
 

 
 
 

© Copyright 2018 
 

Sarah B. Pickett 
  



 

 

Mitochondria in the life and death of mechanosensory hair cells 
 
 
 

Sarah B. Pickett 
 
 
 
 

A dissertation 
 

submitted in partial fulfillment of the 
 

requirements for the degree of 
 
 
 

 Doctor of Philosophy 
 
 
 
 

University of Washington 
 

2018 
 
 
 
 

Reading Committee: 
 

David Raible, Chair 
 

David Perkel 
 

Jennifer Stone 
 
 
 
 
 

Program Authorized to Offer Degree:  
 

Neuroscience 
  



 

University of Washington 
 

Abstract 
 

Mitochondria in the life and death of mechanosensory hair cells 
 

Sarah B. Pickett 
 
 

Chair of the Supervisory Committee: 

Professor David Raible 

Department of Biological Structure 

 
 

Hair cells are mechanosensory receptors found in the inner ear that mediate hearing and balance. 

In humans, damage and death of these cells is an underlying cause of hearing loss. Given the 

high prevalence of hearing loss, understanding the biology of these sensory cells continues to be 

an important endeavor to inform therapeutic strategies. The zebrafish has become a valuable 

model organism for advancing these efforts. In addition to hair cells of the inner ear, zebrafish 

also possess superficial hair cells of the lateral line sensory system, a sense devoted to detection 

of directional water flow. In combination with other advantages of the zebrafish model, the 

location of these hair cells has facilitated investigations of both normal hair cell function as well 

as mechanisms of hair cell death in vivo. In the following pages, I discuss the zebrafish as an 

auditory system model, highlighting structural and functional similarities between lateral line and 

cochlear hair cells, including selective susceptibility to environmental toxins. I then focus on a 

new investigation, relying on zebrafish to explore mitochondrial activity in lateral line hair cells. 

While this work is motivated by evidence demonstrating that mitochondria play a prominent role 

in hair cell damage and death, it begins to fill a gap in our understanding of how mitochondria 

function in response to normal cell activity. More specifically, I report on mitochondrial calcium 



 

flux and oxidation, finding that both are regulated by mechanotransduction. I also examine 

whether variation in mitochondrial activity reflects differences in vulnerability of hair cells to the 

toxic drug neomycin. Overall, this study reveals a relationship between hair cell activity, 

mitochondrial activity, and susceptibility to damage.   
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Chapter 1. INTRODUCTION 

Hearing loss is a very common health issue, affecting over 30 million people in the US (Goman 

and Lin 2016). It can be caused by a number of factors including genetic disease, aging, loud 

noise exposure, and ototoxic compound exposure, each of which can lead to the dysfunction or 

loss of the sensory receptors that mediate hearing, the mechanosensory hair cells (Wong and 

Ryan 2015). The work presented in this thesis is motivated by understanding how normal hair 

cell functions are disrupted in damage and disease. My research identifies mitochondria as an 

essential factor in both hair cell life and death and relies on some particular advantages of using 

zebrafish as a model system to investigate hair cell biology. In the following chapter, I provide 

brief background on the sensory structures devoted to hearing in both mammals and fish. I then 

review a study of hair cell death that motivated my thesis work. In addition, I provide a roadmap 

of the subsequent chapters. 

1.1 HEARING IN MAMMALS AND FISH 

The sensory structures devoted to hearing vary across vertebrates and are housed within the bony 

labyrinth of the inner ear. In mammals, sound detection is mediated by cells in the organ of Corti 

within the spiraled, bony cochlea. In order for sound detection to take place, sound waves 

entering the ear are converted into mechanical movements. This occurs first via vibration of the 

eardrum coupled to the middle ear bones. Vibration of the middle ear bones is transmitted to the 

cochlea leading to displacement of cochlear fluid and the basilar membrane (Figure 1.1). 

Displacement causes the physical stimulation of the hair cells that reside atop the basilar 

membrane, which transduce the mechanical motion into electrical responses (Fettiplace and 

Hackney 2006; Ekdale 2016). Hair cells are arranged tonotopically along the cochlea: cells at the 
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base of the cochlea are tuned to higher frequency sounds and cells at the apex of the cochlea are 

tuned to lower frequency sounds. Hair cell frequency tuning is largely mediated by the structural 

properties (e.g., size and stiffness) of the basilar membrane. Cochlear hair cells can also be 

classified into two distinct types with different characteristics and innervation: inner and outer 

hair cells (Figure 1.1B). While inner hair cells are the primary sound sensors, outer hair cells 

serve as sound amplifiers (Fettiplace and Hackney 2006; Ekdale 2016). Mammalian vestibular 

sensory structures are also housed within the inner ear and, similarly, contain mechanosensory 

hair cells that mediate vestibular sensation. However, the focus of the work presented in this 

thesis is primarily devoted to modeling the auditory system.  

Like mammals, fish also rely on inner ear structures for hearing. Fish hearing is mediated 

by the otolith organs, which include the utricle, saccule, and lagena. Mammalian otolith organs 

(utricle and saccule), by contrast, are devoted exclusively to vestibular function. The hair cell 

epithelia of these organs are situated beneath a calcium carbonate crystal, or otolith. Sound 

causes the body of the fish to move, but since otoliths are much denser than the body of the fish, 

they move more slowly. This difference in movement leads to mechanical stimulation of the hair 

cells (Popper and Fay 1993; Nicolson 2017). Some fish, including zebrafish, possess an 

additional specialization for hearing. The Weberian ossicles are small bones that transfer sound-

induced vibrations from the swim bladder to the inner ear, serving to amplify sound (Fay and 

Popper 1974; Popper and Fay 1993). 

In addition to the inner ear, fish (and amphibians) possess hair cells of another sensory 

system, the lateral line. Lateral line sensory organs, or neuromasts, are small clusters of hair cells 

and non-sensory support cells found along the surface of the animal (see Figure 2.1). In some 

fish species, neuromasts can also be found within open canals beneath the skin (Dijkgraaf 1963; 
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Webb 2013). Hair cells of both superficial and canal neuromasts are physically stimulated by 

external water flow. Fluid movement detection via the lateral line is required for fish orientation 

and navigation, as well as for predator avoidance and schooling behaviors (Bleckmann 2008; 

Webb 2013). 

Auditory and lateral line hair cells share many structural and functional similarities, 

despite conveying information about distinct sensory modalities. Notably, due to the accessibility 

of the zebrafish superficial neuromasts, studies using the lateral line can more easily address 

questions of hair cell function and susceptibility, especially in vivo. In Chapter 2, I review 

conserved hair cell features and the contributions of zebrafish studies to our understanding of 

hair cell biology and human hearing disorders. 

1.2 MECHANOSENSORY HAIR CELL DYSFUNCTION AND THE IMPORTANCE OF 

MITOCHONDRIA 

One of the many similarities shared by zebrafish lateral line and mammalian inner ear hair cells 

is their response and susceptibility to aminoglycoside antibiotic exposure. Dying hair cells of 

both taxa generate reactive oxygen species (ROS) in response to aminoglycoside treatment 

(Clerici et al. 1996; Jiang et al. 2005; Choung et al. 2009; Esterberg et al. 2016) and are modestly 

protected by ROS reduction, either through antioxidant treatment or expression of ROS-

neutralizing enzymes (e.g., catalase) (Sha and Schacht 2000; Sha et al. 2001a, b; McFadden et al. 

2003; Kawamoto et al. 2004; Jiang et al. 2005; Ton and Parng 2005; Someya et al. 2009, 2010; 

Chen et al. 2013). My thesis was motivated in part by a recent study examining ROS in lateral 

line hair cells, in which we probed the origin of hair cell ROS and its role in aminoglycoside-

induced hair cell death (Esterberg et al. 2016). The major findings of the study are described 

below (I was a contributing author to this work). 
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To monitor hair cell oxidation in vivo, two fluorescent indicators were used: the ROS 

indicator dye, CellROX (Figure 1.2), and hair cell specific expression of the dynamic reporter, 

HyPer (Belousov et al. 2006). Fluorescence was measured in living and dying cells following 

treatment with a low dose of the aminoglycoside antibiotic neomycin (Figure 1.3). Consistent 

with previous studies, neomycin treatment led to a significant increase in in the fluorescence of 

both indicators in dying cells, demonstrating an increase in cytoplasmic ROS. Some surviving 

cells also exhibited elevated ROS (Figure 1.3). Since mitochondria are considered to be one of 

the greatest producers of ROS in cells, mitochondrial oxidation was also monitored. To detect 

and visualize ROS in the organelles, hair cells were loaded with mitoSOX, a fluorescent 

indicator targeted to the mitochondria. An increase in MitoSOX fluorescence in dying cells 

revealed that mitochondrial ROS increases with neomycin-induced cell death. Evidence from 

subsequent experiments suggested that cytoplasmic ROS results from mitochondrial ROS 

production, which is driven by mitochondrial calcium uptake.  

 If mitochondria are the primary source of cytotoxic ROS increases during neomycin 

exposure, we predicted that specifically decreasing mitochondrial ROS would promote hair cell 

survival. We tested this through the use of an ROS scavenger targeted to the mitochondria 

(mitoTEMPO), compared to a general ROS scavenger (TEMPOL), in combination with 

neomycin treatment. Unlike TEMPOL, mitoTEMPO reduced both mitochondrial and 

cytoplasmic ROS and conferred significant hair cell protection against neomycin exposure. 

mitoTEMPO treatment also reduced ROS elevation and cell death caused by pharmacologically 

increasing mitochondrial calcium accumulation. These data suggest that oxidative changes in 

mitochondria play a key role in aminoglycoside-induced hair cell death.  
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 Two questions arose from this study. First, what differentiates surviving cells from those 

that die? As observed in other studies, not all lateral line hair cells succumbed to low doses of 

neomycin (e.g., 50 µM); however, all cells are ultimately susceptible, as higher doses can be 

used to kill nearly 100% of the cells (Harris et al. 2003). Additionally, some surviving hair cells 

exhibited increased fluorescence of ROS indicators, indicating that elevation of ROS is not 

always cytotoxic. It is unclear why these cells are less susceptible. Second, beyond responding to 

hair cell damage, how do mitochondria respond to normal hair cell activity? While a growing 

body of literature has described mitochondrial stress and dysfunction during hair cell insult, 

research investigating mitochondrial activity and dynamics during normal hair cell function is 

remarkably sparse. As cells that constantly receive and filter sensory input, hair cells – like other 

neuronal cells – likely have a high metabolic demand (Niven and Laughlin 2008). Mitochondria, 

well known as the “power house of the cell,” are crucial to sustain such demand through the 

generation of ATP; yet, as a byproduct of this process, mitochondria also produce ROS (Murphy 

2009). If, as in damage conditions, mitochondria are major producers of ROS during normal hair 

cell function, perhaps differences in mitochondrial stress across cells contributes to hair cell 

susceptibility. The relationship between hair cell activity, mitochondrial activity, and cell death 

is explored in Chapter 3.   

1.3 SUMMARY AND THESIS OVERVIEW 

In subsequent chapters of this work, I describe and build on the history of zebrafish as a model 

organism with which to study hair cell activity and death. Chapter 2 provides an overview of hair 

cell function with a particular emphasis on the contributions of zebrafish studies to our 

understanding of hair cell functional development, activity, and hearing loss. In Chapter 3, I 

explore the influence of hair cell activity on mitochondrial activity and present evidence to suggest 
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that likelihood of hair cell death increases with cumulative mitochondrial stress. In the final 

chapter, I suggest future studies in which the zebrafish lateral line would continue to confer unique 

advantages for understanding the connection between sensory cell activity and mitochondrial 

behavior.  
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1.4 FIGURES 

 
 

 
Figure 1.1. Anatomy and cellular structure of the inner ear. 
 
(A) Schematic of the human ear. Sound waves cause vibration of the tympanic membrane 
(eardrum), which is conducted through three small bones (malleus, incus, and stapes) and 
transmitted to the cochlea. Adapted from Figure 1 in Chittka and Brockmann 2005. Creative 
Commons Copyright © 2005, Chittka and Brockmann. (B) Schematized cross-section through 
the organ of Corti within the cochlea. Sound-induced displacement of cochlear fluid and the 
basilar membrane causes deflection of the hair cell bundles, thus stimulating the cells. Hair cell 
sensory input is transmitted to the brain through afferent neurons of the VIIIth cranial nerve (also 
shown in A). Redrawn with permission from Figure 2 in Fettiplace and Hackney 2006. 
Copyright © 2006, Springer Nature. 
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Figure 1.2. ROS increases in lateral line hair cells following neomycin treatment. 
 
Frames from a time-lapse imaging video acquired from a transgenic [Tg(atoh1a:tdTomato)] fish 
labelled with CellROX and treated with 50 µM neomycin. CellROX fluorescence is shown as a 
heat map and tdTomato-positive cells are shown in gray scale. Time = minutes:seconds 
following neomycin addition. Scale bar = 20 µm. Figure adapted with permission from Esterberg 
et al. 2016. Copyright © 2016, American Society for Clinical Investigation. 
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Figure 1.3. ROS increase in hair cells following neomycin exposure indicated by CellROX. 
 
Normalized fluorescence intensity of individual cells labeled with CellROX that (A) die 
following 50 µM neomycin treatment, or (B) survive following treatment. Each colored line 
represents an individual cell and the dotted line corresponds with pre-treatment baseline 
fluorescence (F/F0 = 1). (C) Plot of the maximum change in CellROX fluorescence in living or 
dying cells exposed to 50 µM neomycin. Maximum fluorescence is also shown for cells treated 
with xanthine oxidase and its substrate xanthine, which is known to generate ROS. Horizontal 
line and error bars = mean ± 1 SEM. Individual points represent mean neuromast fluorescence 
measured from fewer than 5 cells per neuromast and 1 to 3 neuromasts per animal. Figure 
adapted with permission from Esterberg et al. 2016. Copyright © 2016, American Society for 
Clinical Investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

p<0.001

p<0.01
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Chapter 2. WATER WAVES TO SOUND WAVES: USING 

ZEBRAFISH TO EXPLORE HAIR CELL BIOLOGY 

The contents of this chapter will be submitted for publication with the following authors:  
Sarah B. Pickett and David W. Raible 
 

2.1 ABSTRACT 

Although perhaps best known for their use in developmental studies, over the last couple of 

decades zebrafish have become increasingly popular model organisms for investigating auditory 

system function and disease. Like mammals, zebrafish possess inner ear mechanosensory hair 

cells required for hearing, as well as superficial hair cells of the lateral line sensory system, 

which mediate detection of directional water flow. Complementing mammalian studies, 

zebrafish have been used to gain significant insights into many facets of hair cell biology, 

including mechanotransduction and synaptic physiology as well as mechanisms of both 

hereditary and acquired hair cell dysfunction. Here we provide an overview of this literature, 

highlighting some of the particular advantages of using zebrafish to investigate hearing and 

hearing loss.  

2.2 INTRODUCTION 

Hearing loss is extremely common in the United States, affecting nearly 1 in 4 individuals over 

the age of 12 (Goman and Lin 2016).  Not only is it pervasive, hearing loss often occurs with a 

pattern that is particularly problematic for communication. For example, many individuals 

experience high frequency hearing loss before low frequency hearing loss. Since consonant 

speech sounds (e.g. “s”) have higher frequencies, with just mild or moderate hearing loss, the 

ability to perceive speech without amplification is dramatically reduced (Centers for Disease 
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Control and Prevention, 2015). The organ devoted to hearing is housed within a bony inner ear 

structure known as the cochlea. Despite being protected by this structure, cochlear cells are 

highly susceptible to genetic disease and environmental toxicity. Understanding the biology of 

auditory cells and the mechanisms of cell damage are critically important for considering new 

preventative and restorative treatments for hearing impairment.  

 Hair cells, the sensory cells that mediate hearing and balance, are mechanosensory 

receptors that transduce mechanical stimulation into electrical responses (Eatock et al. 2006). 

Hair cells synapse with afferent neurons that convey auditory information to the brain. 

Complementing mammalian studies, zebrafish have become an increasingly attractive and 

popular model system for investigating hair cell and neuronal function. Although zebrafish 

possess inner ear sensory epithelia, hair cells are also found as receptors of the lateral line 

sensory system. The lateral line allows fish and other aquatic organisms to detect directional 

water flow. The zebrafish model system offers many advantages for hair cell research, including: 

(1) zebrafish produce offspring in large numbers, providing the opportunity for quantitative 

analysis across many animals; (2) embryos and larvae are optically clear and lateral line hair 

cells are superficially located, making them amenable for in vivo imaging; (3) their small size 

allows them to be arrayed in multiwell plates for drug screening; and (4) genetic expression 

constructs can be easily introduced into embryos, and protocols are well established for both 

forward and reverse genetic manipulation, including CRISPR. Although not within the scope of 

this review, zebrafish have also been quite valuable in elucidating mechanisms of sensory 

development and hair cell regeneration (for recent reviews see Thomas et al. 2015 and Kniss et 

al. 2016). Here we address different aspects of hair cell function and the ways in which zebrafish 
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studies – including those focused on the lateral line system – have contributed to our 

understanding of auditory neuroscience.  

 

2.3 THE ZEBRAFISH LATERAL LINE SYSTEM 

Zebrafish are found throughout Southeast Asia in flowing streams and slow flowing or stagnant 

pools (reviewed in Parichy, 2015). Many of the predatory organisms that forage for zebrafish 

rely on suction feeding; thus, at relatively early developmental stages, zebrafish must be capable 

of detecting and responding to high velocity water flow (Engeszer et al. 2007; Arunachalam et 

al. 2013). The lateral line sensory system allows fish and other aquatic vertebrates to do just that. 

This mechanoreceptive sense, described as “touch at a distance,” allows fish to orient in water 

currents and detect both predators and prey (Dijkgraaf 1963; Webb 2013). The lateral line 

organs, called neuromasts, contain clusters of mechanosensory hair cells and non-sensory 

support cells and are found on the surface of the zebrafish in a stereotyped arrangement (see 

Figure 2.1) (Metcalfe et al. 1985; Raible and Kruse 2000). Neuromasts found on the head 

comprise the anterior lateral line system (aLL), whereas those along the trunk form the posterior 

lateral line system (pLL). Lateral line hair cells are innervated by bipolar sensory neurons with 

central axonal projections terminating in the hindbrain and peripheral axons at the neuromasts. 

The afferents are organized into two ganglia near the ear based on the body positioning of the 

neuromasts they innervate. The axons of the aLL and pLL ganglia terminate in distinct locations 

within the hindbrain, leading to doubly somatotopic mapping of lateral line sensory input 

(Alexandre and Ghysen 1999). Zebrafish lateral line efferent neurons provide both excitatory and 

inhibitory input to hair cells and are also functionally segregated based on whether they innervate 

neuromasts of the aLL or pLL (Bricaud et al. 2001; Toro et al. 2015). Excitatory input is 
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mediated by dopamine signaling (Toro et al. 2015). Studies from Xenopus and other fish taxa 

suggest that cholinergic signaling likely decreases hair cell activity and may act as an adaptive 

filter during swimming activity (Flock and Russell 1973; Montgomery and Bodznick 1994; 

Dawkins et al. 2005).   

Studies examining the behavioral relevance of the lateral line in zebrafish larvae have 

focused on the characteristic C-start escape response, in which the body curls and then quickly 

accelerates away from an impending threat while straightening (McHenry et al. 2009; Stewart 

and McHenry 2010; Stewart et al. 2013, 2014). In one of the earlier studies, zebrafish larvae 

were exposed to accelerated water flow, mimicking a predator strike, and the probability and 

latency of the response were measured. Upon ablation of lateral line hair cells, the response 

probability was significantly reduced. The response was recovered following hair cell 

regeneration, thus demonstrating a role for lateral-line hair cell input (McHenry et al. 2009). Hair 

cell stimulation may also be sufficient to drive this behavior or at least particular facets of it. 

Later work revealed that escape responses could be elicited through optogenetic stimulation of 

hair cell activity, however, this stimulation paradigm activated hair cells of both the lateral line 

and inner ear (Monesson-Olson et al. 2014). In goldfish, lateral line input specifically has been 

shown to contribute to the latency and directionality of the c-start response (Mirjany et al. 2011). 

Another behavior mediated by lateral line input (as well as visual input) is rheotaxis, or 

orientation to constant water flow (Suli et al. 2012). Similar to escape responses, chemically 

ablating hair cells or disrupting of hair cell transduction both significantly reduced the number of 

animals performing rheotaxis. Allowing for hair cell regeneration or recovery (both in number 

and function) restored the behavior. 
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The functional contributions of different neuromasts to behavioral responses may vary 

with position along the body. In an examination of lateral line function during swimming bursts 

relative to a suction source, ablation of just the most caudal neuromasts had a disproportionate 

behavioral affect that was not significantly different from depleting all pLL hair cells (Olszewski 

et al. 2012). Similar results were obtained in a study that combined behavioral experiments with 

mathematical modeling to study rheotaxis (Oteiza et al. 2017). As in previous work, significant 

reduction in rheotaxis was observed when the lateral line was ablated; however, while the pLL 

neuromasts were required for the behavior, the aLL neuromasts were not. In addition to hair cell 

location, larval fish seem to rely on the integration of bilateral hair cell input for rheotaxis, since 

laser ablation of hair cells on a single side led to a similar change in behavior compared to 

bilateral ablation. What about the contribution of a single neuromast? Although stimulation of a 

single neuromast was initially deemed insufficient to elicit motor behavior (based on 

electrophysiological recordings in the brainstem ventral motor root), a later study found that 

single neuromast stimulation was in fact sufficient drive fictive swimming and motor responses 

in anesthetized larvae (Liao 2010; Haehnel-Taguchi et al. 2014). The ability of a single 

neuromast to elicit behavior may stem from the fact that a given neuromast can be stably 

innervated by multiple neurons (Liao 2010; Haehnel-Taguchi et al. 2014; Pujol-Martí et al. 

2014). Moreover, developmental differences in afferent innervation and electrophysiological 

properties could also contribute to behavioral output (Liao and Haehnel 2012).  

 

2.4 ZEBRAFISH GENETIC MODELS OF HEARING LOSS 

In addition to identifying important structures required for hair cell function (discussed below), 

zebrafish genetic studies have been used to investigate mutations and mechanisms underlying 
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human hereditary deafness. Although acquired human hearing loss is more common, congenital 

deafness is also quite prevalent, affecting 2-3 out of every 1000 newborn children (Morton and 

Nance 2006). Roughly 80% of congenital hearing loss is genetic, the forms of which can be 

categorized as: (1) non-syndromic, occurring in isolation; or (2) syndromic, occurring as part of a 

complex genetic disorder (Shearer et al. 2017). Although zebrafish cannot be used to study 

sensory deficits associated with dysfunction of cochlea-specific structures (e.g., the stria 

vascularis), they have been valuable models for uncovering aspects of both syndromic and non-

syndromic deafness conditions (Whitfield 2002; Nicolson 2005, 2017). The many zebrafish 

models of human hereditary deafness genes (DFNs) are listed in Table 2.1.  

One of the first zebrafish models of human genetic deafness disorders arose from the 

identification and characterization of mutations in the unconventional myosin gene, myosin7a 

(myo7a). Myo7a is motor molecule that serves as a scaffolding protein required for bundle 

integrity (Ernest et al. 2000; Blanco-Sánchez et al. 2014). The myo7aa zebrafish mutants, also 

known as mariner, were characterized by their lack of acoustic or vibrational sensitivity, absent 

microphonic potentials, and splayed bundle phenotype (Nicolson et al. 1998; Ernest et al. 2000). 

Paralleling mammalian discoveries, Myo7A was also one of the first genes identified as part of 

the mammalian cochlear hair cell mechanotransduction apparatus through characterization of the 

shaker-1 mouse mutant (Gibson et al. 1995; Self et al. 1998). Mutations in human MYO7A are 

known to cause Usher Syndrome (clinical subtype 1) (USH1), a disorder characterized by 

progressive retinal degeneration and profound hearing and balance deficits (Reiners et al. 2006).  

In addition to identifying mutations in genes required for hair cell function, 

understanding the trafficking, targeting, and assembly of these proteins has become a more 

active area of investigation. These studies provide additional insight into the mechanisms 
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underlying human hereditary deafness (Blanco-Sánchez et al. 2014; Maeda et al. 2014; Erickson 

et al. 2017). For example, following the identification of myo7aa mutations, additional zebrafish 

mutants were identified in genes homologous to the human USH1 genes, including cdh23, 

pcdh15, harmonin (usch1c), and clarin1 (Söllner et al. 2004; Seiler et al. 2005; Phillips et al. 

2011; Gopal et al. 2015). Subsequently, investigation of these zebrafish models provided unique 

insight into the causes of hair cell death associated with USH. Three of the USH1 proteins – 

Myo7aa, Cdh23, and Ush1c (and the intraflagellar transport protein, Ift88) – form complexes in 

the ER that are required for protein trafficking. Mutations in cadherin23 or ush1c lead to defects 

in protein targeting, as well as induction of ER stress and apoptotic cell death. This may be 

linked to activation of the unfolded protein response in the ER, as components of the complex 

are missing and the complex is misassembled. Suppressing ER stress has been shown to reduce 

hair cell death in both zebrafish and mouse models of USH1 (Blanco-Sánchez et al. 2014; Hu et 

al. 2016). 

Protein trafficking is also highlighted in the characterization of the zebrafish 

Transmembrane O-methyltransferase (Tomt) mutant, mercury, a model of non-syndromic 

deafness DFNB63. Although it was initially thought that hearing loss associated with DFNB63 

was related to deficient catecholemine metabolism, Erickson et al., (2017) revealed that mercury 

mutants exhibit abolished mechanotransduction due to defects in TMC1/2 protein targeting, 

specifically (Erickson et al. 2017). Unlike other proteins required for mechanotransduction, Tomt 

is not expressed in the hair cell bundle, but rather in the Golgi apparatus. It remains unclear 

exactly how Tomt regulates TMC trafficking in the hair cells, but its role is conserved in 

mammalian hair cells (Cunningham et al. 2017).  
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2.5 MECHANOTRANSDUCTION ACTIVITY 

The relationship between lateral line sensation and behavioral output is a clear benefit of using 

this system to study sensory and cell function. Many genes required for hair cell function were 

initially found through a large mutagenesis screen for animals with behavioral movement and 

balance deficits (Nicolson et al., 1998). The identified mutants, so-called “circler mutants,” all 

responded to touch, but swam in a circular motion due to significant inner ear and lateral line 

hair cell dysfunction. As the individual genes underlying these phenotypes were identified, they 

were also found to share homology with mammalian genes, some of which are also known 

human hereditary deafness genes (discussed above, see Table 2.1). Notably, some of the first 

identified genes encode proteins required for mechanotransduction. The mechanism and 

components of hair cell mechanotransduction have been recently reviewed in Nicolson (2017) 

and will be described in brief. 

 Mechanotransduction is mediated by a specialized apical structure, the hair cell bundle, 

which is characterized by several stereocilia and an eccentric kinocilium. The stereocilia are 

composed primarily of actin filaments and have a staircase-like arrangement, such that they 

become progressively taller closer to the kinocilium, a true cilium. Stereocilia are connected by 

tip links, which gate mechanosensitive, non-selective cation channels at the tips of the stereocilia 

(Hudspeth and Corey 1977; Hudspeth and Jacobs 1979; Corey and Hudspeth 1979). Deflection 

of the stereocilia toward the kinocilium results in mechanotransduction channel opening and hair 

cell depolarization, while deflection away from the kinocilium leads to channel closing. 

Extracellular microphonic recordings were used to determine that stereocilia deflection promotes 

channel opening (Corey and Hudspeth 1980; Hudspeth 1982)  
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Although directional selectivity is a key element of hair cell mechanotransduction, this 

feature of mechanosensitivity develops with bundle maturation. Immature hair cells in both the 

cochlea and lateral line can be stimulated in the direction opposite their morphological polarity to 

elicit mechanotransduction currents (Waguespack et al. 2007; Kindt et al. 2012). While the 

immature cochlear hair cells lack directional sensitivity, immature lateral line hair cells in fact 

exhibit reverse directional sensitivity. This is followed by an intermediate stage of bi-directional 

sensitivity and finally mature directional sensitivity (which coincides with stereocilia tip link 

formation). The reversed mechanosensitivity of immature lateral line hair cells is mediated by 

the kinocilia and kinocilial links, as mutants lacking these structures (ift88 mutants) do not 

exhibit early mechanosensory responsiveness or a reversal of functional polarity (Kindt et al. 

2012). Although mammalian auditory hair cells lose their kinocilia following the onset of 

mechanotransduction, perhaps there is a role for the kinocilia in the early maturation of these 

cells as well (Lim and Anniko 1985).  

The structure and components of the apical bundle are conserved between mammals and 

zebrafish. One of the proteins comprising the stereocilia tip links, for example, was identified in 

tandem in both zebrafish and mouse models. Both waltzer mice and sputnik circler mutants were 

found to have mutations in the gene encoding the calcium-dependent adhesion molecule 

cadherin23 (Cdh23) (Siemens et al. 2004; Söllner et al. 2004). Cdh23 interacts with 

protocadherin15 (Pcdh15) to form tip link filaments (Ahmed et al. 2006; Kazmierczak et al. 

2007). The splayed bundle phenotype of the waltzer and sputnik mutants results in loss of 

mechanotransduction and corresponding auditory and balance defects, well recognized as 

circular ambulatory or swimming movement. Mutations in human CDH23 and PCDH15 also 
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lead to auditory and vestibular dysfunction, as well as visual loss, associated with the genetic 

disease Usher Syndrome (Reiners et al. 2006).  

In addition to structural components of the hair cell bundle, proteins of the 

mechanotransduction channel complex are also conserved across taxa, including Tmie (Shen et 

al. 2008; Gleason et al. 2009; Zhao et al. 2014), Lhfpl5 (Longo-Guess et al. 2005; Maeda et al. 

2017), the transmembrane channel-like proteins (Tmc1 and 2) (Pan et al. 2013; Maeda et al. 

2014; Kurima et al. 2015; Erickson et al. 2017; Chou et al. 2017), and Tomt, a protein necessary 

for Tmc localization (Cunningham et al. 2017; Erickson et al. 2017). The exact pore-forming 

protein(s) of the mechanotransduction channel still remain unknown. Mirroring mammalian 

studies, zebrafish TRP channels were initially proposed, but with conflicting results. An early 

study of the unconventional TRP channel NompC (TRPN1) demonstrated a potential role in 

mechanotransduction, while mutation of TRP1A had no effect (Sidi et al. 2004; Prober et al. 

2008). Primarily through study of mammalian hair cells, more recent evidence has pointed to 

TMC1/2 as the best candidates (Pan et al. 2013; Kurima et al. 2015). Support for this in the 

zebrafish literature stems from the interaction of Pcdh15 and Tmc2, as well as 

mechanotransduction deficits that result from improper Tmc1/2 trafficking (Maeda et al. 2014; 

Erickson et al. 2017).  

2.6 DEVELOPMENT OF HAIR CELL POLARITY 

Given the importance of the hair bundle orientation for cell function and directional sensitivity, 

establishment and maintenance of hair cell planar cell polarity (PCP) is crucial. During 

development and regeneration in the lateral line system, sibling hair cells form apical bundles 

exhibiting mirror symmetrical orientation (López-Schier et al. 2004; López-Schier and Hudspeth 

2006). Sibling pairs are born from a common progenitor that divides in a plane perpendicular to 
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the axis of polarity of the neuromast. The developing hair cells then undergo rearrangements 

ultimately leading to cells with oppositely oriented bundles (Wibowo et al. 2011). In this way, 

lateral line hair cells display PCP relative to each other as well as to the body axis.  

The vangl2 gene is known to be required for proper PCP in both mammalian inner ear 

and lateral line hair cells (Montcouquiol et al. 2003; Wang et al. 2005, 2006; López-Schier and 

Hudspeth 2006; Mirkovic et al. 2012). As in mammals, the Vangl2 protein is asymmetrically 

localized within lateral line hair cells, with protein accumulating in the apical side of the cells. 

Vangl2, or trilobite, mutants display misalignments in progenitor cell division and disrupted hair 

cell orientation, where hair cells are oriented randomly within the neuromast rather than in 180 

degree-opposing directions (López-Schier and Hudspeth 2006; Mirkovic et al. 2012). Vangl2 

overexpression also disrupts orientation, as hair cells are observed with randomized orientation 

or uniform orientation bias within a neuromast.  

Whereas Vangl2 is expressed, albeit asymmetrically, in all hair cells, another important 

regulator of PCP, the transcription factor Emx2, is only expressed in half of the hair cells within 

the neuromast (Jiang et al. 2017). Emx2 CRISPR knockout leads to loss of mirror symmetry, as 

all hair cells become uniformly polarized in one direction (Jiang et al. 2017). Conversely, upon 

emx2 overexpression, hair cells become uniformly polarized in the opposite orientation. These 

polarity changes have functional consequences, as calcium imaging demonstrates that hair cells 

ectopically expressing emx2 maximally responded to stimulation in the same orientation (as 

opposed to only half of the hair cells responding in a wildtype neuromast). Asymmetric Emx2 

expression was also observed in mouse and chick utricles along the line of polarity reversal, a 

delineation of two regions of the organ with opposing hair cell polarities. As in the zebrafish 

experiments, Emx2 knockout and overexpression in the mouse utricle also disrupted mirror 
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symmetry, together demonstrating a conserved role for Emx2 in PCP across vertebrates (Jiang et 

al. 2017).  

In the lateral line, hair cell polarity is also important for innervation, as afferents 

demonstrate strict synaptic selectivity for hair cells of the same polarity (Nagiel et al. 2008, 

2009; Faucherre et al. 2009; Dow et al. 2015). Illustrating this specificity, directional selectivity 

persists when contacts are formed with regenerating hair cells post-ablation, as well as during 

axonal regeneration (Nagiel et al. 2008; Faucherre et al. 2009). Curiously, although lack of 

mechanotransduction activity seems to alter the complexity of afferent peripheral arbors 

(Faucherre et al. 2010; Pujol-Martí et al. 2014), central and peripheral afferent innervation occurs 

normally in the absence of hair cell mechanotransduction activity or synaptic vesicle release 

(Nagiel et al. 2008, 2009; Faucherre et al. 2010; Pujol-Martí et al. 2012, 2014). In addition to 

regulating hair cell polarity, Emx2 regulates the recognition of directionally-selective neurons to 

hair cells (Ji et al. 2018).  

In the mammalian cochlea, hair cell activity is certainly important for hair cell maturation 

and cochlear wiring, as spontaneous action potentials occur during development prior onset of 

auditory-induced stimulation (Johnson et al. 2011, 2013; Wang and Bergles 2015). However, 

like zebrafish, hair cells can be innervated even when neurotransmitter release is reduced or 

absent. Such innervation was observed in rodent Vglut3 knockouts and Cav1.3 knockouts, 

although these synapses do degenerate over time (Glueckert et al. 2003; Nemzou N. et al. 2006; 

Seal et al. 2008; Ruel et al. 2008). The role of these conserved genes in synaptic activity is 

discussed below.  
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2.7 SYNAPTIC ACTIVITY 

Hair cells transduce mechanical stimulation into electrical signals through graded receptor 

potentials and neurotransmitter release to post-synaptic lateral line afferents. Patch clamp 

electrophysiology experiments reveal that lateral line hair cells exhibit K+ and Ca2+ currents 

similar to those of other piscine, avian, and mammalian vestibular hair cells (Ricci et al. 2013; 

Olt et al. 2014, 2016). These include A-type and delayed-rectifier type K+ currents. The details 

of the current profiles are distinct from those of the mammalian cochlea; however, hair cell 

conductances vary across the cochlea itself (Johnson 2015; Olt et al. 2016). Nevertheless, it is 

likely that the lateral line system will be most useful for studying general principles of hair cell 

physiology in an intact system.  

Similar to the identification of proteins involved in mechanotransduction, circler mutants 

were critical in early studies of the lateral line hair cells and their afferent synapses. 

Identification of slc17a8, which encodes for the glutamate transporter Vglut3, as the gene 

underlying the asteroid mutation showed that lateral line hair cells – like cochlear hair cells – 

rely on glutamatergic synaptic transmission (Obholzer et al. 2008). Neurotransmitter release 

depends on calcium influx through L-type voltage-gated calcium channels, Cav1.3, localized to 

the basal membrane (Moser and Beutner 2000; Sidi et al. 2004; Sheets et al. 2012). As in 

asteroid mutants, lateral line afferents in gemini mutants (caused by a mutation in the cacna1d 

gene encoding for Cav1.3) do not respond to hair cell stimulation or exhibit any spontaneous 

activity due to abolished neurotransmitter release (Obholzer et al. 2008; Trapani and Nicolson 

2011). The function of these genes is conserved in mammalian hair cells, as transmission is 

significantly impaired in both Cav1.3 and Vglut3 mouse mutants (Glueckert et al. 2003; Nemzou 

et al. 2006; Seal et al. 2008; Ruel et al. 2008).  



 

 

23 

 Precise timing of hair cell neurotransmitter release allows afferent neurons to phase-lock 

their activity to hair cell stimulation, maintaining signal fidelity. The importance of proper 

vesicle release is illustrated by two mutants: the comet mutant and the pinball wizard mutant. 

The gene underlying the comet mutation is synaptojanin1 (synj1), which is required for synaptic 

vesicle recycling. Although less severe than the other transmission mutants, comet mutants 

display delayed hair cell output relative to mechanical stimulation and disrupted afferent phase-

locking (Trapani et al. 2009). In mice, synaptojanin dysfunction leads to more drastic 

phenotypes. Synj1 mutants do not survive long after birth, although examination of cultured 

cortical neurons from mutant animals revealed reduced vesicle pools and reduced vesicle 

recycling with prolonged periods of stimulation (Kim et al. 2002). Synj2 mutants, also known as 

Mozart, exhibit an auditory system-specific phenotype wherein cochlear hair cells degenerate 

(Manji et al. 2011). Timing of neurotransmitter release is also implicated in Pinball wizard 

mutants, affecting the wrb gene which encodes a small transmembrane protein required for 

membrane insertion of tail-anchored proteins. Mutants show reduced synaptic vesicle reserve 

pool and a reduction in proteins associated with synaptic vesicles, suggesting a lack of ability to 

replenish the vesicle pool. These animals display visual deficits in addition to balance deficits 

and diminishing auditory startle responses (Lin et al. 2016). Mutations in the mouse Wrb gene 

also cause reduced hearing as a result of synaptic disruption (Vogl et al. 2016). The WRB protein 

is targeted to the endoplasmic reticulum, where it regulates the membrane insertion of the hair 

cell synaptic regulator otoferlin.  

Perhaps the most important structure allowing hair cells to transmit both the timing and 

intensity of mechanical stimulation is the synaptic ribbon. Synaptic ribbons are pre-synaptic 

electron densities that tether glutamate-filled vesicles near the active zone, thus permitting rapid 
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and sustained neurotransmitter release (Matthews and Fuchs 2010; Nicolson 2015). Hair cell 

synaptic ribbons are largely composed of the protein Ribeye, which is encoded by two 

paralogous genes in zebrafish: ribeye a and b; also known as ctbp2a and ctbp2l (Wan et al. 2005; 

Sheets et al. 2011). With the ability to easily induce genetic mutation and transgenesis, zebrafish 

have been useful models for investigating ribeye function in intact organisms.  

Ribeye plays a critical role in directing ribbon organization and synaptic organization, 

particularly as related to appropriate localization and clustering of Cav1.3 channels (Sheets et al. 

2011, 2017; Lv et al. 2016). In ribeye CRISPR knockouts, Lv et al. observed “ghost ribbons,” or 

ribbons that lacked synaptic densities and did not appose any efferent or afferent neuronal 

connections (in addition to aberrant Cav1.3 channel clustering). Curiously, this did not 

correspond with any obvious deficits in postsynaptic activity. Overexpression of ribeye can lead 

to enlargement of hair cell ribbons; however, this did not increase Cav1.3 channel localization at 

the synapse (Sheets et al. 2017). Additionally, while these hair cells had more associated 

synaptic vesicles relative to wildtype and exhibited increased calcium signaling, ribbon 

enlargement corresponded with reduced afferent neuron spontaneous activity and increased 

response latency to the onset of hair cell stimulation. Investigating Ribeye activity has been 

complicated by the difficulty of completely disrupting gene and protein function. For example, in 

the CRISPR knockout study, Ribeye expression was dramatically reduced in double knockouts, 

but still detectable, albeit at low levels, at the presynapse by immunohistochemstiry (Lv et al. 

2016).  In mouse, ctbp2 knockout is embryonic lethal (Hildebrand and Soriano 2002), however, 

RIBEYE disruption has been achieved through the generation of a Cre knockout mouse 

(Maxeiner et al. 2016). Cre-mediated excision removed the RIEBEYE A domain, but left the B 

domain, which is essentially identical to CtBP2. Truncation of the protein was found to interfere 
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with ribbon formation, however presynaptic active zones still formed, perhaps explaining the 

relatively small effect on synaptic transmission and mild hearing deficit observed (Becker et al. 

2018; Jean et al. 2018). These results suggest that compensatory mechanisms may be masking 

the importance of RIBEYE function in both mammalian and zebrafish models.  

While Ribeye is important for calcium channel localization and synaptic organization, 

ribbon size can in turn be influenced by calcium (Sheets et al. 2012). Additionally, although a 

postsynaptic target is not required for ribbon formation, the presence of a postsynapse does 

influence ribbon maintenance (Suli et al. 2016). Lack of innervation, as in neurogenin mutants or 

with lateral line nerve transection, corresponds with smaller ribbon size and improper ribbon 

localization. During hair cell regeneration, Ribeye clustering at the basal cell membrane 

corresponds with the timing of hair cell innervation (Suli et al. 2016). There also appears to be a 

dynamic aspect to the structure, as Ribeye protein is mobile within the ribbons and exchanged at 

a low rate, suggesting some level of turnover and renewal (Chen et al. 2017; Graydon et al. 

2017). In addition to the importance of Ribeye, these studies highlight mechanisms that influence 

ribbon formation and maintenance.  

In addition to genetic studies used to identify proteins important for synaptic 

transmission, the lateral line provides a means with which to understand the functional limits of 

the system. Although the formation of synaptic structures is relatively uniform across neuromast 

hair cells, some hair cells within individual neuromasts are synaptically silent upon mechanical 

stimulation despite robust depolarization (Zhang et al. 2018). Synaptically-inactive hair cells can 

become active within minutes after ablation of a neighboring active hair cell, suggesting the 

process is dynamically regulated. This regulation of presynaptic activity is independent of 

innervation and appears to depend on intact K+ handling by surrounding supporting cells. It will 
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be interesting to see whether this tight regulation of synaptic activity extends to hair cells in other 

systems. 

This model has also been used to identify mechanisms of damage that are quite difficult 

to address in the mammalian auditory system due to its inaccessible anatomical location. For 

example, neuronal damage following noise exposure was recently modeled in a study of 

glutamatergic transmission and excitotoxicity affecting lateral line afferents (Sebe et al. 2017). 

Hair cell stimulation leads to robust calcium influx into post-synaptic afferent terminals through 

calcium-permeable AMPA receptors. Prolonged receptor activation led to calcium accumulation, 

causing swelling and decreased afferent responsiveness, while blocking the calcium-permeable 

AMPA receptors prevented the excitotoxic effects. These results parallel mammalian studies of 

excitotoxicity in the cochlea following noise exposure (Puel et al. 1998). Calcium influx is 

followed by swelling of the spiral ganglia neuron terminals contacting inner hair cells, which can 

be caused or mitigated by activating or inhibiting AMPA receptors, respectively (Puel et al. 

1998). As evidence from Sebe et al. (2017) supports functional conservation of calcium-

permeable AMPA receptors across vertebrates, these channels are likely crucial players in the 

synaptic damage that occurs following noise overexposure leading to hearing loss. Beyond 

damage to terminals, glutamate excitotoxicity can lead to apoptotic lateral line hair cell death, 

even in the absence of afferent or efferent innervation (Sheets 2017). These findings suggest that 

glutamate accumulation following noise exposure may have a direct pathological effect on the 

hair cells as well as the afferents.    

2.8 HAIR CELL DEATH 

Hearing loss can occur due to aging, loud noise exposure, and ototoxic compound exposure. Of 

these, damage or death of the sensory hair cells is a common feature. In addition to their use as 
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genetic models of hearing loss, zebrafish have been extraordinary models for understanding 

mechanisms of hair cell death, particularly as a result of ototoxic drug exposure. In addition to 

their sensitivity to heavy metals (e.g., copper), lateral line hair cells are susceptible to the 

otherwise therapeutic aminoglycoside antibiotics (e.g., neomycin and gentamicin) and 

chemotherapeutic agents such as cisplatin (Harris et al. 2003; Ton and Parng 2005; Linbo et al. 

2006; Hernández et al. 2006; Ou et al. 2007; Olivari et al. 2008; Van Trump et al. 2010). Despite 

their importance for treating disease, the unwanted side effect of these compounds has led to an 

effort to understand their specific off-target toxicity as well as the development of means to 

protect hair cells from the ensuing damage. Larval zebrafish are particularly well suited to this 

line of inquiry. Ototoxic compounds can be added to the media of free swimming larvae and hair 

cell loss can be easily monitored via vital dye staining or transgenic animals with fluorescently 

labeled hair cells. Moreover, the accessibility of lateral line hair cells allows for live-imaging 

studies of drug entry and the post-exposure events that lead to cell death. Importantly, these 

compounds also kill hair cells in a reliably dose-dependent fashion (Harris et al. 2003; Ou et al. 

2007). In combination with the ability to obtain many zebrafish larvae at once, the ability to 

generate a reliable dose-response curve has provided a valuable tool for evaluating means of hair 

cell protection and sensitization in both genetic and small molecule screens (Figure 2.2). The 

zebrafish model also has the potential to identify new ototoxic compounds, previously identified 

by anecdotal patient reports. Systematic screening of drugs alone or in combinations has revealed 

ototoxic drugs that should be studied further in mammalian systems (Chiu et al. 2008; Hirose et 

al. 2011). 
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2.8.1 Mitochondrial dysfunction leading to hair cell death 

Zebrafish have been quite useful for understanding subcellular events leading to hair cell death, 

with a particular focus on mitochondria. Mitochondrial dysfunction is a universal feature of 

multiple modes of hair cell damage and death, including noise damage, age-related hearing loss, 

and aminoglycoside-exposure (Kopke et al. 1999; Pickles 2004; Böttger and Schacht 2013). 

Following aminoglycoside antibiotic treatment, dying hair cells across vertebrate taxa exhibit a 

suite of cellular and morphological changes, including dilated and swollen mitochondria (Duvall 

and Wersäll 1964; Bagger-Sjöbäck and Wersäll 1978; Lang and Liu 1997; Hirose et al. 2004; 

Owens et al. 2007). Additional evidence of mitochondrial distress stems from the production of 

reactive oxygen species (ROS) and the modest protective effects of treatment with antioxidants 

or expression of ROS-reducing enzymes (Clerici et al. 1996; Sha and Schacht 2000; Sha et al. 

2001a, b; McFadden et al. 2003; Kawamoto et al. 2004; Jiang et al. 2005; Ton and Parng 2005; 

Choung et al. 2009; Someya et al. 2009, 2010; Jensen-Smith et al. 2012; Chen et al. 2013; Quan 

et al. 2015; Takumida et al. 2016). Incidentally, ROS production is not limited to aminoglycoside 

treatment, as similar results have been observed with copper treatment in larval zebrafish 

(Olivari et al. 2008).  

Mitochondrial ROS production in response to treatment with neomycin occurs due to 

toxic calcium elevation and transfer between intracellular compartments. Through live-imaging 

studies during neomycin exposure, Esterberg et al. (2013,14) determined that calcium flows from 

the ER to the mitochondria, causing depolarization of the organelles and production of ROS 

(Esterberg et al. 2013, 2014). As mitochondrial membrane potential is lost, calcium is then 

released into the cytoplasm, and cells ultimately lose membrane integrity. Manipulation of 

calcium flow can either protect or sensitize cells to neomycin treatment. Specifically reducing 
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mitochondrial ROS production using a targeted ROS sink also conferred hair cell protection 

(Esterberg et al. 2016).  

Given the importance of mitochondria for both hair cell function and death, research 

devoted to understanding the role of mitochondrial networks, biogenesis, and dynamics will 

likely be an important area of exploration. In support of this avenue, a recent study found that 

application of mdivi-1 – a mitochondrial fission inhibitor – protected hair cells from cisplatin-

induced hair cell toxicity (Vargo et al. 2017). This suggests that mitochondrial dynamics may 

play a role in hair cell viability. Beyond understanding ototoxic-induced hair cell dysfunction, 

mitochondria-focused studies would provide additional insight into the hearing impairment 

caused by mutations in mitochondrial genes that lead to syndromic and non-syndromic hearing 

loss (Kokotas et al. 2007; Luo et al. 2013; Ding et al. 2013).  

2.8.2 Genetic screening for modulators of hair cell death 

A major facet of drug-induced ototoxicity is entry into hair cells (Olivari et al. 2008; Coffin et al. 

2009; Thomas et al. 2013; Hailey et al. 2017). Across taxa, active mechanotransduction is 

required for drug entry, presumably through the large mechanotransduction channels (Gale et al. 

2001; Marcotti et al. 2005; Alharazneh et al. 2011). As a result, blocking mechanotransduction, 

and thus drug uptake, remains one of the most potent means of protecting hair cells. This is 

evidenced in part by the fact that the MET-incapable mutants in both mouse and zebrafish are 

resistant to neomycin (Richardson et al. 1997; Seiler and Nicolson 1999; Vu et al. 2013; Thomas 

et al. 2013). In order to investigate other genetic modulators of hair cell death, Owens and 

colleagues conducted a forward genetic screen identifying mutations that conferred hair cell 

protection (Owens et al. 2008). Although the genes identified had quite disparate functions, 
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many of them influence hair cell mechanotransduction to some extent (Owens et al. 2008; Hailey 

et al. 2012; Stawicki et al. 2014, 2016).  

Two of the mutants, persephone and merovingian, were found to have mutations in genes 

that relate to ionic balance homeostasis. Persephone possesses a mutation in the slc4a1b gene 

encoding a chloride/bicarbonate exchanger, which fails to properly target to the cell membrane. 

Persephone mutants are resistant to multiple aminoglycosides and partially resistant to cisplatin. 

Recapitulating the mutant phenotype, pharmacological blockade of the exchanger and elevated 

extracellular bicarbonate concentration can be used to protect wildtype hair cells (Hailey et al. 

2012). A mutation in the gmc2 gene was found to underlie the merovingian mutant. Gmc2 is a 

transcription factor involved in the production of a particular type of ionocyte (H+-ATPase-rich), 

which maintains and regulates whole body pH in fish. Like persephone, merovingian mutants 

displayed strong neomycin resistance and moderate resistance to cisplatin, in addition to an 

acidified extracellular environment surrounding lateral line hair cells (Stawicki et al. 2014). Both 

persephone and merovingian mutants exhibit decreased mechanotransduction and drug uptake, 

highlighting the importance of ionic balance for both proper hair cell function and protection. 

This is further bolstered by the finding that elevated extracellular calcium or magnesium 

concentration have a similar effect (Coffin et al. 2009).  

Identification of another mutant from the screen led to the investigation of a completely 

different group of genes: cilia genes related to intraflagellar transport (IFT) and the ciliary 

transition zone (Stawicki et al. 2016). Mutations in cilia-related genes typically lead to a variety 

of diseases known as ciliopathies. Unlike auditory hair cells, lateral line and vestibular hair cells 

maintain a single true cilium, the kinocilium (discussed above). Mutations in the IFT genes have 

different effects on hair cells compared to the transition zone mutants. Unlike the transition zone 
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mutants, IFT mutants show defects in kinocilia formation and aminoglycoside uptake in addition 

to protection. For both groups, the stereocilia of the hair cells appear normal.  

2.8.3 Small molecule screening for modulators of hair cell death 

 In addition to genetic screening, zebrafish larvae are ideal model organisms for small 

molecule screening. This is due in part to their small size and the ability to obtain many hundreds 

of animals for a given experiment. Moreover, the surface location of lateral line hair cells means 

that hair cell survival or death can be determined based on relative fluorescence with animals in a 

96-well plate. A number of small molecule screens have been conducted to identify ototoxins as 

well as compounds that confer hair cell protection (Ton and Parng 2005; Owens et al. 2008; Ou 

et al. 2009; Coffin et al. 2010, 2013b; Kruger et al. 2016). In screening protective compounds, 

ideal candidate molecules must show protection 1) at low doses; 2) without interfering with the 

therapeutic function of the drugs; and 3) without inhibiting mechanotransduction or drug uptake.  

Depending on the design, one downside of the broad screens is that the mechanistic 

action of the compounds is unknown. In a screen conducted by Coffin et al., a more focused 

approach was taken in selecting compounds with known intracellular targets that might confer 

protection against neomycin, gentamicin, or cisplatin exposure (Coffin et al. 2013b). Some 

compounds were protective against multiple insults; however, most of the hits were protective 

against only one or two of the toxins. For example, autophagy inhibitor 3-MA protected hair 

cells from both aminoglycosides and cisplatin, while an antioxidant, D-methionine, protected 

hair cells from gentamicin and cisplatin. Interestingly, caspase inhibition was not found to 

protect zebrafish hair cells, contrasting studies of inner ear hair cells in rodent and chick (Cheng 

et al. 2005), suggesting that some mechanisms of cell death may not be conserved across taxa.   
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 The genetic and small molecule screens highlight the multitude of mechanisms that 

contribute to hair cell susceptibility or protection, likely reflecting the multiple cell death 

pathways activated during drug-induced hair cell death. Recent exploration of aminoglycoside 

drug entry and trafficking has provided some additional insight into how different cell death 

mechanisms may be activated. Hailey et al. observed that entry was mediated both by 

mechanotransduction and endocytosis, consistent with many studies finding that toxicity is 

mechanotransduction dependent (as discussed above), and with a prior documentation of apical 

vesicle pools in hair cells that could mediate entry  (Seiler and Nicolson 1999; Hailey et al. 

2017). Upon entering hair cells, aminoglycosides accumulate diffusely in the cytoplasm and in 

discrete lysosomes. Interestingly, intracellular accumulation differs depending on the 

aminoglycoside used. While neomycin remains largely diffuse and more slowly accumulates into 

lysosomes, the opposite is true for gentamicin. Inhibition of endocytosis and vesicle budding 

reduces lysosomal accumulation for both compounds and increased gentamicin-induced cell 

death, but not neomycin-induced cell death. Alternatively, increasing lysosomal accumulation 

relative to the cytoplasmic accumulation reduced cell death. Together, these data suggest that 

lysosomal compartmentalization has a protective effect. Overall they also support the idea that 

different aminoglycosides activate different cell death pathways (Owens et al. 2009; Coffin et al. 

2013a). 

 The ultimate goal of studying the mechanisms of hair cell death and protection is to 

develop therapeutic strategies for preventing human hearing loss. In progressing toward this 

goal, recent small molecule screens have been used to identify protective compounds that were 

also validated in mammalian systems. Using a zebrafish screen, Kenyon et al. identified 13 

compounds that also protected hair cells in mammalian cochlear cultures from the 
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aminoglycoside antibiotic gentamicin (Kenyon et al. 2017). This study focused on compounds 

that block mechanotransduction, preventing aminoglycoside entry. Another recent screen built 

on previous identification of the protective compound PROTO-1, this time conducting a new 

search with analogs synthesized to develop a structure-activity relationship (Owens et al. 2008; 

Chowdhury et al. 2018). Use of a new compound, ORC-13661, was validated in rats in vivo 

during co-administration with the aminoglycoside antibiotic amikacin. With oral administration, 

ORC-13661 treatment provided significant hearing protection compared to rats treated with 

amikacin only, as determined via ABR testing. While taking different approaches, both studies 

highlight using zebrafish in progressing the development of otoprotectants that will alleviate 

hearing loss associated with therapeutic drug treatment. 

2.9 CONCLUSION 

The zebrafish is a unique and convenient model for investigating the biology of genes, cells, and 

structures that share homology with the mammalian auditory system. Among other advantages, 

the surface location of the lateral line as well as the ease of genetic manipulation in zebrafish 

have facilitated important studies contributing to our understanding of human hereditary 

deafness as well as acquired hearing loss due to hair cell or neuronal toxicity. Moreover, the use 

of zebrafish in small molecule screens constitutes the first steps in developing therapeutic 

compounds to prevent cochlear damage in the first place. With the emergence of CRISPR and 

other technologies, zebrafish studies have the potential to significantly advance understanding of 

subcellular structures and events that contribute to hair cell function and disease. 



 

 

34 

2.10 ACKNOWLEDGEMENTS 

The authors thank Eric Thomas for his thoughtful comments and Lavinia Sheets for her insights 

and expertise in improving this manuscript.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

35 

2.11 FIGURES 

 
 
 

 
 

 
 
Figure 2.1. Anatomy of the zebrafish lateral line. 
 
(A) Schematized visualization of the anterior (aLL) and posterior (pLL) lateral line of a larval 
zebrafish. Neuromasts are represented by the green dots and innervation is represented by the 
magenta lines. (B) Schematized cross section of a lateral line neuromast, including structures and 
cell types.  
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Figure 2.2. Using a dose response curve to assay hair cell death modulators. 
 
(A) Lateral line hair cells labelled with parvalbumin in control or antibiotic treated conditions. 
Scale bar = 10 µm. (B) Hair cells can be counted following treatment with different 
concentrations of toxic aminoglycoside antibiotics. As antibiotic concentrations increase, the 
number of hair cells remaining decreases. The resulting dose-response curve can be reliably 
reproduced across experiments. As a result, mutations or compounds can easily be assayed for 
effects on hair cell death. Hair cell protection or sensitization would be indicated by shifts in the 
curve (pink and blue lines, respectively). Data points represent the mean percentage of hair cells 
remaining. Error bars = SD. Figure adapted from Stawicki et al. (2014). CC BY 3.0. 
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2.12 TABLES 

Table 2.1. Zebrafish models of human hereditary hearing loss 

 

DFNA/B 
Human  

Gene 
Zebrafish Gene Zebrafish  

Reference 
DFNA2A KCNQ4 kcnq4 (Wu et al. 2014)1 

DFNA3A,B 
DFNB1A,B 

GJB2, GJB6 cx30.3* (Chang-Chien et al. 2014)2 

DFNA5 GSDME gsdmeb (Busch-Nentwich et al. 2004)2 

DFNA8,12 
DFNB21 TECTA tecta (Stooke-Vaughan et al. 2015)2 

DFNA10 EYA4 eya4 (Wang et al. 2008)2,3 

DFNA11 
DFNB2 MYO7A myo7aa (Nicolson et al. 1998; Ernest et al. 

2000)2,3 

DFNA22 
DFNB37 MYO6 myo6b (Seiler et al. 2004; Kappler et al. 

2004)2,3 

DFNA23 SIX1 six1a (Bricaud and Collazo 2006, 
2011)2 

DFNA25 SLC17A8 slc17a8 (Obholzer et al. 2008)3 

DFNA28 GRHL2B grhl2b (Han et al. 2011)2,3 

DFNA36 
DFNB7,11 TMC1 tmc2* (Chou et al. 2017)3 

DFNA50 MIRN96 mir96 (Li et al. 2010)2 

DFNA68 HOMER2 homer2 (Azaiez et al. 2015)2 

DFNA71 DMXL2 rbc3α (Einhorn et al. 2012)3 

DFNB4 SLC26A4 slc26a3* (Bayaa et al. 2009)1 

DFNB6 TMIE tmie (Shen et al. 2008; Gleason et al. 
2009)2,3 

DFNB9 OTOF otofa/b (Chatterjee et al. 2015)3 

DFNB12 CDH23 cdh23 
(Nicolson et al. 1998; Söllner et 
al. 2004; Blanco-Sánchez et al. 

2014)2,3 

DFNB18 USH1C ush1c (Phillips et al. 2011; Blanco-
Sánchez et al. 2014)2,3 

DFNB18B OTOG otog (Stooke-Vaughan et al. 2015)2 

DFNB23 PCDH15 pcdh15a (Seiler et al. 2005; Maeda et al. 
2014, 2017)2,3 

DFNB24 RDX msna (Pataky et al. 2004)1 

DFNB31 WHRN whrnb (Blanco-Sánchez et al. 2014)1 

DFNB32,105 CDC14A cdc14aa (Delmaghani et al. 2016; Imtiaz 
et al. 2018)2,4 
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DFN genes were identified using the Hereditary Hearing Loss website (http://hereditaryhearingloss.org/) 
and cross referenced using the Zebrafish Information Network (ZFIN) online database (https://zfin.org/).  
1Denotes studies with expression data only. 
2Denotes studies in which a morphological and/or developmental mutant phenotype was observed. 
3Denotes studies in which a physiological and/or behavioral mutant phenotype was observed.  
4Note: Phenotypic inconsistency observed between CRISPR knock-out (Imtiaz et al. 2018) and 
morpholino knock-down (Delmaghani et al. 2016) methodologies. 
*Homologous gene. 
§Characterization of protein function. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DFNB42 ILDR1         ildr1b (Sang et al. 2014)2,3 

DFNB44 ADCY1 adcy1b (Santos-Cortez et al. 2014)3 

DFNB49 CIB2 cib2 (Riazuddin et al. 2012)2,3 

DFNB57 PDZD7 pdzd7a (Ebermann et al. 2010)2,3 

DFNB61 SLC26A5 slc26a5 

(Weber et al. 2003; Albert et 
al. 2007; Schaechinger and 

Oliver 2007; Tan et al. 
2011)1§ 

DFNB63 LRTOMT/COMT2 tompt (Nicolson et al. 1998; 
Erickson et al. 2017)3 

DFNB66 DCDC2 dcdc2b (Grati et al. 2015)2,3 

DFNB66,67 LHFPL5 lhfpl5a (Maeda et al. 2017) 
DFNB68 S1PR2 mil* (Hu et al. 2013)2 

DFNB74 MSRB3 msrb3 (Shen et al. 2015)2,3 

DFNB84 OTOGL otogl (Yariz et al. 2012)2,3 

DFN89 KARS kars (Santos-Cortez et al. 2013)1 

DFNB93 CABP2 cabp2 (Di Donato et al. 2013)1 

DFNB99 TMEM132E tmem132e (Li et al. 2015)2,3 
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Chapter 3. CUMULATIVE MITOCHONDRIAL ACTIVITY CONFERS 

SELECTIVE SUSCEPTIBILITY IN LATERAL LINE 

MECHANOSENSORY HAIR CELLS 

The contents of this chapter have been submitted for publication with the following authors:  
Sarah B. Pickett, Joy Y. Sebe, Robert Esterberg, Tor Linbo, Dale W. Hailey, David W. Raible 
 

3.1 ABSTRACT 

Mitochondria play a prominent role in mechanosensory hair cell damage and death. Although 

hair cells are thought to be energetically demanding cells, how mitochondria respond to these 

demands and how this might relate to cell death is largely unexplored. Using genetically encoded 

indicators, we found mitochondrial calcium flux and oxidation are regulated 

by mechanotransduction and demonstrate that hair cell activity has both acute and long-term 

consequences on mitochondrial function. We tested whether variation in mitochondrial activity 

reflected differences in vulnerability of hair cells to the toxic drug neomycin. We observed that 

susceptibility did not correspond to the acute level of mitochondrial activity but rather to the 

cumulative history of hair cell and mitochondrial activity.  

 

3.2 INTRODUCTION 

Neurons are some of the most energy demanding cells in the body (Ames 2000). Because of this, 

they are particularly vulnerable to disruptions in mitochondrial and metabolic function. Despite 

the importance of proper mitochondrial function for all neuronal cell types, some subpopulations 

are more vulnerable than others, such as those affected by Parkinson’s Disease, ALS, and other 

neurodegenerative diseases (Saxena and Caroni 2011; Jové et al. 2014). This selective 
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susceptibility of affected subpopulations has been attributed in part to their high physiological 

activity and altered response to oxidative stress. In addition to high activity levels, advanced age 

is also a major risk factor for neurodegenerative diseases, suggesting a connection between aging 

and selective cell death. Increased selective susceptibility over time could be attributed, at least 

in part, to the accumulation of oxidative damage caused by reactive oxygen species (ROS), as 

hypothesized by the free radical theory of aging (Harman 1956; Beckman and Ames 1998; 

Finkel and Holbrook 2000). Mitochondria have been identified as a major source of ROS and 

ROS production increases with age (Beckman and Ames 1998; Wallace 2005). If accumulation 

of mitochondrial oxidation and stress are related to cellular activity, highly active or older cells 

that have experienced more accumulated activity over time may be more vulnerable to acute 

damage.  

Selective susceptibility is not limited to the central nervous system. Peripheral sensory 

cells are also highly active as they constantly receive and filter sensory input. Among the 

peripheral receptors, selective cell death has been well documented for hair cells, the 

mechanosensory cells of the mammalian inner ear that mediate hearing and balance. Auditory 

hair cell loss is a common cause of hearing impairment and can occur as a result of exposure to 

loud noise or clinical therapeutic compounds, and with aging (Yang et al. 2015). Hair cell loss 

occurs in a characteristic pattern relative to both the frequency tuning of the cells and the cell 

type (inner vs. outer hair cells). After exposure to aminoglycoside antibiotics or with advancing 

age, for example, hair cells tuned to higher sound frequencies are lost before those tuned to lower 

frequencies. Similarly, outer hair cells are more susceptible to damage than inner hair cells 

(Richardson and Russell 1991; Forge and Richardson 1993; Kamimura et al. 1999; Kopke et al. 

1999; Forge and Schacht 2000; Alharazneh et al. 2011; Mahendrasingam et al. 2011). The cause 
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of differential susceptibility for hair cells remains unclear, although some evidence suggests that 

differences in hair cell metabolism, free radical damage, or calcium (Ca2+) handling may be 

contributors, thus implicating mitochondrial involvement (Sha et al. 2001a; Engel et al. 2006; 

Jensen-Smith et al. 2012). A role for mitochondria is further supported by evidence of 

mitochondrial dysfunction during hair cell damage. Across species, dying hair cells exhibit 

swollen mitochondrial morphology and generate ROS in response to ototoxic agents, including 

aminoglycoside antibiotics and copper (Fermin and Igarashi; Lundquist and Wersäll 1966; 

Bagger-Sjöbäck and Wersäll 1978; Hirose et al. 1999; Mangiardi et al. 2004; Owens et al. 2007; 

Olivari et al. 2008; Choung et al. 2009; Esterberg et al. 2013, 2014, 2016).  

In this study, we investigate the relationship between mitochondrial activity and selective 

toxicity of aminoglycosides using the zebrafish lateral line system. Sensory input from the lateral 

line is mediated by externally located clusters of mechanosensitive hair cells, called neuromasts. 

These cells allow fish to detect changes in water flow and to navigate their environment. They 

also share many similarities with hair cells of the inner ear (see Nicolson 2017 for review). This 

includes conservation with human deafness genes as well as susceptibility to compounds that are 

ototoxic (Whitfield 2002; Harris et al. 2003; Nicolson 2005; Ton and Parng 2005; Ou et al. 

2007). Moreover, the surface location of the lateral line system provides a unique advantage in 

that we can monitor cellular changes that occur in vivo during physical or chemical manipulation 

with subcellular resolution. Like auditory hair cells, lateral line hair cells of older zebrafish are 

more susceptible to aminoglycoside-induced cell death (Santos et al. 2006). Unlike cochlear hair 

cells, lateral line hair cells do not exhibit intrinsic frequency selectivity and, although lateral line 

hair cells can be classified based on their polarity, they are not otherwise functionally sub-

classified by type as are mammalian auditory and vestibular hair cells (Kroese and Van Netten 
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1989; Jiang et al. 2017). For this reason, it has been particularly puzzling why some lateral line 

hair cells are more susceptible than others. Here we have imaged cumulative mitochondrial 

responses to hair cell stimulation or application of toxic aminoglycosides. We demonstrate that 

hair cell mechanotransduction (MET) activity has both acute and long-term effects on 

mitochondrial activity. Moreover, we demonstrate that cumulative changes in mitochondrial 

activity correspond with hair cell susceptibility to damage.  

3.3 RESULTS 

3.3.1 Acute mitochondrial activity depends on hair cell mechanotransduction 

To examine mitochondrial responses to hair cell MET activity, we conducted in vivo time-lapse 

imaging studies of lateral line hair cells expressing genetically encoded Ca2+ indicators. To 

visualize hair cell responses to stereocilia deflection, we used the Tg[myo6b:RGECO]vo10Tg line 

in which the red Ca2+ indicator RGECO is cytoplasmically expressed in hair cells (referred to as 

cytoRGECO) (Maeda et al. 2014). We simultaneously monitored mitochondrial Ca2+ in the same 

cells using a mitochondrially targeted GCaMP3 also expressed in hair cells 

(Tg[myo6b:mitoGCaMP3]w119] (referred to as mitoGCaMP) (Esterberg et al. 2014, 2016). Hair 

cells were imaged at a single plane and mechanically stimulated at two frequencies, 1 or 10 Hz, 

using a pressure wave applied via a waterjet pipette. In many cases, both cytoRGECO and 

mitoGCaMP fluorescence intensity increased, indicating that hair cell stimulation causes an 

influx of Ca2+ into both the cytoplasm and mitochondria of the activated cells. Sample frames 

from four different videos are shown in Figure 3.1 for cytoRGECO (panels A,B) and 

mitoGCaMP (panels C,D). These data demonstrate that mitochondria respond directly to hair cell 

MET. The two signals differ, however, in their kinetics. While cytoplasmic Ca2+ levels increase 

and decrease rapidly with the onset and offset of waterjet stimulation, mitochondrial Ca2+ levels 
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exhibit a delayed rise and decay more slowly (Figure 3.1E). This is shown in traces of Ca2+ 

responses (Figure 3.1E, 1I-L) and in summary plots of rise times (Figure 3.1H; 1 vs 10 Hz: cyto 

9.1 ± 0.6s vs 8.9 ± 0.7s; mito 26 ± 3.8s vs 13 ± 0.9s; mean ± SE; n = 21 cells). The integrated 

area (Figure 1.1F; 1 vs 10 Hz: cyto 3.0 ± 0.4 vs 5.6 ± 0.7; mito 2.0 ± 0.6 vs 11 ± 1.3; mean ± SE; 

n = 19 cells) and peak change in the response (Figure 3.1G; 1 vs 10 Hz: cyto 1.2 ± 0.03 vs 1.3 ± 

0.04; mito 1.1 ± 0.03 vs 1.5 ± 0.06; mean ± SE; n = 21 cells) were significantly greater for both 

the cytoplasm and mitochondria at the higher frequency. 

Our time-lapse studies revealed stimulation-dependent variability in mitochondrial Ca2+ 

responses. With a low frequency (1Hz) pressure wave, we observed either no change, a decrease, 

or an increase in mitochondrial response. With a high frequency (10Hz) pressure wave, however, 

we saw a shift in the polarity of all mitochondrial responses to an increase in fluorescence. At 

1Hz stimulation, cells exhibiting an increase in cytoRGECO fluorescence (reflecting MET 

activity) exhibited either no change (48%), a decrease (19%), or an increase (33%) in 

mitoGCaMP fluorescence. When 10 Hz stimulation was applied, mitoGCaMP fluorescence 

increased in all cells, regardless of the response to 1 Hz. For example, figures Figure 3.1J and L 

show mitoGCaMP fluorescence from cells in which increased stimulation frequency increased 

the peak Ca2+ response (Figure 3.1J) or reversed the polarity (Figure 3.1L). In both cases, 10 Hz 

stimulation also increases the amplitude of the cytoplasmic Ca2+ signal (Figure 3.1I and K), 

indicating that increased hair stimulation causes increased Ca2+ influx. For all cells, 10 Hz 

stimulation increased the integrated area and peak fluorescence for both mitochondrial and 

cytoplasmic Ca2+ signals (Figure 3.1F, G), while rise time was reduced only for mitochondrial 

Ca2+ (Figure 3.1H). Together, these data suggest that the degree of mitochondrial response to 

hair cell activation corresponds with the intensity of activation. 
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 To assay acute mitochondrial activity another way, we used the cationic dye JC1, a 

marker of mitochondrial membrane potential. JC1 fluorescence shifts from green to red upon 

aggregation in energized mitochondria. As a result, JC1 provides a readout of relative 

mitochondrial membrane potential as an indicator of mitochondrial activity. To assess whether 

MET activity altered mitochondrial activity, we examined JC1 in wildtype or heterozygous 

larvae (WT/Het) and in cadherin23 mutant larvae, also referred to as sputnik mutants (Nicolson 

et al. 1998). As in mammalian hair cells, Cadherin23 is a critical component of the tip links 

necessary for function of the MET apparatus; thus sputnik mutant hair cells are MET inactive 

(Söllner et al. 2004). Example images of JC1-labelled hair cells are shown in Figure 3.2A and B. 

JC1 was analyzed as a ratio of red to green fluorescence intensity. Compared to age-matched 

WT/Het siblings, sputnik mutants exhibited significantly lower JC1 fluorescence ratios, 

indicating that the mitochondria are depolarized (Figure 3.2C) (WT/Het: 0.25 ± 0.24 n = 8 fish, 

Mutant: 0.05 ± 0.07 n = 8 fish, Mann-Whitney U test, p < 0.01, mean ratio ± SD). These results 

suggest that mitochondrial activity is reduced in the absence of MET. 

3.3.2 Mechanotransduction has long-term effects on mitochondria 

 The waterjet studies reveal that mitochondria respond directly to hair cell MET activity. Ca2+ 

flux can have multiple effects on mitochondrial function, including regulation of electron 

transport during oxidative phosphorylation (OXPHOS) and generation of ROS (Brookes 2004). 

We next wanted to examine whether acute MET activity causes persistent effects on the state of 

mitochondria. To look at cumulative mitochondrial activity over time, we used a transgenic 

zebrafish expressing the reporter mitoTimer in all hair cells (Tg[myo6b:mitoTimer]w208; here 

referred to as mitoTimer). mitoTimer encodes a DsRed mutant (DsRed1-E5) with a COXVIII 

mitochondrial targeting sequence (Terskikh 2000). While newly synthesized mitoTimer 
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fluoresces green, the fluorescence shifts irreversibly to red over time due to dehydrogenization of 

the Tyr-67 residue (Yarbrough et al. 2001; Verkhusha et al. 2004). The change in fluorescence 

spectra and the means by which it occurs has made mitoTimer a useful tool to examine 

mitochondrial turnover and transport, as well as reporting cumulative redox history (Ferree et al. 

2013; Hernandez et al. 2013; Laker et al. 2014, 2017; Stotland and Gottlieb 2015; Wilson et al. 

2017). We used mitoTimer to first examine changes in the state of mitochondria during 

neuromast maturation. mitoTimer signal was measured from 2 days post-fertilization (dpf), when 

lateral line hair cells are first observed in development, through 5dpf, the point at which the 

neuromast is considered functionally mature. Example images of mitoTimer-expressing hair 

cells are shown in Figure 3.3A and B. mitoTimer fluorescence, reported as a ratio of red to 

green, increases significantly between 3 and 5dpf (Figure 3.3C) (2dpf: 0.28 ± 0.22, 3dpf: 0.17 ± 

0.12, 5dpf: 1.11 ± 0.62; Kruskal-Wallis test, Dunn’s post-test, p < 0.001; mean ratio ± SD; n = 7-

11 fish). The ratio shift corresponds with the timing of functional maturation of the neuromast, 

including increased hair cell MET activity. These observations suggest that cumulative 

mitochondrial activity increases with hair cell activity.  

mitoTimer is a multifaceted indicator that can reflect multiple aspects of mitochondrial 

activity and metabolism, including oxidation, over time. During hair cell maturation, two factors 

could contribute to changes in mitoTimer fluorescence: the age of the cell and rate of oxidation 

in the organelle. Because some hair cells are added to the neuromast during development from 2-

5dpf, differences in mitoTimer ratio may reflect the relative age of hair cells in the cluster. To 

test this idea, we incubated free-swimming larvae in the nuclear dye Hoechst for 30 minutes at 

3dpf. This is an intermediate developmental time point relative to neuromast functional maturity, 

where only some hair cells have active mechanotransduction and additional hair cells are still 
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being added to the cluster. At 4dpf, we measured the ratio of mitoTimer fluorescence in 

individual cells, comparing older (Hoechst labeled) to younger (unlabeled) hair cells. Figure 

3.4A shows an example image of Hoechst staining in mitoTimer-expressing hair cells 24 hours 

after labeling. To directly compare hair cells within the same neuromast, we normalized the 

mitoTimer ratio for each individual cell to the median ratio of the neuromast as a whole. We 

found that younger hair cells lacking Hoechst labeling have a mitoTimer ratio near or below the 

median (Figure 3.4B). The opposite is true for older hair cells that are positive for Hoechst 

labeling after 24 hours (Hoechst positive: 1.71 ± 0.52, n = 45 cells; Hoechst negative: 0.80 ± 

0.45, n = 80 cells; Mann-Whitney U test, p < 0.001; mean ratio (normalized) ± SD; 5 fish per 

group). We confirmed that Hoechst labeling itself does not increase the mitoTimer fluorescence 

ratio by comparing the distribution of single cell red:green fluorescence from zebrafish treated 

with Hoechst to an untreated group (Figure 3.4C). Together, these experiments suggest that cells 

with increased mitoTimer ratios are older and, as a result, have also been capable of MET 

activity for a longer period of time.  

We next tested whether long-term changes in MET activity resulted in alterations in 

mitochondrial activity, reflected by changes in mitoTimer fluorescence. We first assayed this in 

the absence of hair cell stimulation by measuring mitoTimer fluorescence in sputnik mutants. 

Compared to age-matched WT/Het siblings, the mitoTimer fluorescence ratio is significantly 

decreased in sputnik mutants, with a difference of 66.3% (Figure 3.5A-C) (Mann-Whitney U 

test, p < 0.001; n = 14 WT/Het fish and 15 mutant fish). Similar results were obtained when 

embryos were incubated in the MET-blocking drug benzamil (200 µM) for 48 hours (3-5dpf) 

(Figure 3.5D-F) (Hailey et al. 2017). We observed a reduction of 43.4% relative to 0.5 % DMSO 

control (Mann-Whitney U test, p < 0.001; n = 17 fish per group). We next asked if sustained hair 
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cell stimulation increases mitoTimer fluorescence. To increase hair cell stimulation, water 

currents were generated around the larvae by placing them on an orbital shaker at 60 RPM for 24 

hours at room temperature. While orbital shaking significantly increased the mitoTimer 

fluorescence ratio in WT/Het fish, a significant shift was not observed in age-matched sputnik 

mutant siblings (Figure 3.6A) (WT/Het Control: 100 ± 34 n = 47 fish, WT/Het Orbital shaker: 

128 ± 47 n = 48 fish, Mutant Control: 58 ± 24 n = 27 fish, Mutant Orbital shaker: 70 ± 21 n = 28 

fish; Kruskal-Wallis test, Dunn’s post-test, p < 0.05; mean ratio reported as a percent of WT/Het 

Control ± SD).  

Changes in mitoTimer fluorescence caused by increased MET activity may reflect 

changes in mitochondrial oxidation (Laker et al. 2014; Wilson et al. 2017). We therefore 

examined hair cells labeled with the ROS-indicator dye CellROX green in combination with 

orbital rotation. CellROX is a cumulative fluorescent dye that localizes to nuclei, exhibiting 

weak fluorescence that increases in brightness upon oxidation. With longer incubation times, 

CellROX labels both hair cell and support cell nuclei (Supplemental Figure 3.10). Hair cell 

fluorescence was measured in a single image plane selected to maximize the hair cell nuclei 

visualized and avoid signal from support cells. Hair cells were distinguished based on their 

nuclear shape and apical position within the neuromast (Supplemental Figure 3.10). Similar to 

the mitoTimer fluorescent shift, orbital shaking significantly increased CellROX fluorescence in 

WT/Het fish (Figure 3.6B) (WT/Het Control: 100 ± 23 n = 20 fish, WT/Het Orbital shaker: 217 

± 124 n = 20 fish, Mutant Control: 105 ± 55 n = 21 fish, Mutant Orbital shaker: 138 ± 58 n = 20 

fish; Kruskal-Wallis test, Dunn’s post-test, p < 0.001; mean ratio reported as a percent of 

WT/Het Control ± SD). These results demonstrate that cumulative mitochondrial activity and 

hair cell oxidation are influenced by long-term changes in MET activity.  
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While changes in mitoTimer fluorescence reflect mitochondrial oxidation, they might 

also reflect rates of mitochondrial protein import or turnover. To investigate the effect of hair cell 

activity on mitochondrial turnover, we conducted photoactivation experiments with 

mitochondrially-localized, photo-convertible Eos, Tg[myo6b:mitoEos]w207, in WT/Het and 

sputnik mutants. Under normal conditions, Eos protein fluoresces green, but undergoes an 

irreversible conformational change following UV light exposure, which converts its emitted 

fluorescence to red. Mitochondria-localized Eos in hair cells was photoconverted at 5dpf and 

then monitored over time to measure loss of red fluorescence as an estimate of mitochondrial or 

mitochondrial protein turnover. WT/Het and sputnik fish taken at 5dpf were imaged at 8 and 16 

hours post-photoconversion. Figure 3.7 shows the change in fluorescence at these time points. 

While green fluorescence remained consistent (data not shown), the percent decrease in red 

fluorescence was 38.9% and 75.5% for wildtype and mutants, respectively (Mann-Whitney U 

test, p < 0.001; n = 9 fish per group). The change in red fluorescence over time indicates that 

mitochondrial or protein turnover increases with reduced hair cell activity. 

3.3.3 History of hair cell activity predicts likelihood of hair cell susceptibility to damage 

Like mammalian auditory and vestibular hair cells, zebrafish lateral line hair cells are highly 

susceptible to damage caused by aminoglycoside antibiotics and become oxidized following 

drug exposure. Mitochondria play a key role, as a recent zebrafish study identified mitochondria 

as the source of ROS during neomycin-induced hair cell death following mitochondrial Ca2+ 

elevation (Esterberg et al. 2016). Moreover, mitigating mitochondrial ROS generation and Ca2+ 

uptake confers enhanced hair cell protection. Previous studies have also noted selective and 

asynchronous hair cell death as a result of aminoglycoside exposure, as well as variation in levels 

of ROS and Ca2+ in individual cells. The underlying causes of this differential vulnerability 
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remain puzzling, particularly because aminoglycoside exposure is comparable for all hair cells in 

a neuromast (Hailey et al. 2017). 

Since mitochondrial Ca2+ influx and oxidation also occur in response to hair cell 

stimulation, we sought to determine whether acute hair cell activity corresponds with selective 

susceptibility to damage. To do so, time-lapse imaging was conducted with fish co-expressing 

hair cell-specific mitoGCaMP3 and cytoRGECO. Since mitochondrial and cytoplasmic Ca2+ 

levels increase with hair cell stimulation, measuring the baseline fluorescence of these indicators 

provides an estimate of hair cell activity just prior to neomycin exposure. Baseline fluorescence 

was recorded prior to treatment, with values across cells reflecting an 8-fold range for 

mitoGCaMP and an 11-fold range for cytoRGECO.  Animals were then treated with 50 µM 

neomycin, a concentration that leads to approximately 40% hair cell death (Harris et al. 2003). 

Cells were subsequently categorized as alive or dead based on observed fragmentation and 

clearance from the neuromast (Esterberg et al. 2013). Consistent with previous studies, we found 

no difference in the baseline fluorescence values of living and dying cells for both mitoGCaMP3 

and cytoRGECO (Figure 3.8A) (n = 78 living cells, 28 dying cells from 5 fish) (Esterberg et al. 

2013). We also examined whether differences in mitochondrial polarity measured with JC1 

correspond with differences in neomycin susceptibility. Again, we observed no difference in the 

mean fluorescence ratios of living and dying cells using this measure (n = 46 living cells, 35 

dying cells from 6 fish) (Figure 3.8B). Together these results demonstrate that acute differences 

in hair cell or mitochondrial activity just prior to neomycin exposure do not correspond with 

likelihood of subsequent hair cell death.  

We next examined whether differences in mitoTimer fluorescence, reflecting cumulative 

changes in mitochondrial activity, would correlate with susceptibility to damage. Figure 3.9A 
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shows a time series of mitoTimer-expressing hair cells following neomycin treatment. Baseline 

ratios of mitoTimer for individual cells were normalized to the median ratio of all cells in the 

corresponding neuromast. We observed that the average mitoTimer ratio for surviving hair cells 

was below the median ratio at baseline, while the average ratio for cells that die following 

treatment was above the median (Figure 3.9B) (Live: 0.77 ± 0.37, Die: 1.30 ± 0.34; Mann-

Whitney U test, p < 0.001; mean ratio (normalized) ± SD; n = 142 living cells, 74 dying cells 

from 6 fish). We also calculated the degree to which classifying cells as red (red:green above 

median) or green (red:green below median) was effective in prospectively identifying those that 

would live or die. Using this classification, 58 of 74 dying cells were redder, while only 42 of 

142 living cells were so (p<0.0001, Fisher Exact Test). This distribution shows that the red-green 

classification scheme provides a sensitivity of 0.78, specificity of 0.70, and a diagnostic odds 

ratio of 8.63, reflecting strong predictive value. In this case, the diagnostic odds ratio indicates 

that red cells are over eight-fold more likely to die than live after neomycin exposure. Together 

with our previous results, this suggests that the most susceptible cells are the older and 

historically more MET active cells in the cluster. In this way, the cumulative history of 

mitochondrial activity in hair cells predicts their vulnerability to neomycin exposure.  

3.4 DISCUSSION 

By monitoring lateral line hair cells using live-imaging techniques, we were able to uncover 

effects of hair cell MET activity on mitochondria in an intact organism. With acute stimulation, 

hair cells exhibit increased cytosolic and mitochondrial Ca2+ influx with distinct kinetic 

properties. With chronic changes to hair cell MET activity, we observed corresponding changes 

in mitoTimer fluorescence, indicative of altered mitochondrial oxidation and turnover. In support 

of this interpretation, we also observed activity-dependent changes in mitochondrial polarization 
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as well as hair cell oxidation. Our ability to visualize the chronic impact of hair cell activity on 

mitochondria allowed us to identify hair cells that are more susceptible to aminoglycoside-

induced damage. Our findings show that the cumulative history of MET and mitochondrial 

activity are predictive of differential hair cell death.  

3.4.1 Mitochondrial metabolism and dynamics during normal cellular activity 

Mitochondria are critical organelles, generating ATP through OXPHOS, while also playing an 

important role in Ca2+ homeostasis and production of ROS. These mitochondrial activities are all 

interrelated. ROS production within mitochondria occurs as a result of normal metabolic activity 

at two sites within the electron transport chain, complexes I and III. Electron leakage at these 

complexes leads to the generation of superoxide, which is converted into membrane-permeable 

hydrogen peroxide (Loschen et al. 1974; Turrens 2003). Mitochondrial Ca2+ signaling influences 

this process as it can stimulate OXPHOS, and therefore, electron flow (Brookes 2004).  

The relationship between Ca2+, metabolic activity, and ROS production is particularly 

notable for hair cells, where constant stimulation and sensory input leads to Ca2+ influx. 

Increased mitochondrial Ca2+ levels were also observed with MET activity, demonstrating that 

hair cell activity directly affects mitochondria. Compared to cytoplasmic Ca2+, the larger 

integrated area and rise time of the mitochondrial signal (Figure 3.1F, G) are consistent with the 

idea that mitochondria may act as Ca2+ buffers, mediating Ca2+ homeostasis in addition to other 

means of cellular Ca2+ extrusion. This role for hair cell mitochondria has been postulated in 

mammalian hair cells based, in part, on apical localization of the organelles and through Ca2+-

imaging studies during transduction (Weaver and Schweitzer 1994; Rusch et al. 1998; Beurg et 

al. 2010). Mitochondrial Ca2+ buffering could be further investigated through manipulation of 

Ca2+ uptake and release mechanisms during hair cell stimulation. 
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Constant sensory input and Ca2+ flux likely place high demands on mitochondrial activity 

with potentially long-term consequences. We were able to probe the relationship between 

mitochondrial history and hair cell activity by monitoring mitoTimer signal in hair cells. 

mitoTimer fluorescence ratio (red:green) increased as hair cells functionally matured, and after 

MET was increased by orbital shaking (Figure 3.3, Figure 3.6). When MET activity is 

significantly reduced or abolished, as with benzamil treatment or in sputnik mutants, we 

observed a dramatic decrease in mitoTimer ratio (Figure 3.5). mitoTimer is a unique but complex 

indicator, likely reflecting multiple facets of mitochondrial biology. Thus, although there is a 

significant dependence on hair cell activity, an exact interpretation of mitoTimer fluorescence 

shifts is less clear. Based on previous studies, we expect that mitoTimer in hair cells reports 

mitochondrial age, in addition to oxidation, organelle turnover and/or turnover of mitochondrial 

protein, or a combination of these, as discussed below (Ferree et al. 2013; Hernandez et al. 2013; 

Laker et al. 2014).   

mitoTimer as a reporter of mitochondrial stress and oxidation was first described in a 

study by Laker et al. (2014). mitoTimer red fluorescence shifts were observed in cultured 

myoblasts and Drosophila heart tube after treatment with agents known to increase 

mitochondrial ROS production, including rotenone, antimycin A, and paraquat. Additionally, the 

authors observed a significant red shift in aging flies, suggesting that mitoTimer reflects both the 

age and redox history of the organelles. Later studies also revealed that mitoTimer can be used to 

assess oxidative stress following ischemia-reperfusion injury in muscle (Wilson et al. 2017). 

These findings are consistent with studies of the formation of DsRed fluorescent protein, which 

in itself is mediated by oxidation (Yarbrough et al. 2001; Verkhusha et al. 2004). In lateral line 

hair cells, we observed shifts in the mitoTimer fluorescence ratio relative to increased or 
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decreased MET. Given that altered MET is likely to have a substantial metabolic impact on the 

cells, the change in mitoTimer fluorescence could very well reflect corresponding changes in 

mitochondrial stress and oxidation over time. This is bolstered by our observation of (1) 

increased hair cell oxidation with sustained stimulation as reported by CellROX; and (2) reduced 

JC1 fluorescence in the absence of MET, indicating that MET acutely influences mitochondrial 

polarization (Figure 3.6, Figure 3.2).  

In addition to reporting mitochondrial redox history, mitoTimer has also been used to 

investigate mitochondrial dynamics and transport (Ferree et al. 2013; Hernandez et al. 2013). 

The decreased mitoTimer red:green ratio observed in sputnik mutants could be interpreted to 

reflect increased mitochondrial import (with a corresponding increase of "new" green protein 

relative to red). An important driving factor for mitochondrial import is mitochondrial membrane 

potential (Wiedemann et al. 2004; Dudek et al. 2013); however we did not observe a 

correspondence between potential and mitoTimer fluorescence ratio. We observed a decrease in 

mitochondrial polarity in sputnik mutants with JC1 staining, which in isolation would be 

predicted to result in an increase in the red:green ratio of mitoTimer, rather than the decrease we 

observed. Decreased red:green ratio might also be interpreted as reflecting increased protein 

turnover (with degradation of "old" red protein) or increased organelle turnover caused by 

changes in processes such as mitophagy. We sought to further examine this idea in the context of 

MET mutants by monitoring changes in red mitoEos fluorescence after photoconversion. A 

similar strategy has been used previously in mice using the photoconvertible protein Dendra2 

(Pham et al. 2012). Although this analysis provides only an estimate of turnover (based on the 

loss of photoconverted protein), our results suggest that increased mitochondrial turnover or 

turnover of protein occurs when MET activity is reduced (Figure 3.7), consistent with the 
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observed changes in mitoTimer. This difference in mitochondrial protein turnover in sputnik 

mutants was unexpected. Previous studies have demonstrated mitochondrial turnover via 

mitophagy occurs as a quality control process (Zhao et al. 2002; Mizushima et al. 2003; Kim et 

al. 2007; Nowikovsky et al. 2007; Twig et al. 2008; Campanella et al. 2009). With increased 

mitochondrial activity in MET active hair cells, we might predict that these cells would incur 

more damage over time and, as a result, turnover would be higher compared to sputnik mutant 

siblings. One possibility is that mitochondria in wildtype hair cells undergo more fusion and 

elongation relative to sputnik mutants. In other cell types, increased OXPHOS activity has been 

associated with elongated mitochondrial morphology and, in studies of isolated mitochondria, 

OXPHOS has been shown to stimulate fusion (reviewed by Mishra and Chan 2016). The fact 

that mitochondrial activity and dynamics have been shown to reciprocally regulate each other 

suggests that mitoTimer could also reflect the interrelatedness of the two, as well as 

mitochondrial turnover via mitophagy. Reduced mitophagy has been observed with increased 

ROS in neurons (Qi et al. 2011). If similarly true in hair cells, increased or sustained MET 

activity would predictably lead to red-shifted mitoTimer fluorescence. Studies examining 

mitochondrial dynamics relative to MET will be important for further elucidating this 

relationship.  

The irreversible nature of mitoTimer conversion afforded us the benefit of examining the 

cumulative effect on mitochondria over time; however, it does not provide a dynamic picture of 

mitochondrial activity. It should also be noted that our manipulation of hair cell activity is 

limited to MET, although other aspects of hair cell function contribute to energy consumption, 

e.g., neurotransmitter packaging and release. A recent report demonstrates that there is 

heterogeneity amongst hair cells in their synaptic response to mechanical stimulus (Zhang et al. 
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2018). Future studies could assess the contribution of basal cellular activity to mitochondrial 

metabolism and dynamics, as well as a correspondence with hair cell age or susceptibility. 

3.4.2 Selective susceptibility in hair cells 

Early studies of lateral line hair cell susceptibility to aminoglycoside antibiotics demonstrated 

that hair cell loss is reliably dose-dependent (Harris et al. 2003; Santos et al. 2006), where lower 

doses of neomycin lead to a smaller percentage of hair cell loss. Upon entering hair cells, 

neomycin disrupts Ca2+ handling and causes increased mitochondrial ROS production prior to 

hair cell death (Esterberg et al. 2014, 2016). Blocking mitochondrial Ca2+ uptake as well as 

treatment with ROS scavengers that specifically target mitochondria mitigate neomycin-induced 

damage, highlighting the importance of mitochondrial distress in hair cell susceptibility. The fact 

that some lateral line hair cells die and others survive has been perplexing. Our data suggest that 

baseline Ca2+ levels or relative levels of mitochondrial membrane polarization just prior to 

neomycin exposure do not correspond with hair cell susceptibility. Rather, the cumulative impact 

of mitochondrial activity over a longer period of time serves as better indicator of susceptibility. 

Given the impact of MET on mitochondrial activity and the vulnerability of mitochondria 

to neomycin exposure, we hypothesize that the accumulation of mitochondrial stress underlies 

differential hair cell susceptibility. Live imaging studies with mitoTimer reveal that cells with a 

red-shifted fluorescence ratio are more susceptible to low-dose neomycin exposure (Figure 3.9). 

As older cells, they have been mechanotransducing for a longer period of time (Figure 3.4), but 

they are not necessarily the most active cells at the time of exposure. We previously showed that 

maturation of individual hair cells corresponds with neomycin sensitivity: with hair cells in 4dpf 

fish relatively insensitive to neomycin exposure compared to 5dpf fish (Santos et al. 2006). Here 

we build on this finding to show an age-dependent difference in cumulative mitochondrial 
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activity that correlates with neomycin susceptibility. We propose that sustained activity over the 

life of the hair cell leads to cumulative mitochondrial insult. As a result, older cells are less 

capable of overcoming acute mitochondrial insult and are more likely to succumb to neomycin-

induced damage.  

In the cochlea, differential susceptibility and hair cell loss occurs based on hair cell type 

and location along the tonotopic axis, where outer hair cells are more vulnerable than inner hair 

cells, and high frequency hair cells more sensitive than low frequency hair cells (Kopke et al. 

1999; Forge and Schacht 2000). Our findings are consistent with studies that implicate disparities 

in metabolic and oxidative stress between cochlear hair cells as an underlying factor of 

differential susceptibility (Sha et al. 2001a; Jensen-Smith et al. 2012). It is also worth noting that 

hair cell vulnerability to ROS may also increase with age, as a number of redox-regulating 

mechanisms display age-related changes. For example, expression of the ROS neutralizing 

enzyme SOD2 decreases in mammalian hair cells over time (Jiang et al. 2007). Expression of the 

mitochondrial Sirtuin enzymes, particularly SIRT3, have also been shown to decrease with 

increasing age in the mammalian cochlea (Takumida et al. 2016). Interestingly, SIRT3 activity 

has been shown to delay the onset of age-related hearing loss and protect hair cells from both 

noise and aminoglycoside-induced hair cell damage due to its role in antioxidant 

defense(Someya et al. 2010; Brown et al. 2014; Quan et al. 2015). Together, these studies 

suggest that the loss of ROS regulation over time contributes to hair cell susceptibility and 

hearing loss. This is further supported in work from Someya et al., where overexpression of 

mitochondria-targeted catalase—another antioxidant enzyme—attenuated hair cell loss and 

improved hearing thresholds in aging mice (Someya et al. 2009). Although it appears that 

mitochondrial oxidation may increase over time in lateral line hair cells, changes in the 
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expression of redox enzymes through maturation have not been examined. Extending analysis of 

mitoTimer expression to the mammalian cochlea would provide valuable insight into selective 

susceptibility of mammalian hair cells and a useful comparison to studies focused on the lateral 

line.  

The relationship between mitochondrial dysfunction and hearing loss is of long standing 

interest. Mitochondrial impairment has been identified in multiple types of cochlear damage and 

several mutations in mitochondrial genes, as well as nuclear-encoded mitochondrial proteins, are 

known to cause both syndromic and non-syndromic deafness (Kokotas et al. 2007; Luo et al. 

2013; Ding et al. 2013). Moreover, in some cases the mitochondrial mutations appear to 

synergize with environmental insults, leading to more extensive cochlear damage. For instance, 

the A1555G mutation in the MTRNR1 gene encoding 12S rRNA has been shown to dramatically 

predispose patients to hearing loss after exposure to aminoglycoside antibiotics (Prezant et al. 

1993; Fischel-Ghodsian et al. 1997). This supports the possibility that as hair cells experience 

cumulative mitochondrial stress due to normal activity, as indicated in our study, the cellular 

response to bouts of acute damage may become further compromised over time. This has 

particular relevance for age-related hearing and hair cell loss. While the exact cause remains 

unknown, mitochondrial stress has been proposed as a possible mechanism (Seidman et al. 

2004). It is also important to consider the complexity of mitochondrial changes that occur over 

time. In aging and aging-related diseases, mitophagy and mitochondrial dynamics are altered, 

which can in turn influence OXPHOS and ROS production (Sebastián et al. 2017). Given that 

the life of a lateral line hair cell is about 10 days, studies of mitochondrial activity, dynamics, 

and mitophagy in lateral line hair cells could provide valuable insight into age-related hair cell 

loss and hearing impairment in humans, but with a much shorter time frame. A more thorough 
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understanding of the stresses incurred during the normal activity of these high-energy cells will 

inform therapeutic efforts to protect hair cells and hearing function.  

3.5 EXPERIMENTAL PROCEDURES 

3.5.1 Transgenesis and mutant fish 

Experiments were conducted on larval zebrafish, ages 5-7 days post-fertilization (unless 

otherwise noted), prior to sex determination. Larvae were randomly selected for experimental 

groups. Larvae were raised in E3 embryo medium (14.97 mM NaCl, 500 µM KCL, 42 µM 

Na2HPO4, 150 µM KH2PO4, 1 mM CaCl2dehydrate, 1 mM MgSO4, 0.714 mM NaHCO3, pH 7.2) 

at 28.5°C. All wildtype animals were of the AB strain. Zebrafish experiments and husbandry 

followed standard protocols in accordance with University of Washington Institutional Animal 

Care and Use Committee guidelines.  

Two genetically-encoded indicators were cloned using the Gateway Tol2 system 

(Invitrogen) to generate constructs under the hair cell-specific promoter, myosin6b(Obholzer et 

al. 2008), and were maintained as transgenic lines: (1) mitoTimer, a reporter of mitochondrial 

age, oxidative stress, and turnover; and (2) mitoEos, the photoconvertible fluorophore, Eos, 

targeted to the mitochondria. Tg[myo6b:mitoTimer]w208 line was generated using a previously 

described DsRed mutant, DsREd1-E5, with a cytochrome C oxidase subunit VIII localization 

sequence(Hernandez et al. 2013; Laker et al. 2014). The Tg[myo6b:mitoEos]w207 line was 

generated similarly, with mitochondrial matrix targeting achieved by Eos fusion with the human 

cytochrome C oxidase subunit VIII localization sequence.  

The Tg[myosin6b:R-GECO1] vo10Tg line has been previously described and was provided 

as gift from Katie Kindt (National Institute of Deafness and Other Communication Disorders, 

Bethesda, MD, USA) (Maeda et al. 2014). The cadherin23tj264 mutants (also referred to as 
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sputnik) have been previously described and were provided as a gift by Teresa Nicolson (Oregon 

Health and Science University, Portland, OR, USA) (Nicolson et al. 1998). We have shown 

previously that the Tg[myosin6b:mitoGCaMP3]w119 line allows reliable detection of 

mitochondrial Ca2+ (Esterberg et al. 2014).  

3.5.2 Spinning disk confocal imaging 

Imaging was performed using an inverted Marianas spinning disk system (Intelligent Imaging 

Innovations, 3i) with an Evolve 10 MHz EMCCD camera (Photometrics) and a Zeiss C-

Apochromat 63x/1.2 numerical aperture water objective. Except where noted, all imaging 

experiments were conducted with larvae at 5-7 days post-fertilization immersed in E3 media 

containing 0.2% MESAB (MS-222; ethyl-3-aminobenzoate methanesulfonate). Fish were 

stabilized using a slice anchor harp (Harvard Instruments) so that neuromasts on immobilized 

animals had access to the surrounding media. Imaging was performed at ambient temperature, 

typically 25°C. Fish were oriented in two different positions for in vivo imaging studies. For 

waterjet experiments, fish were placed ventral side up and neuromasts OC1, D1, or D2 were 

imaged (Raible and Kruse 2000). For all other imaging studies, fish were positioned on their 

sides against the cover glass to image neuromasts from the posterior lateral line. 

3.5.2.1 In vivo waterjet imaging 

Waterjet stimulation was used to stimulate lateral line hair cells via directional displacement of 

the stereocilia. This consisted of a rectified sinusoidal pressure wave applied at 1 or 10 Hz 

(Trapani and Nicolson 2010). A glass pipette was filled with extracellular solution and placed 

approximately 100 µm from the hair cells of a given cluster, or neuromast. Pressure output was 

driven by a pressure clamp (HSPC-1, ALA Scientific) and movement of the kinocilia was used 

to confirm pressure wave application. GCaMP and RGECO fluorescence values were acquired 
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with a 1s capture interval using Slidebook software (3i). For waterjet stimulation paired with 

time-lapse imaging, camera intensification was set to maintain exposure times at approximately 

100 ms for GCaMP and RGECO, keeping pixel intensity <25% of saturation. Camera gain was 

set to 3 to minimize photobleaching. GCaMP3 fluorescence was acquired with a 488 nm laser 

and 535/30 emission filter. RGECO fluorescence was acquired with a 561 nm laser and 617/73 

emission filter. 

            For analyses of waterjet hair cell responses, fluorescence measurements were exported to 

MATLAB. As described previously, fluorescence intensity values for the duration of the 

acquisition period were normalized to the baseline value prior to stimulation (Sebe et al. 2017). 

MATLAB scripts were used to compute the integrated area of the response, peak of response, 

and time to reach 75% of the peak (rise time to 75%) (Esterberg et al. 2014; Sebe et al. 

2017). The integrated area of the response is the sum of fluorescence intensity values captured 

during the waterjet stimulus. The 75% rise time is the number of seconds it takes from the start 

of the stimulus to reach 75% of the peak value. 

3.5.2.2 mitoTimer and JC1 imaging and analysis 

For static mitoTimer imaging studies, zebrafish were immobilized with a harp and Z-sections 

were taken at 2 µm through the depth of the neuromast, typically 16 µm. Camera intensification 

was set at 650 and gain at 3 in order to keep exposure times less than 500 ms and maximum 

intensities less than 75% of saturation. Settings were held constant across experiments that were 

directly compared. Green mitoTimer fluorescence was acquired with a 488 nm laser and 535/30 

emission filter, while red fluorescence was acquired with a 561 nm laser and 617/73 emission 

filter.  
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When mitoTimer imaging was conducted in combination with vital dye staining, live 

swimming zebrafish were incubated in EM containing Hoechst 33258 (10 mg/ml, ThermoFisher) 

diluted at 1:5000 for 30 minutes and washed 3 times in E3 media. Larvae were then immobilized 

for imaging as described above, 24 hours after treatment. Hoechst fluorescence was captured 

with a 405 nm laser and 445/45 emission filter. 2 second exposures were used to capture dim 

signals that persisted 24 hours after labeling. Due to the dimness of the Hoechst signal and the 

high auto-fluorescence of larvae in this wavelength, we considered fluorescence intensity greater 

than 1 SD over background to be label retaining. 

For analyses of mitoTimer, Z-stacks of Tg[myo6b:mitoTimer]w208 labeled hair cells were 

opened in 3i Slidebook software. Using the maximum projection of each image, mean intensity 

values were extracted by drawing masks across entire neuromasts that were exported for 

analysis. Fluorescence intensities were calculated less the mean background signal (based on a 

30 µm x 30 µm background mask that excludes hair cells). For dye labeling studies, masks were 

generated for individual cells within neuromasts. For single cell analyses, the median ratio for 

mitoTimer red and green fluorescence was calculated for all distinguishable cells within a given 

neuromast. Then, each cell’s ratio was normalized to the median value of its cluster. 

 The same imaging and analysis protocol was followed for static imaging of zebrafish 

labeled with JC1 dye (ThermoFisher). To load the dye, free-swimming larvae were incubated in 

1.5 µM JC1 (diluted in E3 media) for 30 minutes and then washed 3 times in E3 media. Imaging 

was conducted 90 minutes after JC1 incubation.  

3.5.2.3 CellROX imaging and analysis 

We have shown previously that CellROX green dye allows reliable detection of hair cell 

oxidation(Esterberg et al. 2016). Free-swimming zebrafish larvae were incubated for 24 hours in 
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2.5 µM CellROX Green (ThermoFisher) diluted in E3 media. CellROX fluorescence was 

acquired with a 488 nm laser and 535/30 emission filter. Image acquisition and analysis was 

conducted as described above for static imaging, but with a notable difference. Because the dye 

labels both hair cell and support cell nuclei, image analysis was conducted in a single plane. 

Mean intensity values were extracted by drawing a mask around all cells that were reliably 

distinguished as hair cells based on nucleus shape and location. Mean intensity was then 

normalized by the area of the mask to control for differences in the number of distinguishable 

cells. 

3.5.2.4 mitoEos imaging and analysis 

Tg[myo6b:mitoEos] w207 larvae were exposed to UV illumination with a AUKEY LT-SET1 UV 

flashlight for 10 minutes with 1-minute rest. This was repeated three times for a total of 30 

minutes of UV exposure to maximize photoconversion of Eos protein. Imaging and analysis 

were conducted as described above for static imaging studies at the time points indicated.  

3.5.2.5 Time-lapse imaging 

For time-lapse imaging studies, baseline fluorescence readings were taken prior to 

aminoglycoside exposure. Neomycin was then added as a 5x concentrated stock to achieve a 

final concentration of 50 µM. Fluorescence images were captured in 3-minute intervals for 75 

minutes. A motorized stage with set x, y, and z coordinates allowed acquisition from multiple 

neuromasts per fish during time-lapse recordings. For imaging of all indicators, camera gain and 

intensification were set to minimize photobleaching and to keep baseline pixel intensity less than 

25% of saturation. Z-sections were taken at 2 µm intervals through the depth of the neuromast, 

typically 16 µm. The same imaging strategy was used for all indicators, however, images were 

collected at 2-minute intervals with mitoGCaMP3 and cytoRGECO. Time-lapse images were 
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aligned using 3i Slidebook software. Baseline fluorescence was extracted as noted above for 

single cells. As described previously, cells were categorized as living or dying based on their 

fragmentation and clearance from the neuromast following neomycin exposure(Esterberg et al. 

2013).  

3.5.3 Statistical analysis 

Statistical parameters, including reporting mean and SD as well as n values, are stated both in the 

results section and the figure legends for each experiment described. The waterjet and imaging 

data collected using mitoGCaMP3 and cytoRGECO were analyzed using two-tailed Student’s t 

tests. All other imaging data was analyzed using Mann-Whitney U tests for a comparison of two 

groups, or Kruskal-Wallis tests with Dunn’s post-test to take into account multiple comparisons, 

as indicated in the text. A p value of less than 0.05 was considered significant. GraphPad Prism 

6.0 software was used for all statistical analyses and graphical representations. 
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3.7 FIGURES 

 
 
Figure 3.1. Mitochondrial Ca2+ increases in response to hair cell stimulation. 
 
Frames from a time-lapse calcium imaging video acquired from Tg[myo6b:RGECO]vo10Tg fish 
(A,B) and Tg[myo6b:mitoGCaMP3]w119 fish (C,D) during waterjet stimulation at 1 Hz (A,C) 
and 10Hz (B,D). For each condition, fluorescence is shown before, during, and after stimulation 
(left, middle, right, respectively). (E) Normalized fluorescence of the example cell outlined by 
the dotted line in A-D. Summary data of the integrated area (F), peak fluorescence (G), and rise 
time (H) for the cytoplasmic and mitochondrial calcium signal at 1Hz and 10Hz stimulation. 
Values for (F): 1 vs 10 Hz: cyto 3.0 ± 0.4 vs 5.6 ± 0.7; mito 2.0 ± 0.6 vs 11 ± 1.3; mean ± SE; n 
= 19 cells; (G): 1 vs 10 Hz: cyto 1.2 ± 0.03 vs 1.3 ± 0.04; mito 1.1 ± 0.03 vs 1.5 ± 0.06; mean ± 
SE; n = 21 cells; (H): 1 vs 10 Hz: cyto 9.1 ± 0.6s vs 8.9 ± 0.7s (p = 0.73); mito 26 ± 3.8s vs 13 ± 
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0.9s; mean ± SE; n = 21 cells. Cells were analyzed from 10 different fish across three different 
experiments. (I,J) Example cell in which the cytoplasmic calcium increases in response to 
stimulation at both frequencies, but the mitochondrial calcium signal increases dramatically at 
10Hz. (K,L) Example cell in which mitochondrial calcium signal decreases at 1Hz stimulation 
and increases at 10Hz, while cytoplasmic calcium increases at both frequencies. Horizontal line 
marks the duration of the waterjet stimulus (E-L). Two-tailed paired Student’s t test was used to 
assess significance. Scale bar = 10 µm.  
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Figure 3.2. Acute mitochondrial activity is reduced in the absence of MET. 
 
(A, B) Maximum projections of hair cells from WT/Het and sputnik mutant siblings incubated in 
JC1 dye. (C) Mean JC1 fluorescence plotted as a ratio of red:green. WT/Het: 0.25 ± 0.24 n = 8 
fish; Mutant: 0.05 ± 0.07 n = 8 fish; mean ratio ± SD. Mann-Whitney U test was used to assess 
significance. Value for each fish represents the mean of 3 neuromasts. Scale bar = 5 µm. 
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Figure 3.3. MitoTimer fluorescence ratio increases with neuromast maturation. 
 
Maximum projections of hair cells from Tg[myo6b:mitoTimer]w208 fish at 2dpf (A) and 5dpf (B). 
(C) Mean mitoTimer fluorescence plotted as ratio of red:green at 2, 3, and 5dpf. 2dpf: 0.28 ± 
0.22, 3dpf: 0.17 ± 0.12, 5dpf: 1.11 ± 0.62; mean ratio ± SD; n = 7-11 fish. Significance was 
analyzed by Kruskal-Wallis test with Dunn’s post-test. Value for each fish represents the mean 
of 2-4 neuromasts. Scale bar = 5 µm. 
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Figure 3.4. Mitochondrial oxidation corresponds with hair cell age and mechanotransduction 
activity. 
 
(A) Maximum projection of mitoTimer expressing hair cells co-labeled with Hoechst. Hair cells 
were imaged at 4dpf, 24 hours after Hoechst treatment. Arrowheads mark Hoechst-positive cells. 
(B) mitoTimer fluorescence ratio for cells that are positive for Hoechst staining compared to 
Hoechst negative cells. mitoTimer ratios are normalized to the median, which is indicated by the 
dotted line. Hoechst positive: 1.71 ± 0.52, n = 45 cells; Hoechst negative: 0.80 ± 0.45, n = 80 
cells; mean ratio (normalized) ± SD; 5 fish, 3 neuromasts per fish. (C) Hoechst incubation does 
not affect mitoTimer ratio compared to control. Incubation: 1.51 ± .093, n = 105 cells; No 
incubation: 1.48 ± 1.08, n = 119 cells (p = 0.34); mean ratio ± SD; 5 fish, 3 neuromasts per fish. 
Mann-Whitney U test was used to assess significance. Scale bar = 5 µm.   
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Figure 3.5. Mitochondrial activity depends on hair cell mechanotransduction. 
 
(A, B) Maximum projections of hair cells from WT/Het and sputnik mutant siblings crossed to 
Tg[myo6b:mitoTimer]w208. (C) mitoTimer mean fluorescence ratio for WT/Het and sputnik 
larvae. WT/Het: 100 ± 18.7, n = 14 fish; Mutant: 34 ± 13.1,15 mutant fish; mean (% WT/Het) ± 
SD. Value for each fish represents the mean of 2-4 neuromasts. (D, E) Maximum projections of 
mitoTimer-expressing hair cells from control larvae and larvae incubated in 200 µM benzamil. 
(F) mitoTimer mean fluorescence ratio for larvae incubated in benzamil compared to DMSO 
control. Control: 100 ± 28.7; Treated: 56.6 ± 22.7, n = 17 fish per group; mean (% Control) ± 
SD. Value for each fish represents the mean of 2-4 neuromasts. Mann-Whitney U test was used 
to assess significance. All larvae imaged at 5dpf. Scale bar = 5 µm.   

55000

0
10000

0

A

B
488 561

M
ut

an
t

C

150

100

50

0

m
ito

Ti
m

er
R

ed
:G

re
en

 %
W

T

WT/Het
Mut

p<0.001

150

100

50

0

200

m
ito

Ti
m

er
R

ed
:G

re
en

 %
C

tr
l

Contro
l 

Benzamil 

p<0.001

F

m
ito

Ti
m

er
W

ild
ty

pe
m

ito
Ti

m
er

D

E

Be
nz

am
il

m
ito

Ti
m

er
C

on
tro

l
m

ito
Ti

m
er

25000

25000

0

0



 

 

70 

 
 

 
Figure 3.6. Sustained hair cell stimulation through orbital shaking increases hair cell oxidation 
and mitochondrial activity. 
 
(A) mitoTimer fluorescence ratio and (B) CellROX green fluorescence measured from hair cells 
in WT/Het and sputnik mutants following 24 hrs of orbital shaking. For mitoTimer (A): WT/Het 
Control: 100 ± 34 n = 47 fish, WT/Het Orbital shaker: 128 ± 47 n = 48 fish, Mutant Control: 58 
± 24 n = 27 fish, Mutant Orbital shaker: 70 ± 21 n = 28 fish; mean (%WT/Het Control) WT/Het 
Control ± SD. For CellROX (B): WT/Het Control: 100 ± 23 n = 20 fish, WT/Het Orbital shaker: 
217 ± 124 n = 20 fish, Mutant Control: 105 ± 55 n = 21 fish, Mutant Orbital shaker: 138 ± 58 n = 
20 fish; mean (%WT/Het Control) ± SD. Values for each fish represent the mean of 2-3 
neuromasts. Significance analyzed by Kruskal-Wallis test with Dunn’s post-test. All larvae 
imaged at 5dpf.  
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Figure 3.7. Hair cell activity influences mitochondrial turnover. 
 
(A, B) Maximum projections of mitoEos red fluorescence (shown in grayscale) 8 and 16 hours 
after photoconversion in wildtype and sputnik fish crossed to Tg[myo6b:mitoEos]w207. (C) Mean 
red fluorescence decreases over time in both wildtype and mutant fish WT/Het: 8hr 3696 ± 1083; 
16hr 2257 ± 604; Mutant: 8hr 2942 ± 878; 16hr 721 ± 262, mean ± SD. (D) The loss of red 
fluorescence is significantly greater in mutant animals. WT/Het: 38.9 ± 16.4; Mutant: 75.5 ± 8.9; 
mean (% lost) ± SD. n = 9 fish per group. Value for each fish represents the mean of 3 
neuromasts. Significance analyzed by Mann-Whitney U test.  Scale bar = 5 µm. 
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Figure 3.8. Acute hair cell and mitochondrial activity do not correspond with likelihood of hair 
cell death in response to 50 µM neomycin exposure.  
 
(A) Baseline mean intensity of cytoRGECO and mitoGCaMP3 for living and dying cells. 
mitoGCaMP3 live: 1769 ± 794, n = 78 cells; mitoGCaMP3 die: 1701 ± 753, n = 28 cells; two-
tailed Student’s t-test, p = 0.69; RGECO live: 1248 ± 538, n = 46 cells; RGECO die: 1457 ± 
459.7, n = 35 cells; two-tailed Student’s t-test, p = 0.07; 5 fish, 2-3 neuromasts per fish. (B) 
Baseline mean fluorescence ratio of JC1 for living and dying cells. Living cells: 0.13 ± 0.14, n = 
46; dying cells: 0.12 ± 0.11, n = 35; Mann-Whitney U test, p = 0.60; 6 fish, 2-3 neuromasts per 
fish. Fluorescence measurements were taken just prior to neomycin treatment. 
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Figure 3.9. Cumulative mitochondrial activity reflects the likelihood of hair cell death following 
neomycin-induced damage. 
 
(A) Frames from a time-lapse imaging video acquired from Tg[myo6b:mitoTimer]w208 fish 
treated with 50 µM neomycin. Images are maximum projections. Arrowheads indicate dying 
cells. (B) Baseline mitoTimer fluorescence ratio for living and dying cells following neomycin 
exposure. mitoTimer ratios are normalized to the median, which is indicated by the dotted line. 
Live: 0.77 ± 0.37, n = 142 cells; Die: 1.30 ± 0.34, n = 74 cells; mean ratio (normalized) ± SD; 6 
fish, 2-3 neuromasts per fish. Mann-Whitney U test was used to assess significance. Scale bar = 
5 µm. 
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Supplemental Figure 3.10. Hair cell oxidation increases with sustained stimulation via orbital 

shaking. 

 
(A,C) CellROX green fluorescence labeling in WT/Het and sputnik mutants in the no-shaker 
control condition. (B,D) CellROX green fluorescence in WT/Het and sputnik mutants after 24 
hours of orbital shaking. CellROX green labels hair cell and support cell nuclei. Green asterisks 
indicate hair cells, identified based on nuclear shape and location. Fluorescence is shown in 
grayscale. Scale bar = 5 µm 
 
 
 
 
 
 
 
 
 
 

A

W
ild

ty
pe

M
ut

an
t

25000

0

25000

0

25000

0

25000

0

B
Control Orbital Shaker

C D

*

**
*
* *

*
*
*

*
* *

**

*
*

*
*
**

*
* *
*



 

 

75 

3.8 MOVIES 

Movie 3.1. Dynamic changes in hair cell cytoplasmic and mitochondrial Ca2+ fluorescence with 
waterjet stimulation. Time-lapse movie of a lateral line neuromast acquired from 
Tg[myo6b:RGECO]vo10Tg (left) and Tg[myo6b:mitoGCaMP3]w119  (right) crossed fish. Hair cells 
were stimulated with a 10 Hz pressure wave, the timing of which is indicated (min:sec). Scale 
bar = 5 µm. 
 
Movie 3.2. Differential cell death after low-dose neomycin exposure among mitoTimer-
expressing hair cells. Time-lapse movie of a lateral line neuromast from a 
Tg[myo6b:mitoTimer]w208 fish exposed to 50 µM neomycin. Still frames from this time-lapse 
movie are shown in Figure 9. Scale bar = 5 µm. 
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Chapter 4. CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 SUMMARY 

In this thesis, I explored the use of zebrafish as a model for the auditory system, with particular 

emphasis on study of the lateral line sensory system. Although the lateral line and auditory 

systems represent distinct sensory modalities, the sensory receptors of both systems share many 

structural and functional similarities. As a result, the advantages of using zebrafish can be 

leveraged for investigations that would be more challenging to conduct with mammalian model 

organisms.  

In Chapter 3, I relied on the zebrafish model to characterize the influence of hair cell 

activity on mitochondrial biology in vivo, addressing two open questions related to hair cell 

function and death. First, how do mitochondria in hair cells respond to activity? Second, is there 

a relationship between mitochondrial activity and hair cell selective susceptibility? Using 

genetically-encoded fluorescent indicators, I observed that mitochondrial calcium flux and 

oxidation are regulated by mechanotransduction and demonstrated that hair cell activity has both 

acute and long-term consequences on mitochondrial function. I then examined variation in 

mitochondrial activity, finding that the cumulative history of hair cell and mitochondrial activity 

(rather than instantaneous activity levels) correspond with increased vulnerability to 

aminoglycoside-induced toxicity.  

4.2 FUTURE DIRECTIONS 

Despite their importance to cell function, there remains a remarkable lack of information about 

the role and behavior of mitochondria in hair cells. The work so far presented in this thesis 

suggests several lines of inquiry that could be pursued to uncover potential roles for these 
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organelles in the development, life, and death of hair cells. In the sections below, I discuss topics 

for future investigations. In addition to further characterization of mitochondrial activity in 

lateral line hair cells – including morphology and dynamics – I propose expanding studies of 

mitochondrial activity to lateral line support cells and mammalian cochlear hair cells. 

Additionally, I briefly explore possible implications of ROS signaling in support cells following 

hair cell damage and ROS production.  

4.2.1 Mitochondrial morphology and dynamics in lateral line hair cells 

In Chapter 3, I examined aspects of mitochondrial activity in hair cells, including mitochondrial 

calcium flux, age and oxidation, and turnover relative to hair cell activity. Further investigation 

of these and other aspects of mitochondrial behavior remain to be addressed, however, including 

mitochondrial localization, morphology, and dynamics. Exploration of these topics could provide 

interesting insights into the relationship between cell metabolism and mitochondrial networks 

and morphology. 

Across cell types, mitochondria are known to localize to sites of intracellular energy 

demand and calcium signaling (e.g., sperm, muscle, neurons, lymphocytes) (Kuznetsov et al. 

2009; Westermann 2012). Hints from mammalian studies suggest that, like other cell types, 

mitochondrial distribution in hair cells may reflect their functional roles. In gerbil cochlear outer 

hair cells, mitochondria shift from being homogenously distributed throughout the cell to being 

localized around the cell perimeter. This shift occurs during cell maturation, perhaps to support 

the outer hair cell specialization of electromotility (Weaver and Schweitzer 1994). Maturing 

mouse utricle and rat cochlear hair cells have apically localized mitochondria found just below 

the cuticular plate (Rusch et al. 1998; Beurg et al. 2010). This localization may reflect the role of 

mitochondria as calcium buffers, since calcium readily flows through mechanotransduction 
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channels into the apical region of the cell (Beurg et al. 2010). Moreover, as demonstrated in 

Chapter 3, mitochondrial calcium increases in response to hair cell stimulation.  

 Tools to determine the distribution of mitochondria within lateral line hair cells are 

readily available. Transgenic zebrafish expressing a hair cell-specific, mitochondria-targeted 

fluorophore (e.g., mitoEos) could be imaged using high-resolution fluorescent microscopy. 

Quantification of the mitochondrial distribution could be compared in apical or basal regions. 

Similar experiments could be performed with comparisons to mechanotransduction mutants 

(e.g., sputnik mutants) or synaptic transmission mutants (e.g., gemini mutants) (Sidi et al. 2004; 

Söllner et al. 2004). Disrupting major hair cell activities in different regions of the cell would 

reveal the extent to which the apical or basal cellular demands influence mitochondrial 

distribution. In addition to cellular activity, mitochondrial interactions with other organelles, e.g., 

the endoplasmic reticulum (ER), might also influence their localization. Mitochondrial 

distribution relative to the ER could be explored and even extended to studies of calcium flow 

between the two compartments (Rizzuto et al. 1998; Rowland and Voeltz 2012). Identification of 

ER-mitochondrial contacts within hair cells might be better addressed using scanning electron 

microscopy and organelle reconstructions. 

 In addition to distribution of mitochondria within the cell, mitochondrial morphology and 

dynamics are also important factors in cell function and can vary across cell types and with 

metabolic demand (Collins et al. 2002; Kuznetsov et al. 2009; Woods 2017). For example, 

elongated mitochondrial morphology has been observed in cells with higher rates of cellular 

respiration (Egner et al. 2002; Jakobs et al. 2003; Rossignol et al. 2004; Westermann 2012; 

Mishra and Chan 2016). Elongated mitochondrial networks have also been shown to correspond 

with efficient ATP production and mitochondrial content mixing (Amchenkova et al. 1988; 
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Skulachev 2001; Meeusen et al. 2004; Chen et al. 2005; Malka et al. 2005). Relatedly, 

mitochondrial fusion depends on mitochondrial membrane potential, which corresponds with 

mitochondrial activity (Meeusen et al. 2004; Malka et al. 2005). Further investigation of 

mitochondrial networks would provide additional insight into our findings in Chapter 3, where 

wildtype hair cells exhibited red-shifted mitoTimer fluorescence and reduced mitochondrial 

turnover relative to sputnik mutants. Based on the connection between mitochondrial elongation 

and metabolism described above, it might be that mitochondria in wildtype hair cells undergo 

more fusion and elongation in response to the demands of mechanotransduction activity. To 

characterize the effect of hair cell activity on mitochondrial dynamics, future studies might rely 

on high-resolution fluorescent microscopy to measure mitochondrial networks, assessing the 

length and connectivity of the mitochondria over time.  

Mitochondrial dynamics in hair cells could be perturbed through CRISPR-mediated 

mutagenesis of the genes required for mitochondrial fission and fusion with predictable 

phenotypic changes. Mitochondrial dynamics are primarily mediated by a handful of GTPases 

that facilitate the fusion or separation of mitochondrial membranes. Mitochondrial fusion 

depends on mitofusins (Mfn 1 & 2) for outer membrane fusion and optic-atrophy 1 (Opa1) for 

inner membrane fusion. Dynamin-related protein 1 (Drp1) is required for mitochondrial fission 

(reviewed in Otera and Mihara 2011). Mfn1/2 or Opa1 are appropriate initial targets, as 

mitochondria within wildtype lateral line hair cells appear to form a relatively elongated 

mitochondrial network and Mfn1/2 or Opa1 gene mutations would be predicted to cause to a 

more punctate mitochondrial phenotype. Functional consequences of impaired mitochondrial 

dynamics could be assessed with respect to hair cell stimulation as well as susceptibility to 

neomycin.  
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4.2.2 Extending mitochondrial characterization to lateral line support cells 

Beyond the study of hair cells, the composition of lateral line neuromasts present a unique 

opportunity to examine mitochondrial morphology and dynamics across cells in varying states of 

pluripotency. Following hair cell damage, support cells surrounding the hair cells divide 

symmetrically to give rise to new hair cells (López-Schier and Hudspeth 2006; Wibowo et al. 

2011). These support cells constitute a population of unipotent hair cell progenitors. Evidence 

suggests that there is also a stem cell-like population that serves to replace the unipotent 

progenitor pool (Cruz et al. 2015; Romero-Carvajal et al. 2015). Exploration of mitochondrial 

networks in support cells could be an interesting comparison to hair cells. In other systems, 

progenitor cells have been shown to exhibit punctate, fragmented mitochondrial networks that 

shift upon cell differentiation to elongated networks, along with shifts in metabolic demand 

(Zhang et al. 2011; Kasahara et al. 2013). If this is the case in neuromasts, support cell 

mitochondrial networks might be predictably dissimilar from hair cells and perhaps varying 

across support cell subpopulations. With CRISPR knock-in techniques, the ability to label 

different subpopulations of support cells could be harnessed to drive expression of mitochondria-

localized fluorescent reporters in those cells (Eric Thomas, in preparation).  

The lateral line could also be an interesting system with which to study mitochondrial 

partitioning during progenitor cell proliferation. Although mitochondrial partitioning has been 

studied in yeast, how mitochondrial partitioning occurs and the functional consequences of 

asymmetric vs. symmetric partitioning for daughter cells in vertebrates is less well characterized 

(Mishra and Chan 2014). In a study of human mammary stem-cell like cells, Katajisto et al. 

(2015) demonstrated that daughter cells inheriting fewer older mitochondria following cell 

division were more likely to maintain stem-cell like qualities. In this case, mitochondrial 
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partitioning and cell division were both asymmetric. Given that neuromasts contain both support 

cell and hair cell progenitors, mitochondrial partitioning could be examined and compared 

during regeneration, where potentially both symmetric and asymmetric cell divisions occur. 

Following hair cell ablation with aminoglycoside antibiotics, lateral line regenerative events, 

including cell proliferation and differentiation, are well described (Ma et al. 2008; Wibowo et al. 

2011; Cruz et al. 2015; Romero-Carvajal et al. 2015). As a result, this is a tractable system for 

live monitoring of mitochondrial movement during regenerative events. Since mitoTimer 

fluorescence reflects mitochondrial age and activity, expression of this indicator in support cells 

would not only allow for visualization of the organelles, but also a means for distinguishing 

whether they are partitioned differently based on these qualities. For example, if similar to the 

human mammary cells, mitochondrial partitioning during asymmetric support cell divisions 

might reveal a daughter cell with older and historically more active mitochondria (higher 

red:green ratio), while the opposite may be true for the other daughter cell. In this case, one 

might predict that the daughter cell with older and more active mitochondria would be more 

likely to become a unipotent hair cell progenitor.  

4.2.3 Mitochondrial biogenesis in lateral line hair cell development 

In addition to differences in mitochondrial dynamics and morphology, we might also predict 

that, as active sensory receptors, hair cells have greater mitochondrial content relative to their 

progenitors to sustain their energy demands. In yeast and muscle, mitochondrial mass and 

number increase with metabolic shifts or increased cell activity (Holloszy 1967; Takahashi and 

Hood 1993; Visser et al. 1995; Hood et al. 2011). Evidence for this idea in the auditory system 

stems from electron micrographs of cells in the chick basilar papilla, which reveal that hair cells 

have comparatively more mitochondria than surrounding support cells (Duckert and Rubel 



 

 

82 

1990). Since support cells serve as hair cell progenitors, they might experience an increase in 

mitochondrial biogenesis during differentiation.  

In addressing this idea, I examined mitochondrial expansion during lateral line hair cell 

development. I relied on hair cell-specific expression of two fluorescent proteins: (1) 

mitochondrial matrix-targeted GFP paired with the myosin6b promoter (myo6b:mitoGFP), to 

label mitochondria; and (2) cytosolic red fluorescent protein driven by the promoter ribeye a 

[Tg(ribA:tRFP)w87] (Figure 4.1). These genes are expressed sequentially during hair cell 

maturation, such that ribeye a is expressed slightly later relative to myosin6b. Based on the 

sequential expression of these genes, the relative age of hair cells within a neuromast can be 

distinguished. Double-labeled hair cell cells are identified as older and more mature, while 

single-labeled, mitoGFP-positive cells are slightly younger, and less mature. To quantify 

mitochondrial content, I measured mitochondrial volume in immature and mature hair cells in 

transgenic ribA:tRFP fish transiently expressing myo6b:mitoGFP. Mitochondrial volume was 

calculated for single cells using the program MitoGraph (Viana et al. 2015). The measurements 

demonstrate that mitochondrial volume increases as cells transition from being myosin6b-postive 

(immature) to both myosin6b- and ribeye a-positive (mature) (Figure 4.1). This pattern remained 

consistent across stages of larval fish development (2, 3, and 5dpf).  

To investigate whether mitochondrial increase depends on hair cell activity, I measured 

mitochondrial volume in sputnik mechanotransduction mutants transiently expressing the 

myo6b:mitoGFP construct (Figure 4.1). Sputnik mutants exhibited a slight but significant 

reduction in mitochondrial volume, suggesting that mechanotransduction activity influences 

mitochondrial volume, but may not be the primary factor driving mitochondrial biogenesis. In 

this case, mitochondrial expansion might be regulated by factors downstream of genes that 
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promote hair cell differentiation. Targeted mutagenesis of genes known for their role in 

mitochondrial biogenesis, e.g., PGC1a, could be used to uncover developmentally regulated 

aspects of mitochondrial growth (Wu et al. 1999; Lehman et al. 2000; Cheng et al. 2012).  

4.2.4 Examining mitochondria in mammalian cochlear hair cells 

A natural extension of the exploration of mitochondria in lateral line hair cells presented in this 

thesis would be to examine mitochondrial stress relative to activity in mammalian hair cells. This 

line of inquiry would be particularly intriguing given the characteristic pattern of cell death 

observed in the cochlea. Whether by toxic chemical exposure, or as a result of aging, hearing 

loss and cell death occurs from high frequency to low frequency (or basal to apical), and by cell 

type, where inner hair cells are less susceptible than outer hair cells (Richardson and Russell 

1991; Forge and Richardson 1993; Kopke et al. 1999; Forge and Schacht 2000; Alharazneh et al. 

2011; Mahendrasingam et al. 2011). Using the reporter mitoTimer, the results reported in 

Chapter 3 demonstrate that historically more active hair cells are more sensitive to damage due 

to changes in mitochondrial state. Expression of mitoTimer in the cochlea would provide an 

opportunity to examine whether similar mechanisms underlie differential susceptibility among 

auditory hair cells.  

 mitoTimer fluorescence could be examined in mouse models by injecting animals with a 

strain of AAV virus developed for efficient cochlear transfection (a more rapid alternative to the 

generation of a transgenic line) (Landegger et al. 2017). Initial characterization might include 

determination of mitoTimer fluorescence ratios for hair cells at different points along the 

tonotopic axis, or between inner and outer hair cells. Based on the increased sensitivity of basal 

and outer hair cells to damage, these cells might be predicted to have higher mitoTimer red:green 

fluorescence. Investigations could also parallel zebrafish studies by examining mitoTimer in 
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murine mechanotransduction mutants. Additionally, mitoTimer fluorescence could be measured 

following noise exposure within a specific frequency range and at levels known to cause 

temporary threshold shifts in hearing. Since hair cell frequency tuning along the cochlea is 

mapped, fluorescence could be compared for hair cells within and outside the known band of 

noise damage. Results from these or similar experiments would provide insight into 

mitochondrial changes in mammalian hair cells under normal and damage conditions and could 

reveal potential differences between hair cells that reflect differential susceptibility. Elucidating 

underlying mechanisms of differential hair cell damage will inform therapeutic strategies to 

combat human hearing loss.  

4.2.5 ROS in support cells during hair cell damage: a functional role? 

Esterberg et al. demonstrated that lateral line hair cells produce ROS in response to neomycin-

induced damage and that mitochondria serve as a source of ROS (Esterberg et al. 2016). 

Intriguingly, in investigating this response, we also observed increases in support cell ROS 

following hair cell damage. Support cell ROS increases were detected using the ROS indicator 

dye CellROX and were only observed in conditions of hair cell damage following neomycin 

exposure (Figure 4.2, Movie 4.1). Although the work described in this thesis is entirely hair cell-

focused, this observation suggests that examination of support cell activity during damage may 

be another interesting area of investigation. Support cell behavior following hair cell death has 

been a long-standing topic of interest, since support cells serve as hair cell progenitors during 

regeneration (Balak et al. 1990; Ma et al. 2008; Wibowo et al. 2011; Cruz et al. 2015; Romero-

Carvajal et al. 2015). Although lateral line regeneration was discovered over 70 years ago (Stone 

1937), it is unknown exactly what triggers surrounding support cells to replace dying hair cells. 
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ROS signaling has been implicated in wound healing and regeneration as well as in the 

regulation of progenitor cell behavior in other systems. After tail fin resection in zebrafish and 

tadpoles, ROS signaling was found to serve as a short-range signaling molecule produced by 

cells at the site of injury (Niethammer et al. 2009; Love et al. 2013). Inhibiting ROS production 

in the tadpole study impaired fin tissue regeneration. Given that hair cells also produce ROS after 

insult, ROS could be a signaling molecule allowing support cells to detect nearby damage. ROS 

signaling as a regulator of progenitor cell proliferation and/or differentiation has been observed 

across cell types, including intestinal stem cells, hematopoietic progenitor cells, cultured 

neuronal progenitors, as well as keratinocytes and hair follicles (Owusu-Ansah and Banerjee 

2009; Le Belle et al. 2011; Dickinson et al. 2011; Hochmuth et al. 2011; Hamanaka et al. 2013). 

For example, in Drosophila hematopoietic progenitors, ROS was reported to “prime” cells for 

differentiation. The cells displayed an elevated level of ROS that decreased as they 

differentiated. While scavenging ROS impaired differentiation, increasing ROS beyond basal 

levels lead to precocious differentiation (Owusu-Ansah and Banerjee 2009). Since support cells 

serve as hair cell progenitors, it is tempting to speculate that the regenerative process may be 

initiated by ROS signaling in support cells in response to hair cell damage.  

The ability to express transgenes and manipulate support cell genetics in the lateral line 

has been much improved with CRISPR gene editing technology. To more easily and dynamically 

visualize ROS in supporting cells, CRISPR knock-in drivers could be used to express 

genetically-encoded, fluorescent ROS indicators in support cell populations (e.g., HyPer or 

roGFP2) (Bilan and Belousov 2016; Lismont et al. 2017). With live imaging of spectrally 

distinct indicators, fluorescence could be measured simultaneously in hair cells and support cells 

during neomycin-induced damage. Support cell ROS levels could also be monitored during 
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regeneration as these cells undergo proliferation and differentiation. To assay potential functional 

consequences, ROS signaling could be manipulated through the targeted expression of ROS 

neutralizing enzymes, such as catalase or superoxide dismutase. If ROS is a required 

regeneration signal, reducing ROS levels in support cells after hair cell damage and death would 

be predicted to reduce the number of regenerated hair cells.  
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4.3 FIGURES 

 
 
Figure 4.1. Mitochondrial content increases as hair cells mature and is influenced by hair cell 
mechanotransduction activity. 
 
(A) Maximum projection image of hair cells from a 2dpf larval zebrafish. Expression of 
mitochondria-targeted GFP is driven by the myosin6b promoter (myo6b:mitoGFP), while 
cytosolic tRFP expression is driven by the ribeye a promoter (Tg[ribA:tRFP] w87). White arrows 
indicate immature hair cells and yellow arrow heads indicate the mature hair cells. Scale bar = 5 
µm. (B) Mean mitochondrial volume for mature vs. immature hair cells in a neuromast during 
zebrafish maturation. Transient mitoGFP expression was used to label mitochondria in individual 
cells and mitochondrial volume (µm3) was measured using the program MitoGraph. 2dpf: 39.3 ± 
8.5 (18), 47.9 ± 6.9 (14); 3dpf: 38.9 ± 9.5 (17), 48.8 ± 6.2 (16); 5dpf: 40.5 ± 6.8 (9); 47.3 ± 7.4 
(13); immature, mature; mean ± SD (n = neuromasts). Kruskal-Wallis test with Dunn's post-test 
was used for statistical analysis. (C) The number of immature and mature hair cells analyzed in 
the graph B (green = immature cells; magenta = mature cells). (D) Mean mitochondrial volume 
measured with MitoGraph in wildtype and cadherin23/sputnik mutants at 5dpf. WT/Het: 49.91 ± 
8.5 (17); Mut: 40.21 ± 7.7 (18); mean ± SD (n = neuromasts). Mann-Whitney test used for 
statistical analysis. 
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Figure 4.2. ROS increases in lateral line support cells following hair cell death. 
 
(A) Frames from time-lapse imaging videos of neuromasts after 24 hours of CellROX incubation 
under three conditions: control (wildtype), neomycin treated (wildtype), and neomycin treated 
sputnik mutants. 400 µM neomycin was used for treatments. CellROX fluorescence increased in 
hair cells and support cells only when hair cell death is induced. Sputnik mutants are not 
susceptible to neomycin induced damage due to lack of mechanotransduction. Asterisks indicate 
hair cells. Scale bar = 10 µm. (B) Normalized CellROX fluorescence in support cells following 
hair cell damage induced by 400 µM neomycin treatment. 
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4.4 MOVIES 

Movie 4.1. ROS increases in hair cells and support cells following neomycin-induced hair cell 
damage. Time-lapse movie of a neuromast from a Tg[ribA:tRFP] w87 fish incubated for 24hrs in 
CellROX (green) and exposed to 400 µM neomycin. tRFP expression (magenta) is hair cell 
specific. Still frames of the CellROX fluorescence from this time-lapse movie are shown in 
Figure 4.2.  
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