre-existing hair cells maintain
their correct polarity. If this is indeed the case, then ectopic hair cells could be
differentially identified from pre-existing hair cells based on their incorrect
polarity. Alternatively, DAPT treatment and the subsequent addition of ectopic
hair cells to the sensory epithelium may disrupt cell polarity in all hair cells,
disturbing the stereotyped polarity of the neuromast as a whole. My results
(Figures 16 and 17, Table 1) indicate that the individual hair cell polarities of the
entire neuromast are significantly different between control and DAPT-treated
fish. In fact, as previously mentioned, some DAPT-treated neuromasts are
composed of hair cells of opposite polarities than controls, while others are
composed of hair cells of random polarities. This is in contrast to the polarity of a
control neuromast, in which hair cells adopt polarities either parallel or
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perpendicular to the A-P axis, but are not composed of hair cells of mixed
polarities. My data indicate that the polarities of existing hair cells change as
extra hair cells differentiate, and few or none of the hair cells assume polarities
comparable to that of a control neuromast.
This phenotype is in contrast to that of the zebrafish mind bomb mutant
(Haddon et al., 1999). However, hair cell polarity in mind bomb was assessed in
the macular sensory patches of the inner ear, rather than in neuromasts of the
lateral line. As previously mentioned, the planar cell polarity of hair cells in
different types of sensory organs is arranged in different patterns (Lewis and
Davies, 2002). In the inner ear, neighboring hair cells adopt similar polarities and
polarity direction is "regionalized," meaning that regions of hair cells exist which
have similar polarities (Haddon et al., 1999). Although correct neuromast polarity
is not maintained following DAPT treatment, DAPT-treated embryos nevertheless
display PCP on the level of individual hair cells. This means that hair cells are
able to form polarized stereocilia and kinocilia, and that these structures form in
precise arrangement to one another on the apical surface of each hair cell, as
shown by phalloidin and acetylated tubulin labeling in Figure 16. However, PCP
in mind bomb mutant inner ear maculae appears normal, with neighboring hair
cells in mutant ears adopting polarities comparable to that of wild-type ears
(Haddon et al., 1999). In contrast, aggregate polarity in lateral line neuromasts is
disrupted following DAPT treatment, with hair cells in some DAPT-treated
neuromasts assuming opposite polarities than that of controls, and others
assuming random polarities. Perhaps the mechanisms that allow mind bomb
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mutant hair cells to adopt correct polarities do not operate within the neuromast
during formation of ectopic hair cells in DAPT-treated embryos.

C. Ectopic hair cells likely arise by a non-mitotic mechanism.
My data suggest that non-regenerating neuromasts in the brass zebrafish
mutant contain a population of precursor cells that are capable of differentiating
into hair cells i"n the presence of DAPT. Interestingly, the fact that hair cell
number is approximately doubled in DAPT-treated neuromasts suggests that the
number of these precursor cells is approximately equal to the number of existing
hair cells per neuromast. BrdU labeling experiments (indicating insufficient
number of proliferating cells to account for the hair cell number increase as well
as peripheral location of the proliferating cells within the neuromast) suggest that
these cells represent a population of post-mitotic precursors located in the
sensory epithelium. Evidence from these BrdU labeling experiments as well as
neuromast cell quantitations points to a non-mitotic mechanism for ectopic hair
cell formation in the brass zebrafish mutant. As previously reviewed, non-mitotic
hair cell regeneration has been reported in many non-mammalian vertebrates
(i.e., axolotl, frog, bird, and zebrafish) and the evidence for this mechanism has
relied primarily on the lack of BrdU labeling (or another cell proliferation marker)
in hair cells (Adler et al., 1997; Adler and Raphael, 1996; Baird et al., 2000;
Hernandez et al., 2007; Jones and Corwin, 1996; Roberson et al., 2004).
Although I have not shown definitively that ectopic hair cells never (or rarely)
incorporate BrdU, indicating that they are not derived from mitotic events, I have
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shown that the total number of cells incorporating BrdU within neuromasts of
DAPT-treated embryos is not significantly increased (Figure 19), indicating that
cell division is an unlikely mechanism for generating ectopic hair cells. In fact,
the number of BrdU-positive nuclei in DAPT-treated neuromasts is insufficient to
explain a doubling in hair cell number.
How can the addition of extra hair cells to the sensory epithelium be
accounted for, in the absence of a concomitant increase in cell proliferation?
Quantitation of cells in DAPT-treated embryos reveals changes in both hair cell
and supporting cell numbers. As shown previously (Figure 14), DAPT treatment
results in the doubling of hair cell number per neuromast. However, ,Figure 23
shows that this doubling is accompanied by a concomitant significant decrease in
supporting cell number, with no net change in the total number of cells per
neuromast. This key piece of data gives insight into the source of ectopic hair
cells. Because the supporting cell population is reduced after ectopic hair cells
have differentiated, with no gain of total cells in the sensory epithelium (total cell
number remains unchanged), this result suggests that ectopic hair cells
differentiate from the supporting cells themselves. As previously mentioned, a
mitotic mechanism predicts that, in response to DAPT, progenitors will divide to
produce extra hair cells and renew themselves, increasing the total number of
cells within the neuromast as a consequence of compensatory cell division. As
shown in Figures 19 and 23, this is not the case. Because newly-formed extra
hair cells in DAPT-treated neuromasts differentiate independent of a significant
increase in BrdU labeling within the neuromast (Figure 19) and arise at the
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expense of supporting cells (Figure 23), ectopic hair cell formation most likely
occurs by a non-mitotic mechanism. It remains unclear whether all supporting
cells in post-embryonic neuromasts of brass zebrafish are capable of
differentiating into hair cells under the appropriate stimulus (i.e., DAPT), or if
there is a dedicated population of post-mitotic hair cell precursors that are
currently indistinguishable from other supporting cells.
Alternatively, differences in cell death might explain the addition of extra
hair cells to the neuromast. As previously mentioned, neuromasts of the
zebrafish lateral line undergo active cell turnover, as a small number of hair cells
die and are replaced by compensatory cell proliferation within the neuromast
periphery (Williams and Holder, 2000). Perhaps DAPT treatment in brass
embryos prevents or reduces cell death during the normal turnover of hair cells,
thereby leading to the production of extra hair cells through the ongoing
compensatory mechanism existing within the neuromast. However, I did not
investigate neuromast cell death and this explanation remains unclear.

D. The role of Notch signaling during hair cell regeneration and precursor cell
maintenance.
Because most Notch mutations are embryonic lethal and embryos die
before formation of inner ear sensory epithelia, it is difficult to directly test the role
of Notch signaling during regeneration. As an alternative approach, I asked
whether a key regulator of Notch receptor processing, the gamma secretase
complex, is required for hair cell regeneration. I therefore used the gamma
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secretase inhibitor DAPT as a surrogate approach to bypass the embryonic
requirement of gene function and alter Notch signaling during regeneration.
Importantly, exposure of zebrafish embryos to DAPT, earlier during
neurogenesis, results in a classical Notch, or neurogenic, phenotype: too many
neurons form at the expense of adjacent (non-neuronal) cell fates (Geling et al.,
2002). As mentioned previously, several groups have recently used chemical
inhibitors of gamma secretase and TACE to block Notch signaling, resulting in
ectopic hair cell formation in the mammalian cochlea in vitro and in vivo (Hori et
al., 2007; Takebayashi et al., 2007; Yamamoto et al., 2006). Although this
implicates the involvement of Notch, a definitive role for the Notch pathway
cannot be demonstrated through the use of chemical inhibitors alone.
Additionally, conclusions cannot be drawn about the role of gamma secretase
activity in the absence of enzyme activity assays or measurements.
Nevertheless, use of a chemical inhibitor, which can be added to zebrafish larvae
after the embryonic requirement for Notch during neurogenesis, represents a
feasible and practical method of investigating the role of Notch signaling (or
gamma secretase) during hair cell regeneration. In this thesis I have outlined
evidence that the number of hair cells in undamaged, non-regenerating
neuromasts doubles in the presence of DAPT. Importantly, these ectopic hair
cells are produced at the expense of neighboring cell fates.
Recent evidence suggests that Notch signaling plays a role during the
process of hair cell regeneration in zebrafish (Ma et al., 2008). Specifically, Ma
et al. propose that Notch signaling normally functions to restrict the number of
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hair cells that are regenerated after neomycin-induced hair cell death. Treatment
with the gamma secretase inhibitor DAPT during regeneration results in excess
regenerated hair cells that are nearly all mitotic in origin, indicating that Notch
signaling (or gamma secretase) likely functions to prevent excess hair cell
regeneration by limiting supporting cell proliferation. In contrast to my own data,
the authors find that DAPT treatment in otherwise healthy, non-regenerating
embryos has no effect.
Ma et al. find that, following treatment with 400

~M

neomycin, 50% of

regenerated hair cells are BrdU-positive 24 hours post neomycin and by 48 hours
post neomycin, 70% of regenerated hair cells are BrdU-positive, indicating that
hair cells are regenerated primarily through a mitotic mechanism (Ma et al.,
2008). Furthermore, approximately 3-5 BrdU-negative hair cells per neuromast
are typically seen between 2-48 hours after neomycin, and the authors propose
that these hair cells were either too immature to be damaged by neomycin or that
they represent hair cells that differentiated from post-mitotic precursors. Their
data indicate that peak supporting cell proliferation occurs between 12-21 hours
post neomycin and that regeneration is nearly complete by 72 hours following
neomycin-induced hair cell death (Ma et al., 2008).
Because the number of regenerated hair cells after 72 hours is similar to
the initial number of hair cells in the neuromast before neomycin treatment, this
suggests a mechanism to restrict the number of hair cells regenerating following
hair cell death. The authors therefore investigated the Notch signaling pathway
due to its involvement during initial hair cell and su.pporting cell fate specification.
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They find that expression of notch3 mRNA is upregulated between 12-24 hours
post neomycin, similar to my results shown in Figure 11. Although I investigated
expression of notch5/3 mRNA earlier during regeneration, I find that notch5/3
mRNA expression is lost 3 hours post neomycin, begins to be expressed as early
as 6 hours post neomycin, and is increased at 12 hours post neomycin.
Additionally, Ma et al. find that expression of Notch signaling components deltaA
and atoh1a are also upregulated during regeneration, within the first 24 hours
following neomycin treatment (Ma et al., 2008). afoh1a is expressed by lateral
line hair cell precursors before differentiation (ltoh and Chitnis, 2001) and is
upregulated during regeneration. Interestingly, deltaA expression is localized to
a few supporting cells surrounding the hair cells and because de/faA has been
reported to be progressively restricted to cells as they assume a hair cell fate
(ltoh and Chitnis, 2001 ), these de/faA-positive cells are thought to be hair cell
precursors. However, it is not known whether these de/faA-expressing
supporting cells are mitotic hair cell progenitors or whether they represent postmitotic hair cell precursors.
As previously mentioned, the authors used the gamma secretase inhibitor
DAPT to investigate the role of Notch signaling during hair cell regeneration (Ma
et al., 2008). In contrast to my results (Figure 12), they find that embryos
regenerating in the presence of DAPT have excess regenerated hair cells that
are nearly all mitotic in origin at 48 and 72 hours post neomycin. Although I did
n~t

investigate BrdU incorporation during regeneration, I find that DAPT-treated

embryos regenerate the correct amount of hair cells as qualitatively assessed by
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DASPEI staining at 24 and 48 hours post neomycin. Unlike Ma et al., I did not
assess hair cell regeneration 72 hours post neomycin because our regeneration
timecourse is faster (complete by 24-36 hours post neomycin versus 72 hours
post neomycin). As previously reviewed, the Notch signaling pathway operates
during embryogenesis to specify the correct number and pattern of hair cells
within the sensory epithelium and may function similarly in the post-embryonic
neuromast during continued hair cell addition and/or regeneration. For example,
following the neomycin-induced loss of hair cells, which laterally inhibit
neighboring supporting cells from adopting hair cell fates, perhaps the
mechanism of lateral inhibition breaks down (as suggested by the absence of
Notch receptor mRNA transcription 3 hours post neomycin treatment in Figure
11 B) and must operate again during hair cell regeneration, as hair cells are again
specified from the population of remaining supporting cells. If the gamma
secretase inhibitor DAPT does alter Notch signaling in regenerating neuromasts,
my data indicate that Notch-mediated lateral inhibition may not be a mechanism
to regulate hair cell number during regeneration, in contrast to the conclusions of
Ma et al. As previously mentioned, perhaps this is because the death/loss of hair
cells from the sensory epithelium temporarily relieves lateral inhibition, which is
restored after hair cell regeneration. In this case, the action of DAPT as a Notch
inhibitor during regeneration would be redundant and the results of Figure 12 are
not surprising.
There are several key differences in my experiments that may explain the
contrasting results seen in the Ma et al. paper. Perhaps the most important is
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the zebrafish strain used. As previously discussed, I have observed that the
DAPT ectopic hair cell phenotype only occurs in the brass zebrafish mutant. In
addition, hair cell regeneration experiments performed in our laboratory are also
done in the brass mutant. In contrast, Ma et al. use the wild-type AB zebrafish
strain. There are also differences in media and doses used. These authors use
twice the dose of neomycin (400 IJM versus 200 IJM) as well as half the dose of
DAPT (50 IJM versus 1QO IJM) of that used in our laboratory. Similar to the work
of Hernandez et al., in which high doses of copper induce proliferative hair cell
regeneration and lower doses induce non-mitotic regeneration (Hernandez et al.,
2007), it is possible that the higher neomycin dose used by Ma et al. causes
damage to or destroys post-mitotic hair cell precursors, thereby causing
regeneration to proceed through a mitotic mode. An easy way to begin to
address this issue would be to label hair cells with the FM 1-43 marker and all
nuclei with DAPI, as I have shown in Figure 22, and perform cell quantitations at
several timepoints directly proceeding neomycin treatment. If neomycin is killing
only hair cells, then any loss of cells from the neuromast should be accounted for
by the loss of hair cell marker alone (no loss of supporting cells). However, if the
higher dose of neomycin kills post-mitotic precursors (or any other cell type) in
addition to hair cells, then there should be a loss of cells from the neuromast
above that which can be explained by the loss of hair cell marker (loss of
supporting cells). Although these authors use half the dose of DAPT as well as a
different embryo medium (1 mM MgS04, 120 IJM KH2P04, 74 IJM Na2HP04, 1
mM CaCI2, 500 IJM KCI, 15 IJM NaCI, 500 IJM NaHC03), I have recently tested
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their dose of DAPT using their embryo medium in the brass mutant and find that
hair cell number doubles in lateral line neuromasts. This indicates that the most
likely reason for the differences in our results lies in the fish strain used.
Interestingly, although the DAPT phenotype (extra hair cells at the
expense of supporting cells) appears to be limited to the brass mutant in
zebrafish, a similar result has been reported in the embryonic mouse cochlea.
Using a fetal mouse cochlear culture system, Takebayashi et al. show that hair
cell number can be increased using chemicals that inhibit the Notch signaling
pathway through two different mechanisms: the gamma secretase inhibitor DAPT
and the TACE inhibitors TAPI-1 and TAPI-2 (Takebayashi et al., 2007).
Importantly, DAPT was able to prevent translocation of the Notch intracellular
domain (NICD) into the nucleus as well as to decrease Notch target gene
expression (Hes1, HesS). While these controls do not directly examine the effect
of these inhibitors on enzyme activity, they provide a biological readout of the
effect on the Notch signaling pathway. The authors show that hair cell number is
increased in the cochlea at the expense of supporting cells and that hair cells do
not incorporate BrdU, indicating a non-mitotic mechanism (Takebayashi et al.,
2007). This is in agreement with my data and indicates that the same postmitotic hair cell precursors that I propose are under negative regulation by
gamma secretase also exist within the fetal mammalian cochlea. Recently, Hori
et al. have shown that local, continuous application of the gamma secretase
inhibitor MDL28170 into the mature guinea pig cochlea following ototoxic
damage induces ectopic hair cell formation in vivo (Hori et al., 2007). Another
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group has shown that application of this gamma secretase inhibitor is able to
induce ectopic hair cell formation in a postnatal mouse cochlear culture system,
without prior ototoxic damage (Yamamoto et al., 2006). These results indicate
that hair cell precursors persist past embryogenesis in mammalian auditory
epithelia, laying the framework for future strategies aimed at reactivating
quiescent hair cell precursors in mammals.

E. Scope and limitations of the present studies.
In this thesis, I have presented evidence suggesting that that there is a
subpopulation of supporting cells within lateral line neuromasts of brass zebrafish
that serve as post-mitotic hair cell precursors. Non-mitotic hair cell regeneration
through the differentiation of post-mitotic precursor cells has been reported in
many non-mammalian vertebrates, including axolotl, frog, bird, and zebrafish
(Adler et al., 1997; Adler and Raphael, 1996; Baird et al., 2000; Hernandez et al.,
2007; Jones and Corwin, 1996; Roberson et al., 2004). In fact, mitotic and nonmitotic pathways have been shown to occur together in many non-mammalian
vertebrates as complementary mechanisms of hair cell regeneration. However,
the concept of dedicated, tissue-specific progenitor cells extends outside the
scope of hair cell regeneration. Such progenitor cells exist within many tissues
that regularly undergo turnover, including the hair follicle bulge, gut epithelium,
and olfactory epithelium, and these cells contribute to the renewal of the tissues
in which they reside (Alonso and Fuchs, 2003; Blanpain et al., 2007; Fuchs,
2008; Moore and Lemischka, 2006; Schwab, 2002; Tumbar et al., 2004).
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Furthermore, evidence for the conversion of post-mitotic, terminally differentiated
precursor cells into another cell type, referred to as transdifferentiation, has been
shown in retina, lens, pancreas, and hair cell regeneration models (Tsonis,
2007b).
As previously mentioned, it has recently been shown that hair cell
precursors persist past embryogenesis in the mammalian cochlea (Hori et al.,
2007; Yamamoto et al., 2006), providing the framework for therapeutic strategies
designed to reactivate resident precursors to differentiate into hair cells. For
example, perhaps manipulation of proteins involved in cell cycle exit and terminal
differentiation could provide a means of inducing hair cell regeneration in
mammals. As previously mentioned, deletion of the cell cycle regulator p27kip 1
(Chen and Segil, 1999; Lowenheim et al., 1999) or the tumor suppressor protein
Rb1 (Mantela et al., 2005; Sage et al., 2005) from the mammalian inner ear
results in continued cell proliferation and the production of excess hair and
supporting cells, in the case of p27kip 1 deletion, and delayed exit from the cell
cycle, excess production of hair cells during embryogenesis, and ectopic cell
proliferation postnatally, in the case of Rb1 deletion. However, dysregulation of
the cell cycle and unregulated cell proliferation can also have negative
consequences, such as tumor formation. Therefore, the identification of postmitotic hair cell precursors and investigation into the mechanisms regulating their
differentiation into hair cells represents the first step into a more elegant and
potentially safer solution to regenerating hair cells in mammals.
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Although I have been unable to consistently label hair cells during BrdU
experiments, my data indicate that the amount of BrdU incorporation in the
neuromast as a whole is insufficient to account for the number of extra hair cells
formed. Alternatively, there may exist within the neuromast a population of
rapidly dividing supporting cells, which give rise to ectopic hair cells.
Consequently, over the course of the BrdU chase period, the BrdU label may
become diluted out in the progeny of these rapidly dividing cells through
successive cell divisions to the point of being undetectable by our assay. One
way to determine this would be to use a more sensitive marker of cell
proliferation, such as tritiated thymidine, which could be detected by
autoradiography in cells derived from proliferative events. This possibility
remains unclear.
My data indicate that the differentiation of post-mitotic precursor cells into
hair cells within lateral line neuromasts of brass zebrafish is likely under negative
regulation by Notch or gamma secretase. However, I have not assessed
changes in gamma secretase enzyme activity or Notch signaling pathway
components and therefore cannot speculate about the actions of the DAPT
inhibitor on any aspect of the Notch pathway. Instead, I have focused on the
effect of DAPT treatment on lateral line hair cells and the mechanism by which
ectopic hair cells are formed. Although changes in gamma secretase activity
have not been shown, DAPT is presumed to be an inhibitor of gamma secretase
and has been accepted as a Notch inhibitor in the literature (Ma et al., 2008;
Takebayashi et al., 2007). Therefore, Notch signaling (or gamma secretase)
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may restrict these post-mitotic precursor cells, which are capable, in the
presence of DAPT, of differentiating directly into hair cells without an intervening
mitotic event. Furthermore, my data indicate that ectopic hair cells are formed at
the expense of supporting cells. In addition, hair cell regeneration experiments in
our laboratory, performed in the brass mutant, also suggest the presence of postmitotic precursors, as we find that hair cell regeneration is non-mitotic. Although
the exact identity of these cells remains unknown, they likely represent a
subpopulation of supporting cells since these cells are depleted as hair cells are
formed in the presence of DAPT.
It is currently unclear whether post-mitotic precursors are permanently
depleted following induction of ectopic hair cell formation, or if they are later
replaced by compensatory supporting cell proliferation. One way to determine
this would be to treat fish with repeated rounds of DAPT and ask whether hair
cell number doubles following prior treatments with the inhibitor. Additionally,
BrdU incorporation could be examined at later timepoints following DAPT
treatment to determine if compensatory cell proliferation occurs. Another
question is whether the hair cell precursors that give rise to ectopic hair cells in
the presence of DAPT are the same putative post-mitotic precursors responsible
for non-mitotic hair cell regeneration observed in brass zebrafish in our
laboratory. One way to test this would be to treat fish with repeated rounds of
neomycin (to induce regeneration) and DAPT (to induce ectopic hair cell
formation) and ask whether prior non-mitotic hair cell regeneration transiently or
permanently depletes post-mitotic precursors, effectively abolishing the ability of
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the fish to respond to DAPT. Alternatively, different populations of post-mitotic
hair cell precursors may exist or be renewed through compensatory cell
proliferation, allowing both processes to occur. However, I have attempted all of
these experiments and, as previously stated, embryo viability is negatively
affected by continuous treatment with DAPT, DMSO, neomycin, or BrdU, making
these types of experiments difficult.
Hair cell number is no longer doubled following 4 days of DAPT treatment
(Figure 24), and the fate of ectopic hair cells remains unknown. Perhaps these
cells die; alternatively, ectopic hair cells may de-differentiate back into postmitotic hair cell precursors or supporting cells. However, this is unlikely because
total cell number is diminished at 3 and 4 days of DAPT treatment (Figure 24).
Hair cells in the zebrafish mind bomb mutant, in which a failure of Notchmediated lateral inhibition results in the exclusive overproduction of hair cells at
the expense of all supporting cells in the inner ear, are eventually expelled from
the otic epithelium after 1-2 days (Haddon et al., 1999). The authors conclude
that supporting cells are necessary not for hair cell production or survival, but
rather for structural support within the sensory epithelium so that the ectopic hair
cells in the mind bomb inner ear fail to adhere to surrounding epithelial cells and
form a basal lamina. However, following treatment with DAPT, supporting cells
remain in the neuromast after hair cell number doubles, despite decreasing in
number. In the absence of cell death assays, quantitation of cells alone is not
enough to determine the fate of ectopic hair cells. The fate of these cells
remains unclear.
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As mentioned previously, sensory hair cells are innervated by SGNs and
these neurons degenerate when hair cells are destroyed (Carnicero et al., 2002;
Martinez-Monedero and Edge, 2007; Sekiya et al., 2003). Therefore, one
additional barrier to the restoration of hearing function following ototoxic insult,
besides regeneration of the hair cells themselves, is reinnervation by SGNs.
Although I have not tested innervation of ectopic hair cells in DAPT-treated
embryos, I have observed that these embryos are responsive to a tap on their
dish, a behavior that depends on a functioning lateral line system. This seems
contradictory in light of the polarity data, indicating that correct neuromast polarity
is not maintained in DAPT-treated fish; however, perhaps some hair cells are
correctly polarized and receive innervation, allowing the fish to respond to a tap
on their dish. It remains unclear whether ectopic hair Cells themselves receive
innervation, or if innervation of existing (non-ectopic) hair cells within the
neuromast allows for the functionality of the neuromast.

F. Model: Post-mitotic precursor cells in brass lateral line neuromasts directly
give rise to ectopic hair cells in the presence of DAPT.
My data show that ectopic hair cells differentiate in response to DAPT
treatment in brass lateral line neuromasts. Furthermore, these ectopic hair cells
likely differentiate from post-mitotic precursors as evidenced by an insufficient
increase in BrdU labeling to account for the increase in hair cell number (Figure
19). Formation of ectopic hair cells occurs at the expense of supporting cells
(Figure 23), a phenomenon similar to a neurogenic phenotype. The fact that
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DAPT-treated embryos have twice the normal number of hair cells gives useful
insight into the number of precursors residing within the neuromast. In order for
hair cell number to double without any intervening mitoses, the number of postmitotic precursors would likely equal the number of hair cells existing within the
neuromast. As shown in Figure 25, panel A illustrates a neuromast composed of
three cell populations: hair cells, supporting cells, and post-mitotic precursor
cells, a sub population of total supporting cells. I propose that these precursors,
normally kept in check by Notch or gamma secretase, are competent to
differentiate directly into hair cells in the presence of DAPT. This occurs without
an intervening mitotic event, and with no gain or loss of total cells within the
neuromast (Figure 23). Taken together, my data provide evidence that there is a
subpopulation of supporting cells within lateral line neuromasts that serves as
post-mitotic hair cell precursors, and that these precursor cells are likely under
negative regulation by Notch or gamma secretase.
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Figure 25. Model: Post-mitotic precursor cells in brass latera/line neuromasts
directly give rise to ectopic hair cells in the presence of DAPT.
(A) Neuromast depicting hair cells (green), supporting cells (light blue), and postmitotic precursor cells (dark blue), which are equal in number to the number of
existing hair cells. (B) Proposed DAPT mechanism of action. In the presence of
DAPT, a post-mitotic hair cell precursor directly differentiates into a hair cell
without dividing. Hair cell number doubles at the expense of these precursors,
with no net gain or loss of cells from the neuromast.

V. SUMMARY
The permanent loss of mechanosensory hair cells in mammals due to
ototoxic insult is a primary cause of deafness, hearing impairment, and balance
disorders. A major goal of the hearing research field is therefore to ameliorate
hair cell damage and loss and identify potential therapies to replace or
regenerate lethally damaged hair cells in the mammalian inner ear.
Although hair cell regeneration in the mammalian cochlea does not occur,
several non-mammalian vertebrates possess the robust capacity to replace
lethally damaged sensory hair cells. Animals such as birds, amphibians, and fish
not only regenerate the missing cell type, but they also reestablish neuronal
connections between the new sensory cell and the brain, completely restoring
sensory and behavioral functions. These model systems are being investigated
with the goal of identifying the molecules and mechanisms sufficient for hair cell
regeneration, which are likely to form the basis of gene therapies that may one
day enable hair cells to be replaced in mammals.
With this long-term goal in mind, I have exploited the experimental
features of zebrafish to approach the mechanisms regulating hair cell number
and precursor maintenance in lateral line neuromasts. I have presented
evidence that a population of post-mitotic hair cell precursors exists within
neuromasts of the zebrafish brass mutant, and that these precursors can be
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induced to differentiate into hair cells in the presence of the gamma secretase
inhibitor DAPT. Further characterization of these precursor cells and a more
thorough understanding of the mechanisms that regulate their formation or
differentiation would provide the framework for future therapies that may one day
enable similar precursors to replace missing hair cells in the mammalian inner
ear.
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