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Sensory hair cells are the specialized mechanosensory receptors found in vertebrate auditory, vestibular, and lateral line organs that transduce vibratory and acoustic stimuli into the sensations of hearing and balance. Hair cells can be damaged due to such factors as aging, ototoxic chemicals, acoustic trauma, infection, or genetic factors. Loss of these hair cells lead to deficits in hearing and balance, and in mammals, such deficits are permanent. In contrast, non-mammalian vertebrates exhibit the capability to regenerate missing hair cells. Researchers have been examining the process of hair cell death and regeneration in animal models in an attempt to find ways of either preventing hair cell loss or stimulating the production of new hair cells in mammals, with the ultimate goal of finding new therapeutics for human sensorineural hearing and balance deficits. This has led to a wide array of research on sensory hair cells- such as understanding the factors that cause hair cell loss and finding agents that protect them from damage, elucidating the cell signaling pathways activated during hair cell death, examining the genes and cellular pathways that are regulated during the process of hair cell death and regeneration, and characterizing the functional sensory loss and recovery following acoustic or ototoxic insults to the inner ear. This research has involved cell and developmental biologists, physiologists, geneticists, bioinformaticians, and otolaryngologists.  In this Research Topic, we have collated reviews of the past progress of hair cell death and regeneration studies and original research articles advancing sensory hair cell death and regeneration research into the future.
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The Editorial on the Research Topic
 Sensory Hair Cell Death and Regeneration



Sensory hair cells are specialized mechanosensory receptors found in vertebrate auditory, vestibular and lateral line organs that transduce vibratory and acoustic stimuli into the sensations of hearing and balance. Sensorineural hearing loss typically occurs when hair cells are damaged from infection, noise exposure, drugs (called ototoxins), and age-related decline. Unfortunately, as hair cell regeneration does not occur to any significant extent in mammals, damage to these cells in humans leads to hearing and balance disorders. The signaling mechanisms that cause hair cell damage are incompletely understood and vary with the type of damage involved, and a given form of damage can activate multiple cell signaling cascades, complicating our understanding of these damage processes and the development of potential therapeutics. Yang et al. present a comprehensive overview of hair cell damage across stimuli. Other papers in this Research Topic offer more focused reviews or original research, as described below.

DAMAGE AND PROTECTION

Several papers in this Frontiers Research Topic address cell signaling that underlies hair cell damage from a variety of sources. Van Rossom et al. investigated programmed cell death resulting from variants in DFNA5, a gene tightly linked to autosomal dominant hearing loss in human families. DFNA5 is located on chromosome 7 and multiple variants are correlated with deafness in different human families. Using yeast, Van Rossom et al. demonstrate that truncated DFNA5 (mutDFNA5) alters expression of mitochondrial and endoplasmic reticulum (ER)-related genes, while mutDFNA5 expression in HEK293 cells up-regulated expression of MAPK signaling members. MutDFNA5 expression increased phospho-JNK expression in HEK cells and reduced cell viability, which could be rescued by pharmacological inhibition of JNK signaling. This suggests that mutDFNA5 induces cell death via oxidative stress mechanisms associated with mitochondrial function, and perhaps via ER stress, via MAPK signaling.

While genetic causes of hearing loss accounts for the majority of congenital deafness, ototoxin exposure can cause hearing loss later in life. Aminoglycoside antibiotics are used to treat a wide-variety of bacterial infections, and up to 25% of patients receiving aminoglycosides suffer significant hearing loss. Aminoglycoside ototoxicity is extensively studied, because these antibiotics are well characterized, relatively simple to administer in animal models, and produce dose-dependent sensory tissue lesions. Multiple papers in this Research Topic investigate aspects of aminoglycoside-induced hair cell death and protection.

Tao and Segil used RNA-Seq to profile transcriptional changes in hair cells exposed to the aminoglycoside gentamicin. They cultured neonatal cochleae from Atoh1-GFP transgenic mice, then purified GFP+ hair cells for sequencing and bioinformatics analysis. A 3 h exposure to gentamicin changed gene expression in several cell death and survival pathways, particularly JNK and NF-kB, and in several cell cycle checkpoint and proliferation genes. The effects on these latter pathways are interesting because hair cells are post-mitotic, and these data suggest that gentamicin treatment may disrupt cell cycle control. As aminoglycosides also cause nephrotoxicity, Tao and Segil then compared their results with those from researchers who studied gentamicin-treated kidney cells and found similar changes in gene expression across multiple gene classes. Their results suggest that gentamicin-mediated damage in hair cells causes changes in JNK and NF-kB signaling that precedes cellular stress responses and programmed cell death.

Sun et al. investigated cell death and survival genes in mouse cochleae treated with the aminoglycoside neomycin and found increased expression of pro-cell death genes such as Diablo, Htra2, and multiple caspases. Interestingly, these changes were most pronounced in young animals (P8-P14), implying a “sensitive period” in which cochlear hair cells are more susceptible to damage. Using a transgenic mouse line that over-expresses the pro-survival gene Xiap, Sun et al. demonstrated that increased Xiap expression reduced caspase levels in cochlear hair cells and conferred some protection from neomycin-induced hearing loss.

Oxidative stress is a key mediator of hair cell death, with multiple studies reporting increased reactive oxygen species (ROS) following aminoglycoside exposure and antioxidant-related hair cell protection. Dinh et al. summarize several of these ROS studies, as well as highlighting the complexity of hair cell death signaling overall, including activation of both classical apoptotic and non-apoptotic components. Majumder et al. examined one component of the oxidative stress response, the ROS scavenger glutathione (GSH), during cochlear development and neomycin exposure. Using a fluorescent reporter, they showed that GSH levels increase with age in the mouse cochlea and that GSH expression does not change across the length of the cochlea, which is surprising as basal hair cells are more susceptible to damage than apical hair cells. Even more surprising, pharmacologic depletion of GSH did not sensitize cochlear hair cells to neomycin damage. These results add to the ongoing debate about the role of oxidative stress in aminoglycoside ototoxicity.

Other than mammalian models, zebrafish, a common model organism to study vertebrate development and gene function, is also used to study hair cell death and regeneration. Like other non-mammalian vertebrates, zebrafish have the capacity to regenerate lost sensory hair cells (reviewed in Monroe et al.). The zebrafish lateral line is particularly useful for screening genes and compounds that affect hair cell responses to ototoxin exposure. Stawicki et al. review several of these studies, describing 3 novel mutations and over 20 compounds associated with reduced aminoglycoside susceptibility. Uribe et al. used the zebrafish lateral line as a model system to determine if pharmacologic activation of hepatocyte growth factor (HGF) signaling conferred protection from aminoglycoside toxicity. The HGF mimetic Dihexa protected hair cells from neomycin damage via activation of c-Met, the cognate HGF receptor, and conferred protection via Akt and MEK signaling.

Li et al. examined the interplay between aminoglycoside ototoxicity and acoustic over-exposure, a “double-whammy” that causes increased hair cell damage (Li et al.). Prior studies demonstrated that mechanotransduction (MET) channels at the stereociliary tips are the primary route of aminoglycoside entry into hair cells (Alharazneh et al., 2011; Vu et al., 2013). Li et al. show that in mice, exposure to wide-band noise increases gentamicin uptake in outer hair cells. Increased gentamicin uptake was associated with a decrease in tip links, a seemingly counter-intuitive finding, because a reduction in tip links should reduce MET channel opening and therefore reduce aminoglycoside entry. Li et al. suggest that the absence of functional mechanotransduction in some hair cells increases aminoglycoside entry into remaining functional cells, or that hair cells have multiple aminoglycoside uptake routes, including some that are independent of transduction such as TRPA1. While the mechanism of enhanced aminoglycoside uptake remains largely unknown, Li et al. demonstrate that moderately loud sound exposure enhances uptake, resulting in increased outer hair cell loss.

DEVELOPMENT AND REGENERATION

The hair cells of the mature mammalian cochlea are terminally differentiated and once lost cannot be regenerated from other cell types. Examining the process of development of sensory hair cells in mammals, and comparing the pathways involved in regeneration in non-mammalian vertebrates, has been a source of potential molecular targets to induce hair cell regeneration in mammals. Macrophages are implicated in the development, regeneration, and repair of numerous tissues (Wynn et al., 2013). Kaur et al. show that macrophages are recruited to areas of hair cell injury in the mouse utricle and actively phagocytose hair cell debris as a precursor to hair cell regeneration. Fractalkine, a chemokine that plays a role in the interaction between the immune and nervous systems, can release a diffusible fragment that can attract macrophages. Using a diphtheria toxin model to kill hair cells, Kaur et al. found that fractalkine was not required for macrophage entry into the damaged tissue, suggesting that macrophage recruitment is mediated by other signaling factors.

One way to look for genes likely important in regulating hair cell regeneration is by examining genes that are important in the process of early ear development. Hartman et al. used microarray analysis to find genes specifically upregulated in the early mouse ear and found sensory lineage-specific transcripts that included Fbxo2, Col9a2, and Oc90. These genes were also significantly up-regulated in both hair cells and supporting cells, suggesting that they could be good sensory lineage markers and might advance developmental and regeneration studies.

The Notch and Wnt pathways have been extensively studied in hair cell development and regeneration (Murata et al., 2012). Jansson et al. contribute a detailed review of Wnt signaling in relationship to hair cell development and regeneration, demonstrating the complex roles of Wnt signaling in inner ear patterning, cell proliferation, and cell type specification. Two papers in this Research Topic focus on Notch signaling, a key signaling pathway regulating cell fate decisions in the inner ear. Maass et al. show that mouse cochlear supporting cells lose their ability to trans-differentiate into hair cells by the time mice are six days old, even when the Notch pathway is blocked. This result is explained in part by a down-regulation of Notch receptors and ligands at this stage. A known regulator of Notch activity in Drosophilia is Numb, which is thought to regulate asymmetric cell division and thus differentiation. Eddison et al. overexpressed Numb at different stages in the developing chick inner ear. Surprisingly, they found that Numb did not significantly repress Notch activity in the inner ear.

Knowledge gained from the role played by Wnt and Notch signaling in hair cell development has led researchers to investigate how the process of hair cell regeneration recapitulates developmental pathways. Two downstream target genes of the Wnt pathway are highlighted in this Research Topic: Lgr5 and Lgr6. Lgr5 and Lgr6 are members of the leucine-rich repeat-containing G-protein-coupled receptors (LGRs). Lin et al. found that Lgr5 was expressed in a subset of supporting cells in the striolar region of the neonatal mouse utricle following neomycin-induced hair cell loss. Further, they showed that Lgr5-positive supporting cells can regenerate new hair cells in explant cultures. Zhang et al. characterized the spatiotemporal expression of Lgr6 in the cochlear duct of embryonic and postnatal mice. They found that Lgr6 was first expressed in a single row of prosensory cells in the middle and basal turn of the cochlea, followed by expression being restricted to inner pillar cells (IPCs), and then the inner border cells (IBCs), after which expression disappeared. Wnt signaling was required to maintain Lgr6 expression in vitro and Lgr6-positive cells had the capability to differentiate into hair cells in culture. Thus, Lgr5- and/or Lgr6-postive cells may serve as hair cell progenitors in the mammalian cochlea.

Advances in biotechnology are improving ways that researchers can study molecular mechanisms that function in hair cell death and regeneration. For example, Tarang et al. recently developed a tetracycline-inducible TetO-CB-myc6-Rb1 (CBRb) transgenic mouse model to achieve transient and inducible dominant-negative inhibition of the protein retinoblastoma 1 (RB1), an endogenous protein essential in regulating cellular proliferation, differentiation, and homeostasis. Down-regulation of RB1 leads to increased proliferation and supernumerary hair cells in the cochlea, suggesting that RB1 may be a therapeutic target.

It is unlikely that the manipulation of one gene or the administration of a single compound will promote mammalian hair cell regeneration because (1) hair cell regeneration proceeds via multiple cellular pathways, and (2) epigenetic regulation controls these pathways. In support of point 1, Jahan et al. review the plethora of genes involved in hair cell proliferation and differentiation in relation to the key transcription factor Atoh1, suggesting that a more nuanced view of Atoh1 regulation is necessary to explain potentially conflicting data. As support for point 2, chromatin remodeling, by histone modifications such as acetylation, has been shown to be important in cellular processes such as development and regeneration. Histone deactylases (HDACs) remove acetyl groups from histone tails, which represses transcription. Following hair cell ablation with neomycin, pharmacological inhibition of HDACs increased histone acetylation in zebrafish lateral line hair cells and decreased the number of proliferating supporting and regenerated hair cells (He et al.). The underlying mechanism of HDAC regulation of hair cell regeneration is unknown, but pathways involved in HDAC or histone acetyltransferases (HATs) may be targets for therapeutics promoting hair cell regeneration. In support of this point, Layman and Zuo offer a review of epigenetic regulation in the inner ear in relationship to development, otoprotection, and hair cell regeneration.

FUTURE DIRECTIONS

Collectively, these papers highlight the recent progress in understanding the cellular and molecular processes involved in sensory hair cell death and regeneration. While there currently is no cure for sensorineural hearing loss in humans, recent experiments like those highlighted in this Research Topic provide a clearer picture of what genes and signaling mechanisms are involved and what therapies may prevent hearing loss, and potentially promote hair cell regeneration in the future.

Of course, there are numerous questions still left unanswered. For example, what are the relative advantages and disadvantages of using stem cells as opposed to genetic manipulations of in situ supporting cells to induce transdifferentiation into new hair cells? While the use of stem cell-derived precursor cells show promise, technical difficulties include maintaining the survival of cell grafts in the proper locations along the cochlea without further damaging the cochlea, prevention of tumor formation, and potential graft-vs.-host rejection. Transdifferentiation of in situ supporting cells into hair cells is also difficult, as supporting hair cells represent a terminally differentiated state that is not overly amenable to manipulation. Since there are numerous molecular pathways involved in the development of sensory hair cells, researchers are not likely to find a single silver bullet in the form of a specific gene or protein that will restore hearing when manipulated or supplied therapeutically. Although supernumerary new hair cells have been induced in the mature mammalian cochlea, this has rarely led to any improvement in hearing function due to the precise organization of the rows of hair cells in the organ of Corti and the necessity of forming synaptic contacts between these hair cells and the appropriate spiral ganglion neurons (Hayashi et al., 2007; Gubbels et al., 2008; Mansour et al., 2009; but see Izumikawa et al., 2005 for an example of improved sensitivity in auditory evoked potentials).

As a result of these difficulties in restoring lost sensory hair cells, more researchers are focusing on ways to prevent hair cell loss in the first place. For example, a number of the studies in this research topic focused on ototoxin-induced cell death pathways and compounds that can mitigate such hair cell loss (He et al.; Li et al.; Majumder et al.; Stawicki et al.; Sun et al.; Tao and Segil; Uribe et al.). So far, this work has centered around a few ototoxic compounds such as the aminoglycosides gentamicin or neomycin. Since different ototoxic compounds can have different effects on hair cells, much more research is needed to get a more holistic view of how to prevent ototoxin-induced hair cell loss. For example, some evidence suggests that aminoglycoside antibiotics enter hair cells via the mechanotransduction channel (Marcotti et al., 2005; Alharazneh et al., 2011; Vu et al., 2013), suggesting that temporary channel block may attenuate ototoxic damage by reducing toxin uptake. However, this strategy may not be appropriate for other ototoxins, and indeed inhibition of intracellular signaling may be preferable in all cases, as a temporary channel block would reduce auditory function. Future work is needed to establish the best therapeutic approaches for each ototoxin.
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Understanding underlying pathological mechanisms is prerequisite for a sensible design of protective therapies against hearing loss. The triad of age-related, noise-generated, and drug-induced hearing loss displays intriguing similarities in some cellular responses of cochlear sensory cells such as a potential involvement of reactive oxygen species (ROS) and apoptotic and necrotic cell death. On the other hand, detailed studies have revealed that molecular pathways are considerably complex and, importantly, it has become clear that pharmacological protection successful against one form of hearing loss will not necessarily protect against another. This review will summarize pathological and pathophysiological features of age-related hearing impairment (ARHI) in human and animal models and address selected aspects of the commonality (or lack thereof) of cellular responses in ARHI to drugs and noise.

Keywords: acquired hearing loss, ototoxicity, noise trauma, presbycusis, aminoglycoside antibiotics

Introduction

Acquired hearing loss is the most common hearing impairment in modern societies. Not all of its causes, however, are of modern origin. Of the major contributing entities, presbycusis or age-related hearing impairment (ARHI) has been recognized by physicians and societies since ancient times. The environmental overload with damaging noise levels, beginning with the industrial revolution, and the introduction of ototoxic antibiotics and anti-cancer agents in the last century added to the spectrum of hazards to the auditory system and established the current triad of drug-induced, noise-induced and age-related hearing losses.

Medical science and research over the last centuries have given us an excellent knowledge of inner ear pathologies and their functional consequences. Recent advances have added insights into molecular pathways, their physiological control mechanisms, and their modulation by environmental and genetic influences. Intriguing biochemical and molecular parallels began to surface, leading to speculation of a common underlying mechanism of acquired hearing loss and the prospect for a unified pharmacological protection. However, details about the individuality of cell death and homeostatic pathways and differentiated responses to attempted protection soon dispelled this notion. This review will focus on ARHI and compare its biochemical and molecular characteristics to ototoxic hair cell death and noise trauma. While the overall pattern of presbycusis is also shaped by changes in central auditory pathways, we will limit our considerations to the cochlea.

Age-Related Hearing Impairment (ARHI)

Prevalence

ARHI is the most prevalent form of hearing loss in humans. It is characterized by decreased hearing sensitivity, decreased ability to understand speech in a noisy environment, slowed central processing of acoustic stimuli, and impaired sound localization (Gates and Mills, 2005). Based on a survey from 2001 through 2008, Lin et al. (2011) estimated that 30 million, or 12.7% of U.S. Americans of 12 years and older had bilateral hearing loss with elevated thresholds of >25 dB in the better hearing ear for a speech-frequency pure-tone average at 0.5, 1, 2 and 4-kHz. The percentage of the afflicted population increased dramatically in the elderly. Sixty-three percent of male and 48% of female adults aged between 70 and 79 years were affected. Similar data for Europe indicated that 30% of men and 20% of women had a hearing loss of 30 dB or more at the age of 70 years, and 55% of men and 45% of women at the age of 80 years (Roth, 2015).

First signs of ARHI in males may already be evident at an age of 30–39 years, beginning at the highest frequency range of 10–16 kHz; by 40–49 years hearing impairment has progressed to frequencies of 6–8 kHz. Presbycusis in females generally begins a decade later, and the principal speech band (0.5–4 kHz) is affected in both genders by 60–69 years (Sharashenidze et al., 2007). Besides gender differences, epidemiological studies in the USA have established a higher prevalence in Caucasians than in African-Americans (Lin et al., 2011).

Genetics

ARHI is shaped by the interplay between genes that govern cochlear integrity and noxious environmental events on the inner ear. Intrinsic factors contributing to presbycusis include genetic disorders rooted in mutations of both nuclear and mitochondrial DNA, hypertension, diabetes mellitus, and other metabolic and systemic diseases (Lee, 2013; Perry et al., 2014). Noise exposure, ototoxic medications, and diet—while being able to cause hearing loss independently—are modulating extrinsic factors of ARHI. The overall impact of individual genetic factors in the development of ARHI in humans remains uncertain but there is evidence for their major contribution in familial aggregation of presbycusis (Raynor et al., 2009). Siblings of individuals with hearing loss had more than four times higher odds of also having hearing loss than siblings of individuals without hearing loss; the risk ratio was greater in women than men. Overall, about half of the variance in this cluster of ARHI could be ascribed to genetic factors the precise nature of which remains elusive. ARHI seems to be polygenic but no major common genetic variants have been identified (Fransen et al., 2015). In agreement with human findings, recent animal studies suggest multiple genetic influences on the progression of ARHI and on the interaction of age with noise in mice (Noben-Trauth and Johnson, 2009; Ohmen et al., 2014). Results from the offspring of 4-way-cross mice provided evidence for several specific alleles that affected hearing at select frequencies, ages, or following noise trauma (Schacht et al., 2012a).

An intriguing question is a potential relationship between presbycusis and late-onset hearing loss due to highly penetrant monogenic mutations. The age of onset of both is fluid but a late-onset hearing loss is generally evident by young adulthood. Any genetic similarities or differences are yet to be determined.

Impact of Lifestyle and Disease

Lifestyle may influence auditory performance at any age as well as the progression of presbycusis. In a cross-sectional analysis of 164,770 participants, smoking and passive smoking was associated with increased odds of hearing loss in a dose-dependent manner (Dawes et al., 2014). In contrast, moderate use of alcohol was associated with better hearing in the elderly in three independent studies (Popelka et al., 2000; Fransen et al., 2008; Gopinath et al., 2010a), an effect in line with observations that low alcohol intake can be beneficial for general health. Heavy drinkers, in contrast, as well as those with a high body mass index, had a tendency toward more pronounced high-frequency hearing loss. Such differential influences of lifestyle might be related to overall health, especially in association with cardiovascular disease. A cause of microvascular abnormalities that also might affect hearing is type 2 diabetes mellitus (Mitchell et al., 2009). Type 2 diabetes, often associated with overweight and obese body habitus in adults as well as in youth, is a common metabolic disease that causes impairment of various organ systems. Data from a large longitudinal cohort study indicate that type 2 diabetes is associated with prevalent hearing loss and a significant accelerated progression of hearing loss in patients with newly diagnosed diabetes (Mitchell et al., 2009).

Since diet is one of the few potentially modifiable risk factors for age-related hearing loss, the impact of nutritional behavior has frequently been investigated (Gopinath et al., 2010a, 2011b). Both a high-carbohydrate diet and a high dietary intake of cholesterol were associated with ARHI. In contrast, treatment with 3-hydroxy-3-methyl-glutaryl (HMG) CoA reductase drugs (statins) and consumption of monounsaturated fats and cereal fibers inclined toward a lower prevalence of hearing loss. We will discuss more aspects of dietary manipulations of ARHI in the “Antioxidants and Vitamins in Human Hearing and Prevention of Hearing Loss” Section.

Cochlear Pathology in Humans and Animal Models

A hallmark of human ARHI is the variability of its pathology. Although high-frequency hearing loss appears to be a prevalent form, some individuals may also show a gradually sloping or a flat audiometric curve (Suga and Lindsay, 1976). Moreover, different structural elements can be affected such as hair cells, neurons, lateral wall tissues, or a combination thereof (Nelson and Hinojosa, 2006). This variability has been ascribed to genetic susceptibility modified by environmental effects of noise exposure, disease, and lifestyle. In practice, ARHI is largely an umbrella term for multiple forms of auditory pathology manifest in aging individuals.

In contrast, drug- and noise-induced hearing loss tend to present a well-defined pattern of damage in both human and experimental animals. Both aminoglycoside antibiotics and cisplatin primarily damage outer hair cells in a predictable base-to-apex progression. Noise trauma may initially affect fibrocytes of the spiral ligament (Hirose and Liberman, 2003) and will—at higher intensities or longer duration—damage hair cells in relation to the frequency and intensity of the stimulus.

Sensorineural Elements

Sensory hair cell loss has been documented in temporal bones of patients with ARHI but does not appear to be its only determining cause. The area of destruction was usually located in the basal end of the cochlea causing a threshold elevation at 8 kHz but rarely extended towards the apex far enough to involve speech frequencies (Schuknecht and Gacek, 1993). More recent studies of temporal bones have expanded this view by showing significant degeneration of multiple cochlear elements including stria vascularis and spiral ganglion cells that better correlate with the severity of hearing loss (Nelson and Hinojosa, 2006). Specifically, the extent of ganglion cell degeneration was associated with the slope of the descending high-frequency component of the audiogram. In addition, several reports have indicated nerve damage in the presence of apparently intact hair cells in ARHI (Sone et al., 1998; van Ruijven et al., 2005; Linthicum and Fayad, 2009).

Animal models that reflect a sensorineural ARHI with loss of outer and, later, inner hair cells include aging rats and mice. CBA/J mice as well as the CBA/CaJ and CAST strains present little evidence of hearing loss until 18 months of age, i.e., long into their lifespan, when they begin to show hair cell loss and elevated auditory thresholds (Li and Borg, 1991; Sha et al., 2008). In contrast, the C57BL/6, BALB and DBA/J strains develop a severe high-frequency sensorineural hearing loss as early as 5 weeks in DBA or 3 months of age in C57BL/6 (Zheng et al., 1999). Those strains carry a mutation of the cadherin 23 (Cdh23) gene at the ahl locus predisposing them to accelerated hearing loss, distinct from the late-life age-related changes in other mouse strains and in human. Indeed, no convincing evidence yet exists associating variants in human CDH23 with ARHI. For example, a recent study of 310 aging participants with poor hearing vs. 308 participants with good hearing found no association of a common CDH23 variant with presbycusis (Hwang et al., 2012b). These facts should therefore disqualify strains carrying the Cdh23ahl allele as models of typical ARHI in human. Likewise, mouse models with defective mitochondrial DNA repair mechanisms may show an accelerated hearing loss that does not reflect human presbycusis (see “Involvement of Mitochondria” Section).

Degeneration of spiral ganglion cells can also be observed in animal models of aging. The degeneration may follow the loss of hair cells but may also occur independently (Keithley et al., 1989; Sha et al., 2008). Conversely, spiral ganglion cells may be preserved in the presence of a degenerated cochlea (White et al., 2000). More recently there has been evidence for synaptopathy as a pathophysiological process underlying supra-threshold deficits. In mice, degeneration of cochlear synapses in age-related hearing loss preceded both cochlear nerve degeneration and hair cell loss and occurred long before a threshold elevation was measurable (Kujawa and Liberman, 2015). In fact, these observations may relate to a report by Crowe et al. (1993) on “dendritic presbycusis” in which human temporal bones presented a normal cochlea but a loss of dendritic processes of the spiral ganglion (Rizk and Linthicum, 2012).

Synaptopathy may also be a consequence of noise exposure or aminoglycoside treatment. Following a noise exposure regimen that initially only led to a temporary threshold shift as assessed by auditory brainstem response (ABR), compound action potential and distortion-product otoacoustic emission (DPOAE; Kujawa and Liberman, 2009), the synapses from the afferent nerve fibers to the inner hair cells were the most vulnerable elements at a later age, not the hair cells, resulting in an attenuation of supra-threshold neural responses. Threshold elevations without a reduction in hair cell counts have also been observed after kanamycin administration in guinea pigs (Nicol et al., 1992). In a mouse model of enhanced endoplasmic reticulum stress (Oishi et al., 2015) gentamicin caused synaptopathy; spiral ganglion cells and inner hair cell synapses were reduced while hair cells remained intact by morphology and DPOAE measurements.

The complexity of age-related changes clearly calls for carefully selected animal models and detailed assessments of auditory pathophysiology. Appropriate animal models would develop hearing loss with advanced age and not be confounded by mutations that disrupt the physiological aging process. In addition to loss of hair cells, neuronal elements including synaptic connections need to be evaluated. As a physiological measure, ABR thresholds are insufficient just as a pure-tone audiogram would be insensitive to diffuse neural degeneration and an impaired understanding of complex sounds in humans. Therefore animal experimentation needs to consider supra-threshold deficits and performance in simple behavioral tasks such as gap detection (Altschuler et al., 2015).

Stria Vascularis and Spiral Ligament

As briefly mentioned in the preceding section, age also changes the morphology of cochlear supporting tissues. For example, the volume of stria vascularis and spiral ligament was significantly lower in temporal bones of older (64–84 years old) than in younger (15–38 years old) subjects (Ishiyama et al., 2007). More to the point, strial atrophy was a frequent occurrence in temporal bones of individuals that had been diagnosed with ARHI (Schuknecht et al., 1974; Suga and Lindsay, 1976; Nelson and Hinojosa, 2006). However, there is no indication that strial pathology can be a sole cause of hearing loss. In fact, the best correlation between the severity of ARHI and morphological changes was established for the extent of degeneration of all four cochlear elements, namely stria vascularis, spiral ganglion cell, inner and outer hair cells (Nelson and Hinojosa, 2006). The observation that ABR thresholds were not associated with a single peripheral deficit was also made from a study of age-related hearing loss in rhesus monkeys (Engle et al., 2013). Spiral ganglion density and loss of outer hair cells contributed to the audiometric impairments but neither did decreases in inner hair cell numbers or thickness of stria vascularis. The strongest correlation was seen with the number of different pathologies present.

Human studies cannot evaluate the metabolic consequences of strial pathology on the endocochlear potential. Animal models indicate strial dysfunction is not a prerequisite for loss of hair cells. Although CBA/CaJ mice may display a gradual decline in endocochlear potential during aging, other strains such as CBA/J maintain a stable potential (Sha et al., 2008; Ohlemiller et al., 2010) while developing ARHI. Conversely, however, a significant decline in endocochlear potential should lead to impaired auditory processing. Among animals, the Mongolian gerbil is considered a model for a strial contribution to hearing loss with age. Strial atrophy was variable but Na, K-ATPase activity and the endocochlear potential tended to decrease (Schulte and Schmiedt, 1992).

Morphological changes in the stria may also be associated with treatment by drugs and noise but may not be causal to hearing loss. Strial pathology can be observed after aminoglycoside challenge (Forge et al., 1987), but the endocochlear potential remains stable until late in ototoxic treatment (Komune et al., 1987; Xiong et al., 2011), negating a functional consequence of such alterations. Cisplatin may affect both strial morphology and function (Laurell et al., 2007) but at least some of these changes are reversible (Klis et al., 2000) and therefore not a direct cause of hair cell loss. The effects of noise on lateral wall tissues are variable, probably determined by the intensity of the treatment or species differences, but noise trauma caused degeneration of fibrocytes and edema with temporary changes to the endocochlear potential (Hirose and Liberman, 2003). Considering the sum of the evidence it appears that strial pathology, although seen to some extent in the aging and drug- or noise-treated cochlea, is not a primary or decisive cause of acquired hearing loss.

Molecular Pathology

Oxidative Stress

Potentially detrimental reactive oxygen species (ROS) are produced in every cell by enzymatic reactions and mitochondrial respiratory mechanisms. However, only their excess—either via overproduction or insufficient detoxification—will create oxidative stress and potentially trigger cell death. A well-maintained redox balance is important for the cochlea as for any other tissue. Transgenic mice with deficiencies in antioxidant systems, lacking the enzyme copper/zinc superoxide dismutase, lost hair cells and auditory neurons to a greater extent than their normal littermates (McFadden et al., 1999; Keithley et al., 2005). Outer hair cells, especially those in the base of cochlea, appear to be highly sensitive to ROS damage as compared to supporting cells (Sha et al., 2001).

Human studies have only been able to approach a potential link between oxidative stress and hearing performance indirectly via the determination of stress markers in serum. A group of 63 subjects with diabetes mellitus and diabetic hearing impairment showed significant increases in serum levels of oxidation markers and enzymes such as glutathione peroxidase and superoxide dismutase (Aladag et al., 2009). Serum levels of several ROS species were also determined in a cross-sectional study on 302 subjects aged 40–77 years with or without clinically diagnosed age-related sensorineural hearing loss (Hwang et al., 2012a). Assays reflecting the combined concentrations of hydrogen peroxide, hypochloride and hydroxyl radicals showed a significant positive association between their elevated levels and pure-tone thresholds at low (250–1,000 Hz) and high frequencies (2,000–8,000 Hz). An indicator for superoxide, in contrast, only implied an association with low-frequency thresholds. While such associations are intriguing they cannot provide information on potential causal relationships or the redox status of the auditory system. Interestingly, the use of antioxidant supplementation (vitamins C and E, folate, coffee, and tea), which was reported by 66% of the participants in the latter study, had no influence on auditory performance.

Animal studies, unfortunately, do not resolve the question of how oxidative stress relates to the development of ARHI. In a CBA mouse model of age-related hearing loss (Jiang et al., 2007) markers of oxidation began to appear at 12–18 months of age in the organ of Corti and later (at 23 months) in spiral ganglion cells, stria vascularis and spiral ligament. Conversely, components of cellular antioxidant systems had decreased by 18 months in the organ of Corti. This evidence of an imbalanced redox system resembles the pattern of oxidative stress in animal models of drug-induced hearing loss and noise trauma. A striking contrast, however, is the fact that a case can be made for a causal relationship in the latter two pathologies but not in ARHI: dietary manipulations reducing oxidative stress effectively protect against aminoglycoside ototoxicity and the permanent effects of noise trauma but not against AHRI (Oishi and Schacht, 2011; Xie et al., 2011).

The complexity of mechanisms underlying age-related cochlear pathology and pathophysiology were further illustrated by studies employing caloric restriction in mice. Caloric restriction is a well-established regimen to increase stress-resistance by curbing ROS (Sohal and Weindruch, 1996). Such a diet can extend longevity, slow age-related physiological declines, and decrease tumor and disease burden in a variety of animal species. Willott et al. (1995) evaluated ARHI in 15 different mouse strains maintained on a well-controlled calorically restricted diet beginning at a young age. The results varied profoundly between strains. They ranged from an amelioration of age-related hearing loss (as measured by auditory brainstem response or cochlear pathology) to no apparent effect and to an acceleration and exacerbation of hearing loss. Hence, genetic heterogeneity had a greater influence on auditory performance than caloric restriction. By extension, genetics can be expected also to influence the outcome of dietary manipulations with antioxidants.

From the sum of these results, we can postulate that oxidative stress can accompany but is not an obligatory condition for ARHI. The “Antioxidant Protection in Animal Models” Section will further explore this notion.

Involvement of Mitochondria

A decisive role of mitochondria in the aging process in general seems firmly established. Mitochondria are particularly vulnerable to the cumulative effects of genetic or environmental damage because mitochondria, in contrast to nuclei, lack an efficient DNA-repair system and protective histones. Hence, mutations in the mitochondrial DNA (mtDNA) for the 13 proteins that it encodes are more likely to occur and persist in a lifetime than mutations in nuclear DNA. As a consequence, mitochondrial function may be compromised and pathology can become evident, varying with cell type and the type of mutation (Lee and Wei, 2012). While much emphasis has been placed on the formation of ROS by mitochondria, recent evidence expands the spectrum of mitochondrial dysfunction to their turnover (fusion and fission) and energetics, regulation of calcium dynamics and apoptosis (Gonzalez-Freire et al., 2015).

An involvement of mitochondria in ARHI is supported by several lines of evidence. Patterns of maternal inheritance of presbycusis are one indication (Hutchin and Cortopassi, 2000). Likewise, a considerable literature confirms mitochondrial mutations in the temporal bones of patients with presbycusis (Fischel-Ghodsian et al., 1997). Such mtDNA mutations are highly variable, targeting different segments of the DNA, and often involving large-scale deletions in genes necessary for energy metabolism (Chen and Tang, 2014). Specifically, a mtDNA4977 deletion was more prevalent in temporal bones from patients with presbycusis than in individuals with normal audiograms (Bai et al., 1997) or in age-matched controls and young and middle-aged groups (Dai et al., 2004). A comparison of individual audiometric thresholds with levels of the mtDNA4977 deletion in archival human cochlear tissue (quantified by polymerase chain reaction) was able to establish a significant correlation between the severity of presbycusis and the deletion (Markaryan et al., 2009). While this evidence is solid, another study indicated that mitochondrial mutations per se do not determine the rate of age-related deterioration of hearing. An analysis of the mitochondrial genome of 200 individuals with normal hearing and 200 with significantly elevated thresholds (Bonneux et al., 2011) found a lack of an association between the mutation load of inherited mitochondrial variants and ARHI. A combination of mitochondrial defects with other environmental or genetic influences on the inner ear has to be postulated in these cases.

As animal models reflecting mitochondrial pathology, mouse mutants deficient in mitochondrial proofreading have been suggested (Kujoth et al., 2005). However, these animals are afflicted with dramatic degenerative changes in phenotype with devastating effects on the animals’ health that are not shared by late-life wild-type mice. Such “catastrophic mutations” do not represent a normal aging process (Gershon, 2005; Miller, 2005) and we have to treat results from these mouse strains with caution. Another example of a confounding mitochondrial mutation is the DBA/2 mouse which, in addition to harboring the Cdh23ahl allel, presents defects in the respiratory chain (Someya et al., 2007; Johnson et al., 2008). It is yet to be established whether information derived from these models contributes to or distracts from our understanding of ARHI.

Among the other forms of acquired hearing loss, a direct effect on mitochondria can be deduced for aminoglycoside ototoxicity: the decoding site of mitochondrial RNA is structurally highly similar to the corresponding decoding site in bacteria, where aminoglycosides bind and inhibit protein synthesis. Drug affinity to mitochondrial RNA has indeed been correlated with ototoxicity (Shulman et al., 2014) and non-ototoxic aminoglycosides have been developed on the basis of differential binding to bacterial and mitochondrial RNA (Duscha et al., 2014). As a consequence (or independently) the drugs may disrupt the respiratory complexes (Jensen-Smith et al., 2012) compromising energy metabolism or initiating cell death pathways.

The mechanism by which mitochondria might participate in acute noise damage may have several components. A reduction in cochlear blood flow and oxygen availability would lead to inefficient oxidative phosphorylation and a rapid depletion of ATP levels (Chen et al., 2012). This impairment of mitochondrial function may be coupled with a “reperfusion effect” when blood flow resumes, causing excess ROS formation. An elevation of intracellular free calcium following noise exposure (Fridberger et al., 1998) is another potential trigger of mitochondrial dysfunction. Although calcium does not directly affect the respiratory chain, it may affect mitochondrial membrane permeability in addition to activating cell-damaging lipid peroxidation or protein kinase pathways.

In summary, there is clear evidence that mitochondria play a role in all three forms of acquired hearing loss (Böttger and Schacht, 2013). However, the detailed mechanisms diverge between these pathologies, perhaps even with only little overlap. Primary disruptions appear to be mtDNA deletions (in ARHI), dysfunction of mtRNA processes (aminoglycosides), and a compromised respiratory metabolism (noise trauma), providing examples of the multifaceted contributions of a single organelle.

Cell Death Pathways in Animal Models

Following a lethal insult, cells will undergo a controlled demise. The classical forms of cell death, apoptosis and necrosis, and related pathways have been documented for ARHI in animal models where they may operate in parallel or sequentially. Apoptosis was evident in aging rat cochleae and in outer hair cells of both middle-aged (12-month-old) and old (18–26-month-old) CBA/J mice with hearing deficits. The middle-aged mice also bore nuclei with necrotic features, which were absent from old mice (Hu et al., 2008; Sha et al., 2009).

Essential effectors of intrinsic apoptosis are the caspases, proteases that are sometimes termed “executioner” proteins. Their activities are modulated by the Bcl-2 family of apoptosis regulators. Bax and Bak, pro-apoptotic proteins in the Bcl-2 family, translocate to mitochondria and lead to an increase of mitochondrial membrane permeability resulting in the release of cytochrome c; activated caspase-9 and caspase-3 then initiate signaling pathways towards cell death. These caspase-dependent pathways and the participation of Bcl family of proteins have been established for age-related hearing loss in vivo in the gerbil, the rat, and the mouse (Alam et al., 2001; Hu et al., 2008; Sha et al., 2009). Commensurate with apoptotic events is the translocation of endonuclease G in animal models of ARHI (Sha et al., 2009). Apoptosis-inducing factor and endonuclease G translocate from mitochondria to the nucleus, promoting chromatin condensation and DNA fragmentation.

Another route to cell death associated with ARHI is the MAPK pathway. Mitogen-activated protein kinases (MAPKs) are a family of kinases that include c-jun NH2-terminal kinases (JNK), p38 MAPKs, and other extracellular signal-regulated kinases. Immunohistochemical analyses in the cochlea of aging CBA/J mice demonstrated increased phosphorylation (i.e., activation) of JNK and p38 MAPK in outer hair cells (Sha et al., 2009). A screen for gene expression patterns in the aging CBA mouse cochlea (Tadros et al., 2008) likewise found significant changes with age that included the family of caspases, MAP kinases, and calpains.

Calpains and cathepsins are calcium-dependent proteases that activate downstream pathways by proteolysis of target proteins. They are components of caspase-independent signaling to cell death, released from lysosomes in response to increased intracellular calcium, and implicated in apoptotic and necrotic cell death. Both of these proteases are activated in the aging mouse cochlea (Sha et al., 2009). In addition, the same study also demonstrated cytochrome c release, activation of caspase-9, translocation of endonuclease G and the involvement of the MAPK pathway, indicating that multiple cell death pathways can be proceeding concurrently.

There is considerable overlap in cell death pathways between the three pathologies. Apoptotic markers have been demonstrated for aminoglycoside ototoxicity in guinea pig cochlear and vestibular sensory epithelia (Lang and Liu, 1997; Nakagawa et al., 1998), for cisplatin ototoxicity in the gerbil (Alam et al., 2000), and for noise-induced hearing loss in the guinea pig and chinchilla (Yang et al., 2004). Necrotic hair cells appeared in response to aminoglycosides in CBA/J mice (Jiang et al., 2006a) and following noise exposure in the chinchilla, but have rarely been observed as a result of cisplatin ototoxicity. Active caspase-3 and caspase-9 or cytochrome c release may accompany hair cell death in response to aminoglycosides in various model systems (Cunningham et al., 2002; Wei et al., 2005), to cisplatin in vivo (Devarajan et al., 2002), and following noise exposure (Nicotera et al., 2003). Upstream of caspases, Bcl-2 family proteins were induced by aminoglycosides in the zebra fish lateral line (Coffin et al., 2013), by cisplatin in the gerbil, and by noise in the CBA/J mouse and the guinea pig (Vicente-Torres and Schacht, 2006; Yamashita et al., 2008). Translocation of endonuclease G is also evident in animal models of aminoglycoside ototoxicity (Jiang et al., 2006a) and noise-induced hearing loss (Yamashita et al., 2004). Further extending the similarities, p38 MAPK and JNK are involved in aminoglycoside ototoxicity (Pirvola et al., 2000; Wei et al., 2005) and noise trauma (Wang et al., 2003; Jamesdaniel et al., 2011). Finally, both calpain and cathepsin were activated in response to aminoglycoside treatment in vivo (Jiang et al., 2006a) and calpain in response to noise exposure (Wang et al., 1999).

This commonality of cellular responses reflects the fact that even widely different initial insults to cell integrity will converge into a few final pathways of cell death. Intimately linked to the emergence of such pathways is the recruitment of survival mechanisms. The balance between these competing forces will ultimately decide cell fate.

Protection from Cochlear Pathology and Pathophysiology

Homeostatic (Cell Rescue) Pathways in Animal Models

A first response of cells under attack by potentially injurious stimuli will be to maintain their integrity by evoking homeostatic pathways. In the case of acquired hearing loss, upregulation of antioxidant defenses appears to be a ubiquitous response. In fact, in a direct comparison, Chen et al. (2013) demonstrated the upregulation of the antioxidant peroxiredoxin 3 in mice in vivo after acute noise exposure, after a 2 week treatment with kanamycin, and in the cochlea of 19-month-old animals. Likewise, heat shock proteins which stabilize protein structure against cell stress will attenuate loss of hair cells or auditory function by drugs (Taleb et al., 2009), noise (Yoshida et al., 1999), and age (Mikuriya et al., 2008). Another canonical protective pathway mediated by phosphatidylinositol 3,4,5-trisphosphate/Akt signaling has been documented for aminoglycoside ototoxicity (Chung et al., 2006; Jiang et al., 2006b) and ARHI (Sha et al., 2010). Both the knowledge of cell death and molecular rescue pathways can provide a rational basis for the choice of pharmacological agents to prevent or attenuate acquired hearing loss.

Antioxidant Protection in Animal Models

There was early tantalizing support for antioxidant protection against ARHI. A prospective randomized study had suggested that dietary supplementation might delay or mitigate auditory damage. Treated Fischer 344 rats had improved auditory sensitivities in old age but the improvements were small and differed with different antioxidants while the number of long-term surviving animals was low (Seidman, 2000). Later studies using a variety of different approaches yielded ambiguous results or were met with failure, shedding doubt on the general applicability of such an intervention.

The deterioration of auditory neurons and stria vascularis was reduced in beagle dogs that were fed an antioxidant-enriched diet (supplemented with vitamin E, l-carnitine, lipoic acid, and vitamin C) for the last 3 years of their lives (Le and Keithley, 2007). Unfortunately, the study was confounded by excessive noise in the dog kennel and it could not be ruled out that some of the pathology attenuated by the diet had been noise-induced. The same authors investigated transgenic mice overexpressing mitochondrial superoxide dismutase (SOD2) as a means to reduce oxidative stress. Contrary to expectation, hearing loss at 20 months of age was greater in transgenics than in the parent strain of B6 mice. This result complemented an earlier study (Keithley et al., 2005) in which the overexpression of cytosolic copper-zinc superoxide dismutase (SOD1) also did not prevent age-related hearing loss.

Outright failures of dietary intervention were observed in an attempt to lower oxidative stress by strengthening mitochondrial energy metabolism with acetyl L-carnitine in 15- to 24-months old rats (Bielefeld et al., 2008). Auditory performance was not affected although it could be argued that the duration of intervention of up to 90 days might have been insufficient. Sha et al. (2012) subjected CBA/J mice to a long-term dietary treatment from 10 to 22 months of age, spanning a period from normal auditory thresholds to significant hearing loss. Food enriched with a combination of vitamins A, C, E and α-lipoic acid did not delay or attenuate age-related hearing loss.

In striking contrast to ARHI, reliably positive results have been achieved with antioxidants in preventing hearing loss caused by drugs or noise. Recent review articles have extensively discussed mechanisms and therapeutic approaches to reduce the ototoxic impact of cisplatin and aminoglycosides (Huth et al., 2011; Xie et al., 2011; Schacht et al., 2012b) as well as noise trauma (Oishi and Schacht, 2011). This contrast in efficacious protection reinforces the conclusion put forth in the “Oxidative Stress” Section that oxidative stress can accompany ARHI but cannot its sole cause.

Antioxidants and Vitamins in Human Hearing and Prevention of Hearing Loss

Lifestyle and diet influence both our general health and our sense of hearing (see “Impact of Lifestyle and Disease” Section). To what extend these two effects can be distinguished is an interesting theoretical question but of no practical consequence. Diet is an easily modifiable factor and any delay in ARHI would have important implications for public health. Unfortunately, there is no simple remedy.

Influence of Vitamins on the Prevalence of Hearing Loss

An adequate intake of vitamins is essential for normal auditory function as a number of cross-sectional studies have demonstrated. Spankovich et al. (2011) compared pure-tone audiometry and otoacoustic emissions with dietary data for 2,111 adults, aged 49–99 years of age. Better hearing was associated with higher reported intake of vitamin C, vitamin E, riboflavin (vitamin B2), magnesium, and lycopene (a carotenoid antioxidant). Similarly, an epidemiological study of 1,910 Korean subjects aged 50–80 years compared their hearing thresholds with self-reported intake of dietary supplements (Kang et al., 2014). The intake of vitamin C, and to a lesser extent retinol (a vitamin A analog), riboflavin (vitamin B2), and niacin (vitamin B3) positively correlated with better thresholds. A survey of a general population in the USA aged 20–69 years (2,592 subjects) likewise found that diets high in vitamin C, beta-carotene, and magnesium were correlated with better hearing (Choi et al., 2014).

However, results from surveys of different populations do not always agree. For example, auditory thresholds were impaired in subjects (55 women aged 60–71 years) with low serum levels of folic acid (vitamin B9) and vitamin B12 (Houston et al., 1999). Another cross-sectional study of presbycusic subjects confirmed that low serum folate levels (<11 nmol/L) increased the odds of prevalent mild hearing loss (Gopinath et al., 2010b). In contrast, Berner et al. (2000) failed to demonstrate any association between hearing level and vitamin B12 or folic acid in 91 elderly subjects. A poor vitamin B12 status was also evident in 93 older adults with hearing loss (Park et al., 2006) but short-term dietary supplementation with vitamin B12 did not affect their hearing.

Another caveat is that an overuse of vitamins may be detrimental to the auditory system. Higher vitamin A intake (Spankovich et al., 2011) and higher serum levels of vitamin D (Kang et al., 2014) have been associated with worse hearing.

Influence of Vitamins on the Incidence of Hearing Loss

Even if a balanced or fortified diet generally promotes good health and hearing, a direct impact of nutritional supplements on the progression of ARHI remains debatable. A good example of a discord between the influence of nutrition on prevalence and on incidence of hearing loss comes from cross-sectional and longitudinal analyses of 2,956 participants of age 50 and older (Gopinath et al., 2011a). A segment of the study group that took dietary vitamin E or vitamin A had a 14% and a 47% reduced risk, respectively, of prevalence of a moderate (or greater) hearing loss. Over a 5-year follow-up period, however, an increased dietary intake had no influence on the incidence of ARHI during that time.

A prospective cohort study of 26,273 men aged 40–74 years reported a similar lack of benefits (Shargorodsky et al., 2010). The group was followed for 18 years and 3,559 cases of hearing loss were documented. There was no significant association between the risk of hearing loss and the self-reported intake of Vitamin B12, vitamin C, vitamin E, or beta carotene.

The utility of antioxidant treatments was further cast in doubt in a recent prospective, placebo-controlled, double-blind and randomized trial with 120 participants of 60 years of age or older (Polanski and Cruz, 2013). The subjects were treated for 6 months with one of four regimens: α-lipoic acid plus vitamin C, papaverine chlorhydrate plus vitamin E, gingko extract, or placebo. The various supplements had no effect on pure tone audiometry, speech recognition threshold, or percentage index of speech recognition, regardless whether measured between groups or longitudinally over time.

A possible exception to this scenario of failures is folic acid. A double-blind randomized and placebo-controlled study in 728 older men and women (Durga et al., 2007) provided evidence for the efficacy of folic acid supplementation. Over a 3-year period, the decline in low-frequency hearing was significantly attenuated in elderly participants compared with a placebo group. However, the effect was modest (0.7 dB) and high-frequency hearing was not rescued. A caveat applies: the study was conducted in the Netherlands where food products are not fortified with folic acid. In many industrialized countries, folic acid is added to flour in order to prevented neural tube defects in infants. However, confirmative data were obtained in the prospective cohort study cited above (Shargorodsky et al., 2010). Folate reduced the risk of hearing loss in men older than 60 years when comparing the highest quintile vs. lowest quintile of intake. The authors offer the explanation that high folic acid intake is necessary to overcome an age-related increased prevalence of folate malabsorption and folate depletion.

Antioxidants as Protection Against Drugs and Noise

The reliable protection achieved with antioxidants against drugs and noise trauma in animal models has prompted several trials in humans. Based on the efficacy of salicylate in a guinea pig model of ototoxicity (Sha and Schacht, 1999), aspirin (acetyl salicylate) was co-administered with gentamicin in a randomized double-blind clinical trial involving 195 patients (Sha et al., 2006). Fourteen of 106 subjects in the control group but only 3 of 89 in the aspirin group met the criteria of hearing loss (≥15 dB threshold shift at both 6 and 8 kHz unilaterally or bilaterally), representing a 75% reduction of the incidence of hearing loss. This study provided the first proof-of-principle that it is possible to translate animal experiments in the field of acquired hearing loss to the clinic. An independent follow-up trial with 30 patients per group confirmed the efficacy of aspirin (Behnoud et al., 2009). Another antioxidant, N-acetylcysteine (NAC) also attenuated ototoxicity caused by aminoglycosides in patients with bacteremia receiving hemodialysis (Feldman et al., 2007). Of 20 patients in the control group, 11 showed elevated pure-tone hearing thresholds at the follow-up examination as opposed to only 2 of 20 patients in the NAC group. In contrast, a small-scale study of vitamin E in the prevention of aminoglycoside ototoxicity was not successful (Kharkheli et al., 2007).

Therapeutic agents to mitigate noise-induced hearing loss in human subjects have included magnesium which is primarily a vasodilator, not an antioxidant (Attias et al., 1994), and NAC. In an attempt to reduce temporary threshold shifts after exposure to loud music in 31 normal subjects, NAC was not effective in protecting pure-tone thresholds and distortion product otoacoustic emissions (Kramer et al., 2006). Likewise, Lindblad et al. (2011) found no significant differences in temporary noise-induced threshold shifts and DPOAE amplitude in military personnel after a shooting exercise. However, more sensitive supra-threshold measurements (psycho-acoustical modulation transfer functions) were compromised in 23 noise-exposed controls but not in 11 subjects receiving NAC. Another double-blind cross-over study assessed the efficacy of NAC in 53 male Taiwanese steel workers that were also genotyped for deficiencies in glutathione S-transferases, enzymes that protect against oxidative stress (Lin et al., 2010). Noise-induced temporary threshold shifts were small, averaging ~3 dB at high frequencies (3,000–6,000 Hz). NAC reduced the threshold shifts only in a subset of workers with specific null genotypes (GSTT1 and GSTM1) of glutathione S-transferases.

The Conundrum of Therapeutic Protection

A conclusion that can be drawn from human studies is that antioxidants are viable therapeutic agents against drug- and noise-induced hearing loss. To what extent dietary manipulation can attenuate presbycusis, however, remains to be established. But even for ototoxicity and noise trauma the situation may not be predictable. Individual genetic predisposition and the physiological (nutritional) state are confounding factors that are capable of influencing the success of therapeutic interventions. Furthermore, subtle forms of auditory damage may escape simple audiometric tests and a final verdict on success or failure of protective strategies may have to await more sophisticated audiological assessments.

There is another unresolved question. While a short-term administration of antioxidants or vitamins might be safe for drug and noise exposure, the hazards of a life-long regimen of nutritional supplements are unknown. Studies in animals as well as clinical trials have warned of a potentially increased risk of cancer and mortality associated with prolonged consumption of antioxidants or vitamins. Specifically, meta-analyses of clinical trials singled out beta-carotene, vitamin A, and vitamin E as associated with increased overall mortality (Miller et al., 2005; Bjelakovic et al., 2014). A well-balanced diet might be all that is needed to maintain health and hearing into old age (Halliwell, 2011).

Outlook

When we compare the mechanisms of drug, noise, and age-related hearing loss, there appear to be more similarities between drug- and noise-induced hearing loss than between those two and age (Table 1). One of the reasons might be that age-related hearing loss is complexly influenced by genetics and a lifetime of environmental factors that render its mechanisms and manifestations highly variable. For preventive treatments, it appears that supra-normal doses of protective agents are successful to combat the acute damage of noise or drug trauma but generally fail when given over the long term in an attempt to curb the auditory deficiencies in aging.

TABLE 1. Selected features of acquired hearing loss.

[image: image]

Looking ahead, regeneration of human hair cells seems decades away but other approaches may provide new directions. Some aspects of ARHI may relate to the phenomenon of cochlear synaptopathy, causing “hidden hearing loss” by the loss of auditory nerve fiber/hair cell connections (Kujawa and Liberman, 2015). In a noise-induced synaptopathy model, the administration and the overexpression of the neurotrophins NT-3 partially rescued the synaptopathy phenotype in mice (Wan et al., 2014). If an appropriate diagnostic method and drug application can be identified for ARHI, the regeneration of the terminal nerve fibers might be a suitable therapeutic option for at least a selected group of patients.
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Cell death exists in many different forms. Some are accidental, but most of them have some kind of regulation and are called programmed cell death. Programmed cell death (PCD) is a very diverse and complex mechanism and must be tightly regulated. This study investigated PCD induced by DFNA5, a gene responsible for autosomal dominant hearing loss (HL) and a tumor suppressor gene (TSG) involved in frequent forms of cancer. Mutations in DFNA5 lead to exon 8 skipping and result in HL in several families. Expression of mutant DFNA5, a cDNA construct where exon 8 is deleted, was linked to PCD both in human cell lines and in Saccharomyces cerevisiae. To further investigate the cell death mechanism induced by mutant DFNA5, we performed a microarray study in both models. We used wild-type DFNA5, which does not induce cell death, as a reference. Our data showed that the yeast pathways related to mitochondrial ATP-coupled electron transport chain, oxidative phosphorylation and energy metabolism were up-regulated, while in human cell lines, MAP kinase-related activity was up-regulated. Inhibition of this pathway was able to partially attenuate the resulting cell death induced by mutant DFNA5 in human cell lines. In yeast, the association with mitochondria was demonstrated by up-regulation of several cytochrome c oxidase (COX) genes involved in the cellular oxidative stress production. Both models show a down-regulation of protein sorting- and folding-related mechanisms suggesting an additional role for the endoplasmic reticulum (ER). The exact relationship between ER and mitochondria in DFNA5-induced cell death remains unknown at this moment, but these results suggest a potential link between the two.
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Introduction

Cell death is a fundamental process of all organisms and inherent to life. The role of programmed cell death (PCD) in the pathology of hearing loss (HL) has been well studied and seems to play a prominent role, especially in the development of the vertebrate inner ear and in the morphogenesis of the semicircular canals (Fekete et al., 1997; Nishikori et al., 1999; Leon et al., 2004). Several genes related to PCD-induced HL have been identified and many of these are related to the mitochondria (Estivill et al., 1998; Jacobs et al., 2005; Ding et al., 2013). Mitochondria are key players during PCD and dysfunction of the mitochondria has been linked to the pathogenesis of many diseases, including HL. Mitochondria are the main producers of cellular ATP due to oxidative phosphorylation. However, this process also generates reactive oxygen species (ROS) (Raha and Robinson, 2000). Due to the mitochondrial production of ROS, the reduced DNA repair capacity and the close proximity of mtDNA to ROS generation sites, mtDNA (mitochondrial DNA) is very susceptible to mutations. Enhanced oxidative stress will have detrimental effects on cellular health and plays a major role during aging, mutagenesis, and cell death (Gredilla and Barja, 2005; Maynard et al., 2009; Gredilla et al., 2010).

Due to the relative slow speech perception detoriation, it is assumed that DFNA5-related HL is due to cochlear dysfunction. The cochlea seems to be highly susceptible to the detrimental effects of mitochondrial damage due to the post-mitotic character of its sensory epithelium (Sha et al., 2001).

It is estimated that in the Caucasian population at least 5% of the post-lingual non-syndromic HL is due to mutations in the mtDNA (Estivill et al., 1998; Jacobs et al., 2005). Most mutations in mtDNA affect the mitochondrial MTRNR1 and the MTTS1 genes encoding respectively a mitochondrial 12S rRNA and a tRNASer. Mutations in these mitochondrial genes lead to variable clinical severity of HL due to impaired mitochondrial tRNA metabolism and protein synthesis (Casano et al., 1999; Fischel-Ghodsian, 1999; Jin et al., 2007; Ding et al., 2013; Dowlati et al., 2013). Also many of the nuclear DNA mutations leading to HL are related to mitochondrial dysfunction and PCD. These include genes such as OPA1, TIMM8A, SMAC/DIABLO, MPV17, PDSS1, BCS1L, SUCLA2, C10ORF2, COX10, PLOG1, and RRM2B (Roesch et al., 2002; Antonicka et al., 2003; Payne et al., 2004; Mollet et al., 2007; Cheng et al., 2011; Meyer Zum Gottesberge et al., 2012; Luo et al., 2013). These genes contribute to various fundamental mitochondrial aspects, such as mitochondrial protein transport, mitochondrial fragmentation, and oxidative phosphorylation. Mutations in these genes are thought to induce mitochondrial stress and trigger cell death in the cochlea leading to HL. The explanation for the tissue specific effect of these genes leading to more prominent cell death in the cochlea and the hair cells remains unknown at this moment.

In addition to the genes directly associated with the mitochondria, two other genes related to apoptosis, a specific form of PCD, have been linked with hearing loss. MSBR3, a gene encoding a methionine sulfoxide reductase, is associated with caspase-3 activity. This can initiate apoptosis, eventually leading to degeneration of the inner hair cells and recessive non-syndromic HL (Ahmed et al., 2011). Overexpression of the TJP2 gene, due to a genomic duplication, altered the expression of several apoptotic genes, inducing a dominant non-syndromic form of HL (Walsh et al., 2010).

From these examples, it is clear that a prominent association exists between (mitochondria-related) PCD and non-syndromic HL. Many forms of HL, such as age-related hearing impairment (ARHI), noise-induced hearing loss (NIHL), monogenic forms of HL and ototoxicity, have been associated with dysfunctional mitochondria and PCD, underscoring the importance and the need to further investigate the role of PCD in the pathogenesis of deafness (Casano et al., 1999; Sha et al., 2009; Someya et al., 2009; Liu et al., 2010; Chen et al., 2012).

One of the monogenic deafness genes that is related to PCD is DFNA5. DFNA5 was originally identified as a gene responsible for an autosomal dominant form of HL in a Dutch family (Van Laer et al., 1998). Today, eight families with mutations in DFNA5 (mutDFNA5) associated with HL have been identified. The phenotype of the HL is very similar with the exception of the age-of-onset which varies from 15 to 50 years old. The HL is symmetric and starts in the high frequencies, but spreads to the lower frequencies in a later stage. Four of the eight mutations differ at the genomic level, but they all result in skipping of exon 8, yielding an immature truncated protein (Yu et al., 2003; Bischoff et al., 2004; Cheng et al., 2007; Park et al., 2010; Nishio et al., 2014). The structure of DFNA5 is unknown at this moment, but hydrophobic cluster analysis revealed that DFNA5 consists of two regions, domain A and domain B, connected by a hinge region (Op de Beeck et al., 2011). Mutations in DFNA5 result in a truncated protein lacking the last part of domain B due to a premature stop codon. This premature stop codon is caused by skipping of exon 8 as a result of the different genomic mutations in DFNA5 present in the families. Op de Beeck et al. (2011) have also demonstrated that only the first part, domain A, present in both wild-type and mutDFNA5, is sufficient to induce cell death after transfection in human cell lines. Domain B did not have any cell death inducing capacity. This led to the hypothesis that domain B will normally shield this cell death-inducing domain A to avoid inappropriate activation of domain A. Due to the partial lack of domain B in mutDFNA5, this shielding may not be possible, leading to a constitutive activation of mutDFNA5 (Op de Beeck et al., 2011).

In addition to HL, wild-type DFNA5 (wtDFNA5) has also been correlated with several forms of cancer, such as breast, colorectal, hepatocellular, and gastric cancer. Endogenous DFNA5 is epigenetically silenced by hypermethylation in cancer cells resulting in a decreased DFNA5 expression level. Based on these findings, it is hypothesized that DFNA5 is a tumor suppressor gene (TSG) (Akino et al., 2007; Kim et al., 2008a,b; Wang et al., 2013).

The function of DFNA5 remained unknown for a long time, but previous functional studies by Op de Beeck et al. (2011) revealed that DFNA5 induces a growth defect in mutDFNA5-transfected HEK293T cells, as well as other cells, leading to PCD (Op de Beeck et al., 2011). The cell death-inducing capacity of DFNA5 was not only restricted to human cell lines, but was also observed in the yeast model Saccharomyces cerevisiae (Van Rossom et al., 2012). This inspired us to use these two different model organisms to further elucidate the mechanisms related to DFNA5.

The Saccharomyces cerevisiae yeast model has several advantages as a model organism compared to human cell lines. The rapid growth, inexpensive media and the relatively easy genetic modifications, made the budding yeast Saccharomyces cerevisiae a valuable model to unravel regulators of different human pathologies (reviewed in Winderickx et al., 2008). Thirty percent of known genes involved in human diseases have an ortholog in yeast and due to this high degree of conservation, yeast is very suitable for fundamental research to identify core regulators of diverse signaling mechanisms (Foury, 1997). This was demonstrated in particular for mechanisms related to PCD where numerous yeast homologs of human genes related to cell death have been identified to play a common role (Wissing et al., 2004; Buttner et al., 2007; Madeo et al., 2009). The conservation of PCD mechanisms has been confirmed for DFNA5-related PCD in a previous study using the budding yeast Saccharomyces cerevisiae (Van Rossom et al., 2012). This study demonstrated the value of yeast to unravel PCD mechanisms-related to human genes. Transformation of mutant DFNA5 (mutDFNA5) in yeast led to the induction of PCD. Several mitochondrial proteins, such as Fis1, Por1, Aac1 and Aac3, were shown to be involved. Moreover, mutDFNA5 was found to co-localize with a mitochondrial marker protein (Westermann and Neupert, 2000). These former observations established a role for mitochondria in DFNA5-related cell death in yeast and demonstrated the value of yeast as a model organism to unravel DFNA5-related (mitochondrial) HL.

In the current study, we performed a transcriptomic analysis and confirmed the significance of mitochondria in DFNA5-induced cell death in Saccharomyces cerevisiae. Additionally, Gene Ontology (GO) analysis suggested a role for the endoplasmic reticulum (ER). The latter observation was not only present in Saccharomyces cerevisiae, but was also confirmed in human cell lines. Furthermore, we show that the MAPK pathways, namely the induction of the extracellular signal regulated kinase (ERK) and c-Jun N-terminal kinase (JNK), are activated upon mutDFNA5 transfection in human cell lines. Our data suggest the presence of a cellular adaptive response related to mitochondria, MAPK pathways and potentially for the ER. The exact correlation between those processes and DFNA5 remains unclear but further study will lead to a better understanding of DFNA5-induced cell death mechanisms and to HL-related to mitochondrial damage in general.

Material and Methods

Yeast

Yeast Strains and Growth Conditions

In this study, we used the BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) wild-type strain (Brachmann et al., 1998). Full-length cDNA of either wtDFNA5 or mutDFNA5 was isolated and amplified as previously described (Gregan et al., 2003). Amplified products were ligated into yeast pYX212 plasmid containing an HA-marker (Clontech, Mountain View, CA, USA) using EcoRI and BamHI restriction sites. All constructs were verified by bidirectional sequencing on an ABI genetic analyser 3130 × l (AppliedBiosystems, FosterCity, CA, USA).

Yeast strains were grown at 30°C in selective medium containing 2% glucose (SD-URA). Fifty milliliter yeast cultures, transformed with either wtDFNA5 or mutDFNA5, were harvested in mid-exponential phase (OD600 nm = 3.5−4.2) and at the post-diauxic shift (OD600 nm = 7.4−8.4) (Figure 1). Standard transformation techniques were applied for these transformations (Gietz et al., 1992).


[image: image]

FIGURE 1. Yeast microarray design. (A) Illustration of the different comparisons that were made between the RNA samples. RNA was collected from yeast strains transformed with either wtDFNA5 or mutDFNA5 at two different time-points. The bold and dashed lines represent the color flip of each RNA sample. (B) Growth profile of the Saccharomyces cerevisiae BY4741 background strain transformed with either wtDFNA5 (gray squares) or mutDFNA5 (black squares). The blue and red ellipse illustrate respectively the mid-exponential and post-diauxic time-points when RNA was collected.



RNA Extraction Yeast

RNA was collected from yeast at mid-exponential phase and just after the post-diauxic shift using RNA pure kit following the manufactures instructions (GenHunter® Corporation, Nashville, TN, USA). All steps were performed in duplo at 4°C to avoid RNA degradation. This resulted in eight different RNA samples: mid-exponential wtDFNA5, (WT_E1 and WT_E2), mid-exponential mutDFNA5 (Mut_E1 and Mut_E2), post-diauxic wtDFNA5 (WT_S1 and WT_S2), and post-diauxic mutDFNA5 (Mut_S1 and Mut_S2) (Figure 1).

Microarray Design and Analysis

Microarray experiments were performed at the VIB Nucleomics Core (www.nucleomics.be). Before labeling, RNA concentration and purity were determined spectrophotometrically using the Nanodrop ND-1000 (Nanodrop Technologies). RNA integrity was assessed using a Bioanalyzer 2100 (Agilent). Per sample, an amount of 1 μg of total RNA spiked with 10 viral polyA transcript controls (Agilent, Santa Clara, CA, USA) was converted to double stranded cDNA in a reverse transcription reaction. Subsequently, the samples were converted to antisense cRNA, amplified and labeled with Cyanine 3-CTP (Cy3) or Cyanine 5-CTP (Cy5) in an in vitro transcription reaction according to the manufacturer's protocol (Agilent, Santa Clara, CA, USA). A mixture of purified and labeled cRNA (Cy3 label: 5 pmol; Cy5 label: 3.5 pmol) was hybridized on Agilent Yeastv2 arrays followed by washing, according to the manufacturer's procedures. To assess the raw probe signal intensities, arrays were scanned using the Agilent DNA MicroArray Scanner and probe signals were quantified using Agilent's Feature Extractor software (version 10.5.1.1).

In total four different comparisons were made. Each comparison was done in duplo by a color flip. The different comparisons are shown in Figure 1A. Gene expressions of strains transformed with wtDFNA5 were compared to strains transformed with mutDFNA5, both in mid-exponential phase (comparison 1a) and at the post-diauxic shift (comparison 1b). Additionally, comparisons were made between the mid-exponential and the post-diauxic shift of either wtDFNA5-(comparison 2b) or mutDFNA5-(comparison 2a) transformed cells.

Analysis of the microarray data was performed using the R package LIMMA (http://www.bioconductor.org) (Gentleman et al., 2004). Fold changes were computed using raw Cy3 and Cy5 intensities values provided by Agilent's Feature Extractor software (version 10.5.1.1) and loess normalization and background correction were performed to determine the log2-ratios per array. Differential expression was assessed via the moderated t-statistic, described in (Smyth, 2004). To control the false discovery rate, multiple testing correction was performed. This generated four differentially expressed gene lists. All the (raw) data files have been completely uploaded to the gene expression omnibus and have been stored under accession number GSE70169.

HEK293T Cells

Cell Culture and Growth Conditions

The microarray experiments in human cell lines were performed using Human Embryonic Kidney 293T cells (HEK293T). HEK293T cells were subcultured in 60 mm dishes at a density of 2 × 106 cells in Dulbecco's modified Eagle's medium containing 4500 mg/L glucose supplemented with 10% (v/v) fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine. Overnight cultures were transfected with either control (empty EGFP vector), wtDFNA5 or mutDFNA5 using lipofectamine. Six hours post transfection, cells were harvested using Triple-x reagent for RNA extraction. All products for human cell line cultures were obtained from Invitrogen (San Diego, CA, USA). Full-length cDNA of either wtDFNA5 or mutDFNA5 was isolated and amplified as previously described (Gregan et al., 2003).

RNA Extraction

An RNeasy mini kit was used for RNA extraction from transfected HEK293T cells (Qiagen, Hilden, Germany) at different time-points. For the microarray experiment, RNA was extracted 12 h post-transfection. For the gene analysis by real time rtPCR, RNA was extracted at either 3, 6, 12, 15, 18, 20, or 24 h post-transfection. For the microarray experiment, the integrity of the resulting RNA was checked on an automated Experion electrophoresis system (Biorad, Hercules, CA, USA).

Microarray Design and Analysis

The “Totalprep RNA Amplification” kit was used to amplify the RNA samples (Illumina, Ambion, Austin, TX, USA). Doublestranded-cDNA was generated from the mRNA fractions followed by an in vitro transcription reaction which produced cRNA strands containing biotin-UTP nucleotides. Seven Hundred Fifty nano gram of the resulting cRNA samples were hybridized to an Illumina human HT12v3 beadchip (Illumina, San Diego, CA, USA).

Six independent biological replicates were used for either wtDFNA5- or mutDFNA5-transfected HEK293T cells and loaded on the chip. Overnight hybridization at 58°C was followed by washing and streptavidin-Cy3 dye labeling (Amersham, Buckinghamshire, England). An Illumina Iscan equipped with Iscan control software was used to measure the intensity values and XY coordinates for every probe on the array. The resulting data files were then analyzed using the R package “Beadarray v1.14.0” (Dunning et al., 2007) followed by a quality control and quantile normalization. LIMMA v3.2.1 was used for the further analysis of the normalized intensity values to determine the differentially expressed genes (Smyth, 2004).

All the (raw) data files have been completely uploaded to the gene expression omnibus and have been stored under accession number GSE70169.

Real Time rtPCR

To confirm the results obtained from the microarray data in HEK293T cells, gene expression was studied in human HEK293T cell lines using Power SYBR Green RNA-to CT 1 Step Kit (Invitrogen, San Diego, CA, USA). Each reaction mixture contained 200 nM final primer concentration (primer pairs are shown in Supplemental Data Table 1) and 30 ng RNA template. All reactions were performed in triplicate on a LightCycler 480 system (Roche, Basel, Switzerland) and resulting data were analyzed by Qbase plus (Biogazelle, Ghent, Belgium). Three housekeeping genes were used each time as a reference, namely GAPDH, RPL13A, and YWHAZ.

Western Blot Analysis

For western blotting, cells were lysed using RIPA buffer (25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) (Pierce, Rockford, IL, USA) containing a PhosSTOP Phosphatase Inhibitor Cocktail Tablet (Roche), an EDTA-free protease tablet and 10 μl (25 units/μl) benzonase (70746-4 Novagen®, Merck Millipore, Darmstadt, Germany). Transfected HEK293T cells were lysed for 20′ at 4°C and centrifugated at 2000 g at 4°C to obtain protein lysates.

Proteins were electrophoretically separated and blotted onto a nitrocellulose membrane (Whatman, Kent, UK). This membrane was blocked for 1 h in 5% non-fat dry milk and afterwards incubated overnight (4°C) in one of the following primary antibodies: anti-phospho-SAPK/JNK (Thr183/Tyr185, #4668), anti-phospho-p44/42 (ERK1/2, #4370), anti-SAPK/JNK (#9252), anti-p44/42 (ERK1/2, #9102) (Cell Signaling Technologies, MA, USA), or anti-β-Actin (A5316, Sigma Aldrich, MO, USA). After washing, the membranes were incubated with either a secondary goat anti-rabbit (ab6721, Abcam, Cambridge, UK) or sheep anti-mouse (NA931, GE Healthcare, Buckingmersham, UK) antibody. Finally, the corresponding proteins were visualized using Enhanced ChemiLuminescence Western Blotting Substrate (Thermo Scientific, IL, USA).

MAPK Inhibition

The SP600125 JNK inhibitor was used to inhibit the MAPK pathway. Twelve hours post-transfection, HEK293T cells were incubated with 25 μM for 12 h. Next, cells were collected and viability was measured by flow cytometry (CyflowML, Partec, Germany) using propidium iodide as a cell death marker.

Gene Ontology Analysis

In addition to the determination of the differentially expressed genes, GO analysis was performed in order to identify enriched GO annotations. We used an open-source application, the Ontologizer, as a tool to statistically analyse the high-throughput data (Ashburner et al., 2000). A standard method for statistics, the “Term-for-Term analysis,” was used followed by Benjamini-Hochberg correction for multiple testing (Hochberg and Benjamini, 1990; Tavazoie et al., 1999). Differentially expressed genes with a corrected p-value below 0.05 and a log2 (fold change) of 1.5 and 0.5 in yeast and human cell lines respectively, were selected for this analysis.

Results

To study the biological pathways of cell death induced by DFNA5 in S. cerevisiae, we performed a transcriptomic study. RNA samples were collected in duplo in the mid-exponential phase and at the post-diauxic shift of yeast cells transformed with either wtDFNA5 of mutDFNA5. Figure 1 shows all the comparisons studied between the different RNA samples (comparisons are labeled 1a, 1b, 2a, and 2b). Analysis of the microarray data was performed using the LIMMA package provided in R and generated four lists of differentially expressed genes. For the GO-enriched term analysis, the cut-off for adjusted p-values of differentially expressed genes was set to 0.05 and the cut-off of the log2 (fold change) was respectively set to 1.5 and 0.5 for yeast and human cell lines.

Investigation of the differentially expressed genes in mid-exponential phase (comparison 1a) revealed no significantly up- or down-regulated genes. Therefore, this comparison was excluded and only comparisons 1b, 2a, and 2b (shown in Figure 1) will be taken into account and described.

Mitochondria-Related Processes are Up-Regulated in mutDFNA5 in Post-Diauxic Shift

Comparison of the differentially expressed genes (adjusted p < 0.05) in the post-diauxic shift (1b) resulted in 451 significantly up-regulated genes when expressing mutDFNA5 and using wtDFNA5 as a reference. The top 34 differentially up-regulated genes at the post-diauxic shift are shown in Table 1. Differentially expressed genes with a log2 (fold change) equal or higher than 1.5 were selected for GO-enriched annotations, generating 85 significantly up-regulated genes, which resulted in 65 significantly up-regulated enriched GO terms.

Table 1. Top 34 of the differentially up-regulated genes upon transfection of mutDFNA5 in yeast at the post-diauxic shift.
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Analysis of the biological, cellular, and molecular GO annotations confirmed the role of the mitochondria in mutDFNA5-induced cell death (Supplemental Data Table 2, indicated in bold). Analysis of the GO annotations revealed that the molecular cytochrome-c oxidase activity (GO: 0004129) related process was the most significantly up-regulated mitochondrial process. Further down the list, several biological, molecular and cellular GO processes related to mitochondrial mechanisms, such as mitochondrial ATP synthesis-coupled electron transport (GO:0042775), aerobic respiration (GO:0009060), the mitochondrial respiratory chain (GO:0005746), mitochondrial respiratory chain complex IV (GO:0005751), and oxidative phosphorylation (GO:0006119) were significantly up-regulated suggesting mitochondrial dysfunction (Supplemental Data Table 2).

Next we compared the identified GO terms with the list containing the highest differentially up-regulated genes generated by the R package LIMMA to evaluate the resemblances (Table 1). As shown in Table 1, several mitochondrial genes related to these GO processes were indeed present in the list, including COX/1/2/3 and AI5_ALPHA (Table 1, bold). COX1/2/3 are three main subunits of cytochrome c oxidase, the terminal enzyme of the mitochondrial electron transport chain, encoded by the mitochondrial genome. The electron transport chain is part of mitochondrial oxidative phosphorylation providing most of the cellular ATP (Srinivasan and Avadhani, 2012). AI5_ALPHA is an endonuclease encoding a mobile intron of the COXI gene (Moran et al., 1992; Seraphin et al., 1992). Up-regulation of the main COX genes suggests enhanced COX activity, which has been associated with increased oxidative stress (Singh et al., 2009; Srinivasan and Avadhani, 2012). Previous data indeed demonstrated a change in redox homeostasis due to mutDFNA5 expression in yeast (Van Rossom et al., 2012). The same study also showed increased oxidative stress measured by a dihydroethidium bromide staining (DHE). Moreover, preliminary experiments in human cell lines confirmed this and also revealed enhanced oxidative stress measured by a DHE staining (unpublished results).

In addition, two other groups of significantly enriched GO annotations could be distinguished, namely GO annotations related to catabolic and metabolic energy processes, such as oligosaccharide catabolic process (GO:0009313) or maltose catabolic processes (GO:0000025), and mechanisms related to transporter activity, such as cation (GO:0008324) and several sugar (GO:0005353 for example) transmembrane activities (Supplemental Data Table 2, respectively underlined and indicated in blue). Consistent with the previous results, comparison of these processes with the highest differentially up-regulated genes in Table 1 confirmed these identified GO terms (Table 1). Different maltose and sucrose genes like MAL12, MAL32, and SUC2, and transmembrane transporter genes like HXT4/7 were present in the list (Table 1).

These results revealed an important role for mitochondria-related processes in mutDFNA5 transformed yeast cells in the post-diauxic shift.

Processes Associated with Glycolysis are Down-Regulated in mutDFNA5 at Post-Diauxic Shift

To investigate the significantly down-regulated processes and genes in the post-diauxic shift between wtDFNA5 and mutDFNA5, we used the same method as described in Section Mitochondria-related Processes are Up-regulated in mutDFNA5 in Post-diauxic Shift. This revealed 585 significantly down-regulated genes in cells expressing mutDFNA5 as compared to those expressing wtDFNA5 (adjusted p < 0.05). The top 34 highest differentially down-regulated genes are shown in Table 2.

Table 2. Top 34 of the differentially down-regulated genes upon transfection of mutDFNA5 in yeast at the post-diauxic shift.
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The significantly down-regulated biological GO annotations can be divided in two main groups (Supplemental Data Table 3). One group is related to ribosomal processes and hence translation such as cytosolic ribosome (GO:0022626) and the positive regulation of translation fidelity (GO:0045903) (Supplemental Data Table 3, indicated in bold). This down-regulation is probably due to the fact that yeast is entering the post-diauxic shift and that mutDFNA5 has a growth defect compared to wtDFNA5. Hence, this is probably not due to mutDFNA5 expression. The second group was correlated with the biosynthesis and metabolism of glucose (GO:0006007), monosaccharide (GO:0046365) and glycolysis (GO:0006096).

Again, we compared the identified GO terms using the list containing the highest differentially down-regulated genes generated by the R package LIMMA to evaluate the resemblances (Table 2). As expected, this list contained several components associated with the glycolysis and several protein components of the small and large ribosomal subunit.

Interestingly, the list also contained several genes such as TPI, TDH2/3, PGK1, and CDC19, which are all enzymes playing a role in either the glycolytic or the pentose phosphate pathway (PPP) (Table 2 indicated in bold). CDC19 is the yeast homolog of the human pyruvate kinase (PK) gene. Down-regulation of PK has been correlated with the activation of the PPP and the redirection of the metabolic flux from glycolysis to PPP both in human cell lines and in yeast (Ralser et al., 2007; Christofk et al., 2008; Anastasiou et al., 2011). This will enhance the anti-oxidant response and hence increase the tolerance for oxidative stress (Ralser et al., 2007; Gruning et al., 2011; Kruger et al., 2011). The down-regulation of genes involved in glycolysis and the PPP could suggest a link with oxidative stress providing a protection mechanism for mutDFNA5-transformed yeast cells.

Induction of ER-Related Processes upon mutDFNA5 Expression in Yeast

In addition to the comparison of mutDFNA5 and wtDFNA5 in the post-diauxic shift, the modifications between mid-exponential phase and at the post-diauxic shift were investigated separately both in mutDFNA5-(comparison 2a Figure 1) and wtDFNA5-(comparison 2b Figure 1) transformed yeast cells. As both wtDFNA5 and mutDFNA5 cells demonstrated differentially expressed genes in exponential phase compared to post-diauxic shift, we expected the presence of many significantly up- or down regulated genes related to the post-diauxic shift but not solely due to mutDFNA5 expression. Therefore, genes which were differentially expressed at the post-diauxic shift upon mutDFNA5 transformation, but do not show any differences upon wtDFNA5 expression in post-diauxic phase, are potentially related to mutDFNA5-associated processes. These were assigned as mutDFNA5-related changes not associated with the post-diauxic shift in yeast.

Genes with an adjusted p-value below 0.05 and a log2 (fold change) above 1.5 were selected for GO analysis. The GO-enriched processes significantly associated with up-regulated genes were very similar between comparison 2a and 2b and were associated with translation. GO-enriched terms significantly associated with down-regulated genes were related to ribosomes and RNA and were present both in wtDFNA5- and in mutDFNA5-transformed yeast cells. These processes were probably due to the shift to respiration and not in particular related to mutDFNA5 (data not shown). However, three main classes could be distinguished at the post-diauxic shift. Two of them were more prominent in mutDFNA5-transformed yeast cells. One class was related to the biosynthesis and the metabolism of lipids (GO:0008610), such as (ergo)sterols (GO:0016126), (phyto)steroids (GO:0006694), and fatty acids (GO:0006633) (Supplemental Data Table 4, indicated in bold). The other group was associated with the ER (GO:0005783), such as the ER membrane (GO:0005789) and protein targeting to ER (GO: 0045047) (Supplemental Data Table 4, processes are underlined).

The third group which could be distinguished was related to the cytoskeleton (GO:0005856) and was more pronounced in wtDFNA5-transformed yeast cells. Cellularly enriched GO terms such as the microtubule cytoskeleton (GO:0015630) and the microtubule organizing center (GO:0005815) were present in this list (Supplemental Data Table 5, indicated in bold).

Association of DFNA5 with the MAPK-Related Mechanisms in HEK293T Cells

To further elucidate the DFNA5-related pathways, a microarray experiment was performed in human HEK293T cells. As described previously, mutDFNA5 induced a growth defect in transfected HEK293T cells compared to wtDFNA5 and control (cells transfected with an empty vector) (Op de Beeck et al., 2011). These cell death events were evident from 9 h post-transfection and peaked at 12 h (data not shown). Therefore RNA samples of HEK293T cells were collected 12 h post-transfection. A transcriptomic analysis was performed on HEK293T cells transfected with either wtDFNA5 or mutDFNA5. Six biological replicates of every RNA sample were collected although one wtDFNA5-transfected sample did not survive quality control. Subsequent analyses, using wtDFNA5 as a reference, were therefore performed on five wtDFNA5- vs. six mutDFNA5-transfected samples. Analysis using “Beadarray” and “LIMMA” packages available in R identified 228 significantly up- and 222 significantly down-regulated genes after correction for multiple hypothesis testing (p < 0.05). In addition to individual gene expression, GO analysis was performed to determine the biologically, cellularly, and molecularly enriched GO annotations linked to the differentially expressed genes.

Table 3 shows the top 34 of the significantly up-regulated genes. It contains several genes related to the MAPK pathway such as EGR1/2, FOSB, andJUNB (indicated in bold). Interestingly, this list also contained the PMAIP1 gene. PMAIP1 encodes a BH3-only protein belonging to the BCL2 protein family, a family of important regulators of apoptotic cell death related to the mitochondria. The top 34 highest down-regulated genes are shown in Table 4 and contains several genes related to protein folding such as HSPA6, ATF3, and CTH (indicated in bold, Table 4).

Table 3. Top 34 of the significantly up-regulated genes in mutDFNA5 transfected HEK293T cells.
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Table 4. Top 34 of the highest significantly down-regulated genes in mutDFNA5 transfected HEK293T cells.
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Subsequent GO analysis of the biological annotations revealed, in addition to the more general development processes, the up-regulation of the MAPK pathway (GO:0043407) and the cAMP response (GO:0051591) (Supplemental Data Table 6, indicated in bold). The response to protein folding (GO:0006986) and to topologically incorrect protein (GO:0035966) were the only two significantly down-regulated processes and both were related to protein folding (Supplemental Data Table 7). The most important genes that are involved in these processes were HSPA6, a heat shock protein and several chaperones proteins, such as DNAJB1 and DNAJB2.

These results demonstrate the association of mutDFNA5-induced cell death with the MAPK pathways. The identification of processes related to protein folding supports the results in yeast in which GO terms related to protein folding and the ER were significantly associated with mutDFNA5.

Validation of the MAPK Role in DFNA5-Related Cell Death in HEK293T Cells

The data generated by the transcriptomic analysis in HEK293T cells were validated by real-time rtPCR of newly collected RNA samples. EGR1 and FOSB gene expression was investigated on different time-points ranging from 3 to 72 h post-transfection. As shown in Figure 2, significantly up-regulated EGR1 and FOSB gene expression was observed in cells transfected with mutDFNA5 from 12 to 18 h post transfection (p < 0.05) (Figure 2). Hence the data generated by the transcriptomic analyses were indeed confirmed by real time rtPCR as demonstrated by up-regulation of genes related to the MAPK pathway.
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FIGURE 2. Increased EGR1 and FOSB gene expression in mutDFNA5-transfected HEK293T cells. RNA samples were collected from HEK293T cells transfected with either wtDFNA5 or mutDFNA5 and gene expression was measured by real-time rtPCR. Significantly increased expression was seen in mutDFNA5 at 12 h [p(egr1) = 0.000; p(fosB) = 0.006], 15 h [p(egr1) = 0.017; p(fosB) = 0.000] and 18 h [p(egr1) = 0.004; p(fosB) = 0.026] post-transfection. *p < 0.05; **p < 0.01; ***p < 0.001. CNRQ, calibrated normalized relative quantities.



After confirmation by real time rtPCR, the significance of the activated MAPK pathway was further validated by two independent experiments. To investigate the significance of the MAPK pathway, we wondered whether inhibition of the MAPK pathway would attenuate this mutDFNA5-induced growth defect.

Therefore, a specific JNK inhibitor, namely SP600125, was added, followed by a viability assay to determine the effect on cell survival. Different concentrations of the JNK inhibitor SP600125 were used to measure viability by flow cytometry (CyFlow ML, Partec, Germany) and these results were compared to untreated mutDFNA5-transfected HEK293T cells. Overnight treatment of the cells with different concentrations of SP600125 did not have any major effect on transfection efficiency, but significantly increased the viability of mutDFNA5-transfected cells. Although, addition of 12.5 and 25 μM SP600125 both significantly increased the viability with a p-value of 0.020 and 0.004 respectively SP600125 had the greatest effect with a concentration of 25 μM SP600125 since the viability was raised from 31.93 to 51.00% (Figure 3).
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FIGURE 3. MAPK inhibitor effect on mutDFNA5 transfected HEK293T cells. MutDFNA5-transfected HEK293T cells were pretreated with different amounts of SP600125 (JNK inhibitor). Cell viability was measured and compared to untreated mutDFNA5-transfected HEK293T cells. *p < 0.05; **p < 0.01.



Next, to evaluate the effect of MAPK up-regulation on protein level, different MAPK proteins were studied by western blotting. There are three main MAPK pathways in human cell lines represented by the ERK, JNK, and p38 MAPK branch. Consistent with the results obtained by real time rtPCR and the viability assay, activation of the MAPK pathway proteins was also demonstrated by western blotting. Total protein lysates were collected from HEK293T cells 12 h post-transfection. Three phosphorylated (activated) and non-phosphorylated (not activated) proteins of the MAPK pathway were studied using six different antibodies. No differences were seen in the expression level of non-phosphorylated ERK and JNK (Figure 4A). Activation of JNK and to a minor extent of ERK (p42/p44) was seen upon mutDFNA5 transfection compared to control and wtDFNA5 (Figure 4B). The expression of p38 was also evaluated but no difference in protein expression was observed between mutDFNA5 compared to wtDFNA5 and control (data not shown). β-Actin was used as a loading control.


[image: image]

FIGURE 4. Activation of the MAPK pathway by mutDFNA5. (A) Western blot analysis of non- phosphorylated ERK (p42/p42) and JNK. No differences were seen in protein expression level of ERK and JNK between control, wtDFNA5 and mutDFNA5 transfected HEK293T cells. (B) Western blot analysis of phosphorylated, activated ERK (p42/p42) and JNK. Increased expression of JNK and to a lesser extent of ERK was seen in mutDFNA5 transfected HEK293T cells as compared to wtDFNA5 and control.



These results suggest that DFNA5 induces PCD mediated through activation of the MAPK pathways. Addition of a MAPK inhibitor partially attenuated the mutDFNA5-induced growth defect identifying the MAPK pathway as an early event in mutDFNA5-associated cell death.

Comparison of the Yeast Microarray Results with the Gene Expression in Human Cell Lines

In order to study the significance of the yeast results, a comparison was made between the two microarray experiments. Human homologs of the significantly up- and down-regulated yeast genes at the post-diauxic shift (comparison 1b) were identified using Ensemble Biomart. Of the 451 significantly up- and 585 significantly down-regulated yeast genes, respectively 296 and 647 human homologs were identified. These specific human homologs were analyzed using the R package LIMMA, which generated a new list of human genes. The FC cut-off of the resulting gene list was set to FC 1.2, resulting in 16 up- and 14 down-regulated human genes (Supplemental Tables 8A,B). TM7SF2, UCP2, and VPS33B, three down-regulated human genes, were selected to verify the yeast results in human cell lines using real-time rtPCR. UCP2 and VPS33B were evaluated because they were the two most down-regulated genes present in the list. UCP2, an uncoupling protein, is a mitochondrial carrier located at the mitochondrial inner membrane. Suppression of UCP2 has been linked to increased ROS production (Deng et al., 2012; Dando et al., 2013) and lifespan regulation (Andrews and Horvath, 2009; Andrews, 2010). The Vacuolar protein sorting 33 homolog (VPS33B) gene is involved in intracellular vesicle Golgi-to-lysosome transport (Pevsner et al., 1996; Lo et al., 2005). TM7SF2 was selected based on its function in relation to the yeast results. TM7SF2 is a transmembrane protein present in the ER and associated with biosynthesis of cholesterol. In addition to its role in cholesterol synthesis, TM7SF2 appears to be involved in the inflammatory response upon cellular stress (Holmer et al., 1998; Bennati et al., 2006; Schiavoni et al., 2010; Bellezza et al., 2013).

To verify the yeast results in human cell lines, RNA was collected from HEK293T cells transfected with either wtDFNA5 or mutDFNA5 at different time-points starting at 12 h after transfection as this was the time-point of the human microarray experiment. The TM7SF2, UCP2, and VPS33B genes had a fold change of respectively 1.23, 1.31, and 1.27 on the microarray. Real-time rtPCR on RNA samples 12 h post-transfection confirmed these microarray results as all three genes were down-regulated in mutDFNA5 compared to wtDFNA5 (Figure 5A) with fold changes comparable to the microarray (respectively 1.35, 1.48, and 1.59). Although not significantly, these three genes were down-regulated in HEK293T cells at 12 h after transfection (Figure 5A). The down-regulation was still present at 20 h, peaked at 24 h after transfection and was even significant for TM7SF2 (p:0.01) and UCP2 (p:0.07) at respectively 20 h and 24 h after transfection (Figure 5B). Due to this down-regulation, we can conclude that there are some similarities between the yeast and the HEK293T microarray. Differences are seen when looking at the individual genes, but upon study of the different pathways a role for processes related to protein folding were seen in both model systems.
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FIGURE 5. Validation of the yeast microarray by real-time rtPCR in HEK293T cells. (A) Gene expression 12 h post-transfection in human HEK293T cells of three selected genes. (B) Gene expression 12, 20, and 24 h post-transfection with either wtDFNA5 or mutant DFNA5. UCP2, uncoupling protein 2 (mitochondrial, proton carrier); TM7SF2, transmembrane 7 superfamily member 2; VPS33B, vacuolar protein sorting 33 homolog. Light gray, wtDFNA5; Dark gray, mutDFNA5. *p < 0.05. CNRQ, calibrated normalized relative quantities.



Discussion

This study further investigated the biological effects induced by DFNA5 expression in Saccharomyces cerevisiae and in human HEK293T cells. A previous study in human cell lines revealed that mutDFNA5 is a cell death-inducing gene (Op de Beeck et al., 2011). As described previously (Van Rossom et al., 2012), transformation of mutDFNA5 in yeast resulted in a growth defect associated with four different mitochondria-related proteins. This study was the first to establish a possible link between the mitochondria and DFNA5. In addition, the 2012 study observed that the protein quality control system, responsible for correct protein folding and degradation, had problems coping with mutDFNA5. A failing protein quality control system could indicate the presence of ER stress, as the ER can be involved in protein folding and degradation.

This study confirmed the involvement of mitochondria-related processes upon expression of mutDFNA5 in Saccharomyces cerevisiae, especially the ATP-coupled electron transport. Several genes related to either the glycolysis and the PPP were significantly down-regulated upon mutDFNA5 transformation in yeast. Furthermore, we show that the JNK and ERK MAPK pathways are activated in vitro after transfection of mutDFNA5 in HEK293T cells and that inhibition of this pathway is able to partially attenuate the resulting cell death. Additionally, this study also revealed an association of GO annotations related to the ER and protein folding in both model organisms.

Oxidative Stress and Hearing Loss

The up-regulation of different cytochrome c oxidase (COX) genes revealed a potential association of the mutDFNA5-related cell death mechanisms with oxidative stress in yeast. Increased oxidative stress was already demonstrated in yeast (Van Rossom et al., 2012) and was later confirmed in human cell lines (unpublished results). Enhanced COX activity has indeed been associated with increased oxidative stress (Singh et al., 2009; Srinivasan and Avadhani, 2012). COX is the rate limiting enzyme of respiration which regulates the bio-energetic status of the cell. Dependent on the cellular energetic requirements, the COX activity can be rapidly adapted. The ratio of ATP/ADP is one of the regulators of the COX activity. High ADP levels or ATP utilization will increase the enzyme activity and stimulate the respiration (Napiwotzki and Kadenbach, 1998; Arnold and Kadenbach, 1999). Activation of the COX activity could result in higher oxidative stress generated at the mitochondria.

Additionally, the correlation of mutDFNA5 with several genes of the PPP can also be linked to oxidative stress in yeast as the PPP plays a major role in the anti-oxidant response. Reduced expression of CDC19, the yeast homolog of PK, and of TPI has been correlated with the activation of the PPP and the redirection of the metabolic flux from glycolysis to PPP both in human cell lines and in yeast (Christofk et al., 2008; Gruning et al., 2011, 2014). This study revealed reduced gene expression of both TPI and CDC19, indicating a shift in redox sensing in eukaryotes mediating a fast response to oxidative stress. Activation of the PPP is correlated with the inhibition of ROS accumulation and enhancement of the anti-oxidant response upon shift from fermentation to respiration. PPP activation will enhance the anti-oxidant response and hence increase the tolerance for oxidative stress (Ralser et al., 2007; Gruning et al., 2011; Kruger et al., 2011). These data clearly demonstrate a change in redox homeostasis due to mutDFNA5 expression which was shown previously in yeast (Van Rossom et al., 2012).

Furthermore, enhanced oxidative stress is often related to a failing protein quality control system (Davies, 2001; Shang et al., 2001; Bender et al., 2010, 2011; Shang and Taylor, 2011). This possibility was already suggested by the proteolytic degradation previously seen upon wtDFNA5 transformation, but which was absent in mutDFNA5-transformed yeast cells (Van Rossom et al., 2012). MutDFNA5 seemed to escape this quality control system, in contrast to wtDFNA5 which was subject to the normal clearance system. Moreover, the authors suggested a possible link between protein degradation and the mitochondria in mutDFNA5-induced cell death as yeast seemed to have problems with proper mutDFNA5 protein turnover. The same link was confirmed in both model organisms used in the current study.

Role of ER Stress in the Pathology of Hearing Loss

The increase in mitochondrial metabolism seen in this study and the decrease of protein folding processes, can also be explained by the presence of cellular ER stress leading to an unfolded protein response. Mitochondria and ER form an interconnected network which is important for several biological processes mediating an adaptive response under various cellular stress conditions (De Brito and Scorrano, 2010; Marchi et al., 2014). The association between mutDFNA5 and the GO terms related to lipid metabolism, protein targeting to ER and the ER membrane, suggest the presence of ER stress (Schroder, 2008). Mitochondria depend on the ER for the import of several proteins and lipids and for Ca2+ exchange involved in cell death and mitochondrial metabolism (Sauner and Levy, 1971; Zecchini et al., 2007; Stiban et al., 2008; Wiel et al., 2014). Enhanced Ca2+ supply will increase ATP production and mitochondrial respiration, processes which were indeed both up-regulated at the post-diauxic shift upon mutDFNA5 expression. Prolonged enhancement however will eventually have a detrimental effect on the mitochondria.

Despite limited knowledge correlating mutDFNA5 with ER stress, a correlation has been established between ER stress and certain causes of HL. Ototoxicity (HL due to the use of pharmaceuticals such as aminoglycoside antibiotics and platinum-based chemotherapeutics) was shown to be correlated with ER stress-dependent pathways. Certain pain relievers, contributing to tinnitus and progressive bilateral sensorineural HL, were shown to induce ROS overproduction, altered ER morphology and changes in ER stress markers, such as CHOP (Kalinec et al., 2014).

Taken together, the previous observation of the importance of the mitochondria in mutDFNA5-related cell death and the known correlation between the ER and the mitochondria points to a potential role for the ER in DFNA5-induced cell death. The failing of the protein quality control system in mutDFNA5 suggests the involvement of the ER, but this remains unclear at this moment and needs to be further investigated in the future.

Contribution of the Mitochondria in MAPK-Related Cell Death

In addition to the mitochondria, the MAPK pathways seem to play a prominent role in mutDFNA5-induced cell death in HEK293T cells. The link between the mitochondria and MAPK in DFNA5-related cell death is unknown at this moment, but several mitochondria-MAPK correlations have been described. It is known that MAPK pathways can be induced by ROS production generated by the mitochondria (Chambers and Lograsso, 2011). As increased oxidative stress has been shown in an earlier study in yeast and in human cell lines (unpublished results), this can provide a direct link between these two processes. This could suggest that ROS activates the MAPK pathway and hence lays up-stream of the MAPK pathway in DFNA5-induced cell death. However, we showed in this study that a specific MAPK inhibitor was able to attenuate the cell death and we have unpublished results showing that several anti-oxidants did not inhibit DFNA5-induced cell death. This implies that ROS is either a secondary event not directly causing cell death, or that the activation of MAPK is an early event in the cell death process, up-stream of ROS production. Furthermore, comparison of yeast and the human microarray results identified UCP2, a gene associated with the mitochondria, which showed reduced gene expression in mutDFNA5 compared to wtDFNA5. Interestingly, mitochondrial stress has been linked to the down-regulation of UCP2 by activation of the MAPK pathway and of JNK activation in particular (Emre et al., 2007; Selimovic et al., 2008). UCP2 reduction was an early event required for the amplification of the activated MAPK pathway enabling mitochondrial ROS production (Emre et al., 2007; Basu Ball et al, 2011). This down-regulation enables mitochondrial ROS production providing the amplification loop stimulating the MAPK pathway. UCP2 can therefore provide the link between MAPK and the mitochondria, regulating the ROS production, a feature deregulated in both model organisms.

However, we did not observe an up-regulation of MAPK-related pathways in yeast. This could be explained by the differences in timing between the experiments. For human cell lines, the experiment was performed 12 h post-transfection, while yeast RNA was collected at the post-diauxic shift.

In conclusion, this study confirms the role of the mitochondria in mutDFNA5-induced toxicity in yeast. Additionally, it shows that mutDFNA5-induced cell death is mediated by the MAPK pathway, especially through the ERK and the JNK branch. Inhibition of this pathway could significantly enhance the cell viability of mutDFNA5-transfected HEK293T cells which suggests the importance of this signaling cascade for DFNA5. How the MAPK pathways perform their role in cell death and the connection with DFNA5-related mechanisms remains uncertain at this moment but is a good starting for future studies. Future studies further unraveling the DFNA5-induced cell death mechanism are important as they may lead to new insights in the involvement of mitochondria in HL and have the potential to lead to new future therapies.
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Early transcriptional response to aminoglycoside antibiotic suggests alternate pathways leading to apoptosis in sensory hair cells in the mouse inner ear
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Aminoglycoside antibiotics are “the drug of choice” for treating many bacterial infections, but their administration results in hearing loss in up to one fourth of the patients who receive them. Several biochemical pathways have been implicated in aminoglycoside antibiotic ototoxicity; however, little is known about how hair cells respond to aminoglycoside antibiotics at the transcriptome level. Here we have investigated the genome-wide response to the aminoglycoside antibiotic gentamicin. Using organotypic cultures of the perinatal organ of Corti, we performed RNA sequencing using cDNA libraries obtained from FACS-purified hair cells. Within 3 h of gentamicin treatment, the messenger RNA level of more than three thousand genes in hair cells changed significantly. Bioinformatic analysis of these changes highlighted several known signal transduction pathways, including the JNK pathway and the NF-κB pathway, in addition to genes involved in the stress response, apoptosis, cell cycle control, and DNA damage repair. In contrast, only 698 genes, mainly involved in cell cycle and metabolite biosynthetic processes, were significantly affected in the non-hair cell population. The gene expression profiles of hair cells in response to gentamicin share a considerable similarity with those previously observed in gentamicin-induced nephrotoxicity. Our findings suggest that previously observed early responses to gentamicin in hair cells in specific signaling pathways are reflected in changes in gene expression. Additionally, the observed changes in gene expression of cell cycle regulatory genes indicate a disruption of the postmitotic state, which may suggest an alternate pathway regulating gentamicin-induced apoptotic hair cell death. This work provides a more comprehensive view of aminoglycoside antibiotic ototoxicity, and thus contributes to identifying potential pathways or therapeutic targets to alleviate this important side effect of aminoglycoside antibiotics.
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Introduction

Ototoxicity is a well-known side effect limiting the use of aminoglycoside antibiotics, with reported incidence of hearing loss between 2% and 25% of treated patients (Huth et al., 2011). Several biochemical mechanisms of aminoglycoside ototoxicity have been investigated, including production of reactive oxygen species (ROS) (Forge and Schacht, 2000), disruption of intracellular calcium storage (Matsui et al., 2004), and inhibition of cytoplasmic protein synthesis (Francis et al., 2013). Through biochemical assays, some pathways have also been identified as signaling pathways mediating aminoglycoside-induced hair cell death, such as the pro-apoptotic JNK pathway (Ylikoski et al., 2002) and the protective NF-κB pathway (Jiang et al., 2005). Based on observations made in organ cultures, a timeline of critical signaling events has been established. ROS production is induced shortly after aminoglycoside administration; the JNK pathway responds to drug treatment within 3 h; the intracellular calcium level is increased dramatically at around 4 h; cytochrome C is released into cytoplasm at around 12 h and apoptosis execution steps occur at around 18 h (Matsui et al., 2004).

The methods utilizing low-throughput biochemical assays have been instrumental in dissecting some of the sequelae of antibiotic treatment of hair cells. However, cells are complex systems that integrate input from multiple mechanisms and respond by adjusting multiple pathways simultaneously. High-throughput methods may help us gain a better understanding of the ototoxicity associated with aminoglycosides by providing a complex view of the response; among them, DNA microarray and antibody array experiments have been performed to profile the changes in the cochlea after ototoxic drug treatment at the transcriptional level and the protein level, respectively (Nagy et al., 2004; Jamesdaniel et al., 2008). However, whole cochlea samples were used in those studies, which consisted largely of many different non-hair cell populations in addition to hair cells, and the heterogeneity of the samples limited the interpretation of the results due to a low signal to noise ratio.

Here we have utilized RNA sequencing to investigate the early gene expression changes in hair cells induced by the aminoglycoside antibiotic gentamicin. Compared to microarray analysis, RNA sequencing is more accurate for analyzing expression levels, more informative for pathway analysis, and more powerful in exploiting unannotated genes (Wang et al., 2009). We made use of the Atoh1-GFP transgenic mice, whose fluorescent reporter under the control of the Atoh1 enhancer faithfully identifies hair cells (Lumpkin et al., 2003), to purify GFP+ hair cells by fluorescence-activated cell sorting (FACS) after a 3 h gentamicin treatment for a direct analysis of gene expression changes by RNA sequencing. We chose the 3 h time point because it was previously shown that signaling pathways have initiated a response to the drug, but the cell death process did not appear to be initiated (Matsui et al., 2004). We present analyses of the gene changes associated with several major pathways known to be dysregulated in response to aminoglycoside antibiotics.

Genome wide, 3709 genes, including those involved in a variety of pathways and cellular processes, were found to change significantly in hair cells after gentamicin treatment. Genes involved in the JNK pathway and the NF-κB pathway were differentially expressed in gentamicin-treated hair cells, which is consistent with previous findings that these pathways are important for aminoglycoside ototoxicity (Ylikoski et al., 2002; Jiang et al., 2005). Surprisingly, we did not observe a strong stress response at the transcriptional level at this early time point. Comparison of gentamicin-induced gene expression changes in hair cells and data from other cell lines and tissues, revealed a similarity between aminoglycoside-induced hair cell death and neuronal cell death, as well as a resemblance between aminoglycoside ototoxicity and nephrotoxicity. Additionally, genes involved in the cell cycle and DNA damage repair were also strongly affected by gentamicin at the transcriptional level, indicating a gentamicin-induced disruption of the postmitotic state, which may underlie an alternate pathway leading to hair cell death. In contrast, significantly fewer genes (698 genes) with altered expression after gentamicin treatment were present in the non-hair cell population at this time. Interestingly, expression of genes involved in cell cycle and metabolite biosynthesis pathways were significantly affected in this population. Analyses of our RNA sequencing data indicate that prior to severe oxidative stress, multiple events, including previously implicated activation of the JNK and the NF-κB pathways, and newly hypothesized disruption of the postmitotic state, occur in hair cells in response to aminoglycoside antibiotic treatment. Our work provides a comprehensive view of aminoglycoside ototoxicity, and our transcriptome data could be used to analyze other potential signaling pathways or biological processes mediating aminoglycoside-induced hair cell death which are not covered here.

Materials and Methods

Organotypic Culture, Drug Treatment, and FACS Sorting

Atoh1-GFP transgenic mice on CD-1 background (Lumpkin et al., 2003; available in the Jackson Laboratory but in different genomic background: B6.129S-Atoh1tm4.1Hzo/J) were used for this study. All animal procedures and usage were approved by the IACUC committee in House Research Institute. Inner ears were collected from postnatal day 1 (P1) animals under sterile conditions and then transferred into ice cold Ca2+- and Mg2+-free PBS (Invitrogen), in which cochlea were further dissected under the microscope (Chen et al., 2002). The cochleae were mounted on polycarbonate membranes (13 mm diameter, 1.0 μm pore size, SPI supplies) floating on DMEM/F12 medium (Invitrogen) supplemented with 1% N2 (Gibco) and 100 U/ml penicillin (Sigma). Organ cultures were maintained under low oxygen conditions (37°C, 5% CO2 and 5% O2) overnight, and treated with gentamicin the next day.

To trace the accumulation of gentamicin in hair cells, Texas Red conjugated gentamicin (GTTR) was prepared as described in the literature (Steyger et al., 2003). 4.4 ml of gentamicin sulfate (Sigma; 50 mg/ml in K2CO3, pH 9) was mixed with 0.6 ml succinimidyl ester of Texas Red (Invitrogen; 2 mg/ml in dimethyl formamide), and then agitated overnight to produce a mixture of gentamicin and GTTR with an approximate 300:1 molar ratio. This GTTR mixture solution was diluted 1:100 with culture medium for treatment of organotypic cultures. After 30 min incubation, organs were fixed with 4% paraformaldehyde, cryosectioned and photographed by fluorescence microscopy.

To confirm the level of hair cell death induced by gentamicin, organ cultures were treated with 0.5 mM gentamicin for 3 h, and then gentamicin was washed out and replaced with fresh medium. GFP positive hair cells were photographed at 3 and 24 h timepoints (Figure 1B).
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FIGURE 1. Gentamicin-induced hair cell loss, and principal component analysis (PCA) of RNA sequencing datasets. (A) Gentamicin accumulates preferentially in hair cells in in vitro organ of Corti culture. Cross sections through cochlear explants from P1, Atoh1-GFP mice (Lumpkin et al., 2003), treated for 30 min with Texas Red conjugated gentamicin (GTTR). Star indicates the inner hair cell, and bracket indicates three outer hair cells. Cells with weak GFP under the inner hair cell are inner phalangeal cells. (B) Atoh1-GFP fluorescence in untreated and 0.5 mM gentamicin-treated organs at 3 and 24 h. There was no detectable hair cell loss at 3 h, but severe hair cell damage caused by gentamicin at 24 h. Star indicates a single row of inner hair cells and bracket indicates three partial rows of outer hair cells. (C) Scatter plot of Atoh1-GFP hair cell purification by FACS shows gate settings and diagram shows a P1 organ of Corti indicating hair cells (green) and supporting cells (red) (Chen and Segil, 1999). (D) PCA map showing the three most significant variances among samples. 78.88% of variance in the combined dataset is captured in the analysis; (49.91% in PC1-X axis, 13.53% in PC2-Y axis, and 8.44% on PC3-Z axis). Each dot represents one biological replicate.



To purify hair cells for RNAseq, organs were digested with 0.05% Trypsin (Invitrogen) and 1 mg/ml Collagenase (Worthington) in PBS at 37°C for 8 min, then incubated with 10% FBS (Life Technologies) in PBS to stop enzymatic digestion. To make single cell suspensions, organs were triturated with a P200 pipette 300 times. The suspension was passed through a cell strainer (40 μm, BD Biosciences) before FACS purification. GFP-positive hair cells, as well as the GFP-negative non-hair cell population (non-hair cell cochlear epithelial cells included Deiters' cells, pillar cells, Hensen cells, cells in the GER, cells in the LER, and other cells constituting surrounding tissues) were purified on a BD FACS Aria II with a 100 μ nozzle. Cells with low-levels of GFP were excluded by stringent gating during FACS purification (Figure 1C). Quality control by FACS-resort, and by immunofluorescence for a hair cell marker (MyosinVI), indicated >95% purity. Sorted cells were collected directly into RNA lysis buffer (Zymo). At least 50,000 cells were collected for each sample, and three replicates were prepared for each condition.

RNA Sequencing, Reads Alignment, PCA and Differential Gene Expression

RNA was extracted from samples using the Zymo Quick-RNA Microprep kit, and then processed for library construction, using the Illumina True-Seq mRNA-seq kit. Six samples were bar-coded, combined into one lane, and sequenced by Illumina Hi-Seq 2000 for single-end 50 cycles (50 bp reads). More than 30 million reads were obtained for each replicate. The reads were trimmed on both ends (quality score ≥25) and aligned against the mouse genome assembly mm10 using TopHat 2 in PartekFlow (Partek Inc.). Normalized read score for each gene was calculated considering total read numbers and gene length (reads per kilobase of transcript per million reads mapped, RPKM). Principal component analysis (PCA) was conducted in PartekFlow based on normalized read numbers for individual genes in each replicate. Differential gene expression was assessed by the embedded gene specific analysis (GSA) module in PartekFlow.

RNA sequence data was deposited into NCBI GEO database (GSE66775).

IPA Analysis

Differential gene expression datasets, including gene symbols, fold changes, p-values and total numbers of raw reads, were prepared for Ingenuity pathway analysis software (IPA, Version 21901358, Qiagen Inc.). The gene expression dataset from untreated and gentamicin-treated hair cells, and from untreated and treated non-hair cell samples, were analyzed by the IPA software. A filter of p-value less than 0.01, fold change greater than 1.2 (or less than −1.2), and total number of raw reads greater than 100 was applied, and core pathway analysis was conducted for each dataset. Canonical pathway analysis, diseases and function analysis, upstream regulator analysis, and network analysis were included in the core analysis with default settings.

Q-PCR Validation

The cDNA libraries for Q-PCR were made by qScript reverse transcriptase supermix (Quanta Biosciences) using RNA extracted from FACS purified cells as template. Rpl19 was used as internal control for normalization. For validation purpose, four independent biological replicates were collected and analyzed by Q-PCR. Genes were chosen arbitrarily among the list of gentamicin-induced genes in hair cells. SYBR-Green (Applied Biosystems) was used to detect amplified double strand DNA on ViiA 7 machine (Applied Biosystems). Primer pairs used for Q-PCR were listed below. Rpl19 forward 5′-GGTCTGGTTGGATCCCAATG-3′, reverse 5′-CCCGGGAATGGACAGTCA-3′. Atf2 forward 5′-CCGTTGCTATTCCTGCATCAA-3′, reverse 5′-TTGCTTCTGACTGGACTGGTT-3′. Mapk8 forward 5′-AGCAGAAGCAAACGTGACAAC-3′, reverse 5′-GCTGCACACACTATTCCTTGAG-3′. Jun forward 5′-CCTTCTACGACGATGCCCTC-3′, reverse 5′-GGTTCAAGGTCATGCTCTGTTT-3′. Nfkb1 forward 5′-ATGGCAGACGATGATCCCTAC-3′, reverse 5′-TGTTGACAGTGGTATTTCTGGTG-3′. Nfkbib forward 5′-GCGGATGCCGATGAATGGT-3′, reverse 5′-TGACGTAGCCAAAGACTAAGGG-3′. Chuk forward 5′-GTCAGGACCGTGTTCTCAAGG-3′, reverse 5′-GCTTCTTTGATGTTACTGAGGGC-3′. Gadd45g forward 5′-GGGAAAGCACTGCACGAACT-3′, reverse 5′-AGCACGCAAAAGGTCACATTG-3′. Klf11 forward 5′-CATGGACATTTGTGAGTCGATCC-3′, reverse 5′-CCTTTGGTAGATCAGGTGCAG-3′. Ddit3 forward 5′-CTGGAAGCCTGGTATGAGGAT-3′, reverse 5′-CAGGGTCAAGAGTAGTGAAGGT-3′. Bnip1 forward 5′-AGGCTATGCAGACTCTAGTCAG-3′, reverse 5′-CAGTTCTCGGCGGTTGTACT-3′. Casp3 forward 5′-ATGGAGAACAACAAAACCTCAGT-3′, reverse 5′-TTGCTCCCATGTATGGTCTTTAC-3′. Ccar1 forward 5′-AGATGAGTATGACCCAATGGAGG-3′, reverse 5′-CCTTGCAGTACCGGCTGAC-3′. Ccnb2 forward 5′-GCCAAGAGCCATGTGACTATC-3′, reverse 5′-CAGAGCTGGTACTTTGGTGTTC-3′. Ccne2 forward 5′-ATGTCAAGACGCAGCCGTTTA-3′, reverse 5′-GCTGATTCCTCCAGACAGTACA-3′. Ercc8 forward 5′-GAGGAAGATGAAGCTATGGAA-3′, reverse 5′-CTTCAGGGGTTTCTCTTTGTC-3′. Rad52 forward 5′-CTTTGTTGGTGGGAAGTCTGT-3′, reverse 5′-CGGCTGCTAATGTACTCTGGAC-3′. Apex2 forward 5′-GGATGGATGGCTTGCTCAGTA-3′, reverse 5′-ACTTCAGGGAGTAAGAAGGAGG-3′. Alkbh3 forward 5′-GAGCCAGTCTGCTACTCAGC-3′, reverse 5′- AACACAAATTGTCGGTCACATTG-3′.

Results

Perinatal cochleae from Atoh1-GFP transgenic mice, cultured and treated with gentamicin, show that gentamicin accumulated specifically in hair cells, as indicated by the uptake of Texas-Red conjugated gentamicin (Figure 1A), and 91% (SD ± 7%; n = 3) of outer hair cells were killed by gentamicin at 24 h (Figure 1B). To investigate the early transcriptional response of hair cells to gentamicin, cultured cochleae were treated with gentamicin for 3 h, and immediately dissociated and FACS-sorted to obtain purified hair cell and non-hair cell samples (Figure 1C) for RNA sequencing. Since there is a low level of misexpression of GFP in inner phalangeal cells and probably in border cells, cells with low-level GFP expression were excluded by stringently gating GFP during FACS purification to minimize possible contamination. We validated the purity of the hair cell population by immunostaining, as more than 95% of purified GFP-positive cells stained positive for the hair cell marker MyoVI (data not shown). In addition, known hair cell specific genes, such as Atoh1, Pou4f3, Myo6, and Myo7a, have much greater normalized read numbers in hair cell samples than that in non-hair cell samples (Table S1), suggesting the high purity of our hair cell sample. The reliability of the RNA sequencing data was verified by Q-PCR analysis with primers specific for selected genes (Figures 2A, 3A, 4A, 5A, 6A).
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FIGURE 2. Gentamicin-induced changes in expression of genes in the Jun-kinase (JNK) pathway. (A) Q-PCR results validating increased messenger RNA levels in hair cells after gentamicin treatment. Error bar, standard deviation: *p < 0.05; **p < 0.01. (B) The JNK signaling pathway with color-coded expression changes indicating significant transcriptional response to gentamicin. Only genes with significant expression changes are colored. Red, increased expression; green, decreased expression relative to control; half red-half green, indicates nodes with multiple genes with some genes upregulated and some genes downregulated. Genes validated and discussed in the text are boxed in the corresponding protein pathway diagrams.
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FIGURE 3. Gentamicin-induced changes in expression of genes in the NF-κB pathway. (A) Q-PCR results validating increased messenger RNA levels in hair cells after gentamicin treatment. Error bar, standard deviation: *p < 0.05; **p < 0.01. (B) NF-κB pathway with color-coded expression changes suggesting early transcriptional response to gentamicin. Only genes with significant expression changes are colored. Red, increased expression; green, decreased expression relative to control; half red-half green, symbols for nodes consisting of multiple genes with some genes upregulated and some genes downregulated. Genes validated and discussed in the text are boxed in the corresponding protein pathway diagrams.
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FIGURE 4. Gentamicin-induced changes in expression of stress-response genes. (A) Q-PCR results validating increased messenger RNA levels in hair cells after gentamicin treatment. Error bar, standard deviation: *p < 0.1; **p < 0.01. (B) NRF2-mediated oxidative stress response network with color-coded expression shifts showing the absence of significant induction of oxidative stress response at the transcriptional level. Only genes with significant expression changes are color labeled. Red, increased expression; green, decreased expression relative to control; half red-half green, indicates nodes with multiple genes with some genes upregulated and some genes downregulated. Genes validated and discussed in the text are boxed in the corresponding protein pathway diagrams.
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FIGURE 5. Gentamicin-induced changes in expression of genes involved in apoptosis. (A) Q-PCR results validating increased messenger RNA levels in hair cells after gentamicin treatment. Error bar, standard deviation: *p < 0.05; **p < 0.01. (B) The apoptosis gene network with color-coded expression changes showing the absence of significant changes for apoptosis initiation and execution genes at transcriptional level. Only genes with significant expression changes are colored. Red, increased expression; green, decreased expression relative to control; half red-half green, indicates nodes with multiple genes with some genes upregulated and some genes downregulated. Genes validated and discussed in the text are boxed in the corresponding protein pathway diagrams.




[image: image]

FIGURE 6. Gentamicin-induced changes in expression of genes involved in cell cycle and DNA damage repair. (A) Q-PCR results validating increased messenger RNA levels of selected genes in hair cells after gentamicin treatment. These results confirm the up-regulation of cell cycle and DNA damage repair genes in gentamicin-treated hair cells. Error bar, standard deviation: *p < 0.05; **p < 0.01. (B) Cell cycle regulation network with color-coded expression changes suggesting affected cell cycle gene regulation by gentamicin. (C) Nucleotide excision repair (NER) network with color-coded expression changes showing significant induction of NER genes. Only genes with significant expression changes are colored. Red, increased expression; green, decreased expression relative to control; half red-half green, indicates nodes with multiple genes with some genes upregulated and some genes downregulated. Genes validated and discussed in the text are boxed in the corresponding protein pathway diagrams.



Expression of 23420 genes was quantified and analyzed with the Negative Binomial, Poisson or Lognormal Linear distribution model (gene specific analysis algorithm provided by PartekFlow) (Table S1). After 3 h of gentamicin treatment, the mRNA level of 3709 genes in hair cells was significantly altered, with 1917 genes found to be up-regulated and 1792 genes down-regulated (p-value < 0.01, fold change > 1.2 or < −1.2, and raw reads ≥100). In contrast, significantly fewer genes (698) were found to be affected with the same criteria in the non-hair cell population, with 436 genes up-regulated and 262 genes down-regulated.

Principal Components Analysis

Principal components analysis (PCA) is a method for analyzing the variance in high dimensional datasets, and to present variance in a few dimensions for easier interpretation (Ringnér, 2008). The PCA analysis of our RNA sequencing data shows that 71.88% variance in the dataset was captured within the three most significant principal components (PCs): 49.91% in PC1 (X axis), 13.53% in PC2 (Y axis), and 8.44% in PC3 (Z axis) (Figure 1D). These PCs correspond to different cell types and different treatment conditions.

In the PCA map, each biological replicate of different experimental groups is represented by one dot (Figure 1D). PCA analysis indicates that the variance among the replicates of FACS-purified hair cells is low. Three untreated hair cell replicates cluster tightly in the PCA map (red dots), as do three gentamicin-treated hair cell replicates (blue dots) (Figure 1D). This tight clustering indicates low statistical variance between replicates, and likely stems from the low cellular heterogeneity among FACS-purified replicates. In contrast, both treated (green dots) and untreated (yellow dots) samples from the non-hair cell replicates, which include all other cells in our dissected epithelial preparations, are scattered in the PCA map (Figure 1D), indicating the higher statistical variance among replicates of the non-hair cell samples. Hair cell samples and the non-hair cell samples (Figure 1D, red vs. yellow) lie at the two ends of the most significant variance axis (PC1, X axis), suggesting that the hair cell gene expression profile is significantly different from the non-hair cell population. Along the second variance axis (PC2, Y axis), gentamicin-treated hair cell samples are separated from untreated hair cell samples (Figure 1D, blue vs. red), indicating the significant gene expression shift in hair cells caused by gentamicin treatment at the 3 h time point. In contrast, the non-hair cell samples are not separated by gentamicin treatment (Figure 1D, green vs. yellow), suggesting that the gentamicin-induced gene expression shift in the non-hair cell population was not as consistent as the one in hair cells. Together, the PCA results suggest that gentamicin treatment induced significant and consistent gene expression changes in hair cells.

Signaling Pathways and Biological Processes Affected by Gentamicin in Hair Cells

Gene expression in hair cells was affected significantly by gentamicin treatment at 3 h, as shown by the large number of deregulated genes and by the PCA results. To investigate the underlying biological pathways affected in hair cells upon gentamicin treatment, IPA software (Qiagen) was used to analyze affected signaling pathways after gentamicin treatment, and to compare our hair cell datasets with datasets derived from other cell lines and tissues. Pathways affected by gentamicin treatment at 3 h are listed in Table S2. Below we verify and discuss several of these pathways that have been reported to be important in aminoglycoside induced hair cell death, as well as proposing that elements of the cell cycle may provide an additional pathway, signaling apoptosis in hair cells.

Expression of JNK Pathway-Related Genes was Significantly Affected by Gentamicin

The JNK pathway has been strongly implicated in aminoglycoside-induced hair cell death. After aminoglycoside treatment, phosphorylation of JNK and c-Jun was observed in hair cells (Ylikoski et al., 2002), indicating activation of the JNK pathway. Furthermore, inhibition of the JNK pathway by pharmaceutical inhibitors has been shown to protect hair cells from aminoglycoside ototoxicity (Ylikoski et al., 2002), suggesting that JNK activation may be involved in mediating aminoglycoside-induced hair cell death.

Consistent with these findings, we observed changes in the expression of genes involved in JNK signaling pathways upon gentamicin treatment. We verified the expression changes of three genes in this pathway by Q-PCR, namely Atf2, Mapk8 (Jnk1), and Jun (c-Jun) (Figure 2A). IPA pathway analysis revealed that the expression of JNK pathway-related genes was significantly affected in gentamicin-treated hair cells (p = 0.000001). As shown in Figure 2B (color coded, see legend), Mapk8 (Jnk1) itself, in addition to several upstream and downstream factors including Jun, Atf2, Nfatc1, and Elk1, were changed at the transcriptional level in gentamicin-treated hair cells. Interestingly, the induction of Jun expression is regulated by phosphorylation of Jun itself, in an autoregulatory loop, by JNK (Angel et al., 1988); thus the increased mRNA expression of Jun indicates the likely activation of the JNK pathway. Transcriptional changes in other targets of Jun regulation are summarized in Table S3. The pattern of changed expression of JNK pathway-related genes is consistent with the timeline of critical signaling events for aminoglycoside-induced hair cell death, indicating that the JNK pathway is one of the early response pathways that are activated in hair cells after aminoglycoside treatment (Matsui et al., 2004).

Genes Involved in the NF-κB Pathway were Expressed Differentially after Gentamicin Treatment

Activation of the NF-κB pathway has been implicated as protective against aminoglycoside ototoxicity in several biochemical assays (Jiang et al., 2005). Aminoglycoside treatment has been shown to increase DNA binding activity of NF-κB, indicating activation of the NF-κB pathway by aminoglycoside antibiotics (Jiang et al., 2005). Additionally, reagents promoting NF-κB translocation into nuclei reportedly protect hair cells from aminoglycoside ototoxicity (Jiang et al., 2005).

Our RNA sequencing data show that the expression of genes involved in the NF-κB pathway was altered in hair cells after gentamicin treatment. Gentamicin-induced expression changes of Nfkb1 (p50), Nfkbib (Ikbb), and Chuk(Ikk1) were verified by Q-PCR (Figure 3A). Fold changes based on RNA sequencing were smaller but remained highly significant (p < 0.01). In IPA pathway analysis, the NF-κB pathway was identified as a significantly affected pathway in gentamicin-treated hair cells (p = 0.00004). Expression changes of genes involved in the NF-κB pathway are shown in Figure 3B. Among these genes, Nfkb1 and Nfkbib have been identified as target genes of NF-κB (Ten et al., 1992; Schreiber et al., 2006), and their increased expression strongly suggests the activation of the NF-κB pathway in gentamicin-treated hair cells. Transcriptional changes in other NF-κB targets are summarized in Table S3. Our expression data indicate that the NF-κB pathway, like the JNK pathway, is an early response pathway that is activated in hair cells by aminoglycosides.

No Significant Stress Response was Observed at the Transcriptional Level for NRF2 Target Genes at the 3 h Time Point

The prevailing hypothesis of aminoglycoside ototoxicity holds that aminoglycoside-induced ROS production causes oxidative stress, which triggers apoptosis in hair cells. Cellular ROS levels are reported to increase within minutes of aminoglycoside administration in vitro (Hirose et al., 1997), and antioxidant reagents are shown to protect hair cells from aminoglyocside ototoxicity (Schacht, 1999). In addition, the oxidative stress response mediated by the transcription factor NRF2 (Nfe2l2) has been implicated in aminoglycoside ototoxicity (Hoshino et al., 2011). Therefore, a response to oxidative stress at the transcriptional level was expected. Surprisingly, although some genes upstream of the Nrf2-dependent oxidative stress pathway were upregulated in response to gentamicin at 3 h, the transcriptional key regulator Nrf2 (Nfe2l2), was not affected, nor were its well-studied transcriptional targets (Ma, 2013) (Figure 4B and Table S3). We interpret this to mean that at this early time point, the Nrf2 oxidative stress pathway has not been fully activated. One explanation for this might be that at the 3 h time point, aminoglycoside-induced ROS production had not increased to a level sufficient to overwhelm the highly-developed antioxidant system in hair cells, and this hypothesis is supported by the observation that after the initial disruption, a new balanced redox state indicated by stable NAD(P)H fluorescence is reached within 15 min post-gentamicin treatment (Schafer and Buettner, 2001; Tiede et al., 2009). Alternatively, the catastrophic oxidative stress may be caused by temporally downstream events such as mitochondrial dysfunction.

Another group of genes, which drew our attention because of a lack of early response, were those encoding heat shock proteins. Expression of these genes was not induced by gentamicin at 3 h, including the HspA group (Hspa1a, Hspa1b, Hspa5, and others), the HspB group (Hspb1, Hspb2, and others), the HspC group (Hsp90aa1, Hsp90ab1, and Hsp90b1), and other members in the HspD, HspE, and HspG groups (Table S1). Among Dnaj family members, which are involved in oxidative stress response, only Dnaja2, Dnajb4, and some Dnajc genes were expressed at slightly higher levels (Table S1). The absence of strong induction of heat shock protein genes suggests that hair cells had not launched a broad stress response at 3 h, and indicates that transcriptional changes in signaling pathways, such as the JNK and the NF-κB pathways, at this time point were not simply caused by dysregulation of general transcription under stress conditions.

Genes Involved in the Initiation and Execution of Apoptosis were not Significantly Affected at the Early Time Point

Aminoglycoside antibiotics are thought to induce hair cell death through an intrinsic mitochondrial apoptosis pathway (Forge and Li, 2000). Apoptosis is an active process that requires gene transcription and protein synthesis (Matsui et al., 2002). In contrast to genes involved in upstream pathways, such as the JNK and the NF-κB pathways, which regulate apoptosis and survival, genes involved in apoptosis initiation and execution were not significantly affected in gentamicin-treated hair cells at 3 h post treatment (Figure 5B). Although we observed up-regulation of Casp3 expression and down-regulation of Casp2 and Casp9 expression, the majority of intrinsic mitochondrial apoptosis pathway-related genes remained unchanged, including pro- and anti-apoptosis Bcl2 family members (Figure 5B). The lack of significant induction of apoptosis factors at this relatively early time point is consistent with the critical events timeline of aminoglycoside-induced hair cell death (Matsui et al., 2004). We verified the expression changes of Bnip1, Casp3 and Ccar1 by Q-PCR (Figure 5A).

We analyzed the cell-type specific response by comparing gentamicin-induced expression changes in hair cells, with gene expression changes during cell death in fibroblasts, neurons, and kidneys (based on published literature as curated in the IPA data base). Like hair cells, neurons are terminally-differentiated, non-dividing cells, but pathways regulating neuronal cell apoptosis are well characterized. We also emphasized the kidney because nephrotoxicity is another well-known sequela to aminoglycoside antibiotics treatment. These comparisons in IPA revealed that gentamicin-induced gene expression changes in hair cells are significantly different from the dataset derived from fibroblasts (p = 0.0000927 and activation z-score −1.81) (activation z-score is a quantitative measure of how similar the hair cell dataset is to the “comparing dataset”: larger positive number indicates there are more genes with expression changes in the same direction in both datasets, while larger negative number means there are more genes with changes in opposite direction between datasets; see Table 1 caption), but similar to datasets of neuronal cell death (p = 0.000280 and activation z-score 0.312), and cell death of kidney cells (p = 0.00576 and activation z-score 0.664). The observed similarity between aminoglycoside-induced hair cell death and neuronal cell death is not surprising, as hair cells and neurons are related types of terminally differentiated, excitable cells. The similarity between hair cells and kidney cells in response to aminoglycoside-induced stress will be discussed in Section: “Similarity between aminoglycoside ototoxicity and nephrotoxicity” found below.

Table 1. Comparison of the hair cell dataset with known expression changes during cell death in other tissues and cell types.
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Gentamicin-Induced Changes in Cell Cycle and DNA Damage Repair Genes Indicate Disruption of the Postmitotic State

Another group of early response genes whose expression was significantly affected upon exposure to gentamicin includes those involved in cell cycle regulation and DNA damage repair. We verified several genes in this group, including Ccnb2 (Cyclin B2), Ccne2 (Cyclin E2), Ercc8 (Csa), Rad52, Apex2, and Alkbh3 (Figure 6A). Expression changes of genes involved in cell cycle regulation and nucleotide excision repair are shown in Figures 6B,C, respectively. Comparisons between gentamicin-induced gene expression changes and known transcription regulation of related genes during cell cycle or DNA damage repair are summarized in Tables 2, 3, respectively. These data suggest that the postmitotic state of hair cells was disrupted following gentamicin treatment. Loss of control of the postmitotic state and re-entry into the cell cycle preceding neuronal cell apoptosis has been observed (Arendt, 2000), and inhibition of cell cycle re-entry by blocking CDK activity has been shown to protect neurons from apoptosis induced by certain drugs or stress (Kruman, 2004; Golsteyn, 2005). Consistent with these observations in neuronal cells, aberrant cell cycle re-entry, induced by knocking out Cdkn1a (p21) and Cdkn2d (p19), leads to hair cell apoptosis (Laine et al., 2007). Inhibition of CDK2 activity also protects hair cells from gentamicin ototoxicity (Tao and Segil, unpublished data), suggesting that the cell cycle machinery plays a role in mediating hair cell death. Our RNA sequencing data showing transcriptional changes to cell cycle-related genes indicate a disruption of the postmitotic state, which supports the idea that loss of cell cycle control may underlie an additional pathway leading to hair cell death after gentamicin treatment.

Table 2. Comparison of the hair cell dataset with known expression changes in datasets from different stages of cell cycle.
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Table 3. Comparison of the hair cell dataset with known expression changes in genes associated with the DNA repair process.
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Induction of DNA damage repair genes also supports the hypothesis that the postmitotic state is disrupted in hair cells after gentamicin treatment. It is plausible that the induction of DNA repair genes by DNA damage is caused by elevated ROS levels after gentamicin treatment, but our experimental observations do not support this explanation. First, the absence of significant induction of oxidative stress response genes suggests that the ROS production had not reached a level sufficient to induce the change in known response genes. Second, we failed to detect DNA damage by immunostaining against phosphorylated Chk, or by comet assay (Tao and Segil, unpublished data). Third, we did not observe induction of DNA damage repair genes at the transcriptional level after treating the cochlea with the DNA-damaging agent cisplatin (Ng, Rainey and Segil, unpublished data). Based on these observations, we postulate that up-regulated expression of DNA damage repair genes is not triggered by gentamicin-induced DNA damage and ROS production, but rather is more likely to reflect a change in cell cycle status following gentamicin treatment.

Gene Expression Changes Induced by Gentamicin in the Non-Hair Cell Population

Hair cells are specifically marked by GFP in Atoh1-GFP transgenic mice (Figure 1A), thus the GFP negative population consists of supporting cells (Deiters' cells, pillar cells and Hensen cells), cells in the greater epithelial ridge, cells in the lesser epithelial ridge, and other cells constituting surrounding tissues (inner phalangeal cells were excluded by FACS, based on their low-level misexpression of GFP, Figures 1A,C). The number of genes whose expression was affected by gentamicin in non-hair cell samples is much smaller than that in hair cells. The PCA results (Figure 1D) also show that the non-hair cell population does not respond to gentamicin uniformly, probably as a result of high heterogeneity. Expression of genes involved in cholesterol synthesis, lipid synthesis, nucleotide metabolism, and other biosynthesis processes, was significantly induced after gentamicin treatment in this population (Table 4). In addition, expression of genes involved in DNA replication and cell cycle was significantly affected (Table 4). The gentamicin-induced gene expression pattern of the non-hair cell population suggests gentamicin-stimulated biosynthesis, and induced cell proliferation in this population.

Table 4. Comparison of non-hair cell dataset with known expression changes in biosynthesis and proliferation datasets.
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In the presence of Texas-Red conjugated gentamicin (GTTR) in culture medium, hair cells had much higher GTTR fluorescence than other cell types (Figure 1A), suggesting that gentamicin preferentially accumulates in hair cells. However, hair cells and supporting cells form a mosaic linked by tight epithelial junctions and other cell-cell contacts (Gulley and Resse, 1976). Communication between hair cells and supporting cells is continuous as a result of cell-cell contact, and changes in one cell type that result from the gentamicin treatment likely effect physiological change in the other. One such cell-cell signaling pathway significantly affected by gentamicin treatment in non-hair cells is the Notch signaling pathway. Dll1 and Jag2 are highly expressed as Notch ligands in hair cells, and Hes1, Hes5, Hey1, and Hey2 are expressed in supporting cells as Notch target genes (Zine and de Ribaupierre, 2002; Doetzlhofer et al., 2009); after gentamicin treatment, expression of Dll1 and Jag2 were down-regulated in hair cells, and Hes1, Hes5, Hey1, and Hey2 were also expressed at a lower level in the non-hair cell population (p = n.s. for Hes and Hey genes) (Table S1), indicating disrupted cell-cell signaling between hair cells and supporting cells. This observation supports the idea that the expression profile changes that we observe in the non-hair cell population may be brought about by changes in response to gentamicin in hair cells. However, we could not exclude the possibility that non-supporting cells in the GFP-negative population might be responding to gentamicin treatment directly at the transcriptional level.

Similarity between Aminoglycoside Ototoxicity and Nephrotoxicity

Nephrotoxicity is another side effect of aminoglycoside antibiotics, and several publications catalog the changes in response to aminoglycoside antibiotics (Oh et al., 2006; Ozaki et al., 2010). A statistical comparison of gentamicin-induced hair cell gene expression changes and transcriptional profiles after gentamicin treatment in kidney identified a significant overlap between gene expression changes in gentamicin-treated hair cells and kidneys (p = 8.02E-08). In the dataset obtained from kidney, 211 genes were identified by microarray that were significantly changed after gentamicin treatment (Ozaki et al., 2010), and there were 50 genes in our hair cell dataset that were changed in the same direction as they were in kidney (Table 5).

Table 5. Comparison of gentamicin-induced hair cell gene expression changes with gentamicin-induced expression changes in kidney.
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We further compared the underlying biological processes and pathways that were affected by gentamicin in kidney and in hair cells, based on the transcriptional changes. We observed similar changes in the expression of genes involved in ribosome biogenesis, RNA processing, and translation in gentamicin-treated kidney and hair cells (Table 5). In addition, up-regulation of expression at the Jun gene, and induction of DNA repair gene Lig4 were observed in both hair cells and kidney. The similarity in transcriptional response to gentamicin between hair cells and kidney cells suggests that there may be some common mechanisms responsible for aminoglycoside ototoxicity and nephrotoxicity, such as translation inhibition.

Despite the aforementioned similarity, the expression of stress response genes differed greatly in gentamicin-treated kidney and hair cells. Expression of oxidative stress response genes and Hsp chaperone genes was collectively increased in gentamicin-treated kidney while expression of these genes was not induced in hair cells. The discrepancy might be based on the different time points of sample collection (3 h post-gentamicin treatment for hair cell sample vs. 7 days after treatment for kidney). It was difficult to directly compare the expression of proliferation genes in kidneys with that in hair cells, because the kidney is an organ consisting of heterogeneous cell populations, with both dividing cells and quiescent cells, whereas hair cells are postmitotic.

Discussion

The causes of hypersensitivity of hair cells to aminoglycoside antibiotics remain unclear, and the prevailing hypothesis of aminoglycoside ototoxicity holds that aminoglycosides induce high levels of ROS leading to apoptotic stimulation. Our purpose in this project was to characterize the hair cell response to aminoglycoside antibiotics at an early time following administration, before the changes associated with apoptosis were apparent. To this end, we analyzed the response of hair cells after 3 h of treatment with gentamicin. As indicated in Figures 2, 3, the JNK pathway and the NF-κB pathway are early responders, with many active components of the pathways showing significant increases. In addition, early changes in cell cycle-related genes, and DNA damage repair genes, signaled the potential disruption of the postmitotic state. In contrast, genes of the apoptosis and stress response pathways remain relatively unchanged at this time point. The transcription profile of hair cells at the early time point suggests that prior to the detection of an ROS response at the transcriptional level, other changes occur that may lead to the stimulation of apoptotic pathways, such as the aforementioned JNK pathway, NF-κB pathway and postmitotic state disruption.

Aminoglycoside-induced ROS production (Hirose et al., 1997), the protective effect of antioxidants (Schacht, 1999), and the NRF2-mediated oxidative stress response (Hoshino et al., 2011), have all been implicated in aminoglycoside ototoxicity. However, we did not observe a significant induction of the transcriptional targets of NRF2 at 3 h in our in vitro system. In addition, expression of heat shock chaperons and other stress response genes were not significantly upregulated. These results suggest that, although ROS changes in hair cells are rapid, at 3 h after gentamicin treatment they have not reached a level sufficient to trigger a broad stress response at the transcriptional level. The catastrophic oxidative stress that triggers apoptosis might be caused by continuous ROS build up, or by subsequent events such as mitochondrial dysfunction.

Expression of genes involved in initiation and execution of apoptosis were not significantly induced at this early time point, which is consistent with the established timeline of hair cell apoptosis (Matsui et al., 2004), and in line with the absence of a strong stress response at the transcriptional level. Together, the data suggest that, at this relatively early time point, hair cells are not yet committed to apoptosis. However, we observed expression changes for genes in upstream signaling pathways regulating apoptosis and cell survival. Not surprisingly, comparison of the observed gentamicin-induced changes in hair cells, with those from cell death studies in other cell lines or tissues, revealed a significant similarity in response to stress.

The disruption of the postmitotic state of hair cells is indicated by expression changes of cell cycle-related genes, suggesting that postmitotic state disruption in dying hair cells is another potential mechanism regulating apoptosis in hair cells, similar to what has been reported in postmitiotic neurons. Cell cycle re-entry has been observed in neurons before neuronal cell death, especially in neurodegenerative diseases (Arendt, 2000). In the central nervous system, mature neurons with mutated genes involved in maintaining the postmitotic state (inactivation of p19Ink4d and p27Kip1) lose control of the postmitotic state, re-enter the cell cycle, and eventually undergo apoptosis (Zindy et al., 1999). Activation of the cell cycle machinery is considered one of the mechanisms controlling programmed cell death in postmitotic neurons, either through direct regulation of apoptosis pathways, or through checkpoint activation (Kruman, 2004; Golsteyn, 2005). In the cochlea, aberrant cell cycle re-entry leads to hair cell apoptosis (Chen et al., 2003; Laine et al., 2007). Inhibition of CDK activity by pharmaceutical inhibitors or genetic mutations of CDK genes protect hair cells from aminoglycoside ototoxicity (Tao and Segil, unpublished data), suggesting that cell cycle machinery regulates hair cell death. This mechanism is also supported by our expression data. Genes involved in cell cycle progression, G2 phase, and G2/M were significantly affected at the transcriptional level (Table 2), indicating a disruption of the quiescent state of hair cells by gentamicin treatment.

Further evidence supporting the loss of cell cycle control mechanisms includes our observation that hair cells up-regulate the expression of DNA repair genes after gentamicin treatment. Although induction of DNA repair genes by gentamicin-induced DNA damage is a plausible explanation, the lack of strong oxidative stress response at the transcriptional level, failure of DNA damage detection in hair cells after gentamicin treatment (Tao and Segil, unpublished data), and unchanged DNA repair gene expression at the transcriptional level in hair cells after DNA damaging agent treatment (Ng, Rainey and Segil, unpublished data) together suggest that gentamicin-induced DNA repair gene expression is not responding to DNA damage, but may be responding to a form of “replicative stress” induced by the disruption of the postmitotic state, similar to that observed in neurons exiting the postmitotic state (Andrusiak et al., 2012). During final differentiation and withdrawal from cell cycle, many postmitotic cells, such as neurons, which need never replicate their genomes again and thus can resort to repairing only essential genes, down-regulate global genomic DNA repair and rely entirely on transcription-coupled repair to maintain actively transcribed genes (Nouspikel and Hanawalt, 2000). Based on the observation that hair cell homeostasis requires transcription-coupled repair for long-term survival (Nagtegaal et al., 2015), we postulate that DNA repair capacity is regulated during hair cell differentiation and cell cycle withdrawal. Thus, up-regulation of the expression of DNA repair genes may indicate disruption of the quiescent state and cell cycle control.

Taken together, our RNA sequencing data suggests that at 3 h, an early time point after gentamicin treatment, activation of the JNK and NF-κB signaling pathways and the disruption of the quiescent state, indicated by significant transcription changes, precede broad stress response and apoptosis initiation, and that these early responses may regulate aminoglycoside-induced hair cell death.
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Loss of auditory sensory hair cells (HCs) is the most common cause of hearing loss. This review addresses the signaling pathways that are involved in the programmed and necrotic cell death of auditory HCs that occur in response to ototoxic and traumatic stressor events. The roles of inflammatory processes, oxidative stress, mitochondrial damage, cell death receptors, members of the mitogen-activated protein kinase (MAPK) signal pathway and pro- and anti-cell death members of the Bcl-2 family are explored. The molecular interaction of these signal pathways that initiates the loss of auditory HCs following acoustic trauma is covered and possible therapeutic interventions that may protect these sensory HCs from loss via apoptotic or non-apoptotic cell death are explored.
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Introduction

Auditory hair cells (HCs) are important for the conversion of acoustic sound energy into electrical impulses that travel to the auditory centers of the brain for hearing. Sensorineural hearing loss (SNHL) is a form of hearing impairment that occurs most commonly from damagedHCs within the cochlea; it is a prevalent disability, affecting one in five people and more than 48 million Americans (Lin et al., 2011). There are numerous causes of acquired SNHL. Some of these etiologies include viral infections, platinum-based chemotherapeutic agents, aminoglycoside antibiotics, acoustic trauma, labyrinthine concussion, cochlear hypoxia, radiation exposure, cochlear implant electrode insertion trauma, and meningitis (Kuhn et al., 2011). Genetic mutations can also cause structural or physiologic abnormalities within the cochlea and impair cochlear homeostasis. These insults to the inner ear can promote cell death of auditory HCs and hearing loss.

Several signaling cascades are activated following an insult to the cochlea; these pathways can be pro-inflammatory, pro-death, and even pro-survival. The signaling cascades that occur on a cellular and a molecular level are highly complex and in many ways entwine; there is significant cross communication between pathways and it is the culmination of all of these activities that tilt the pendulum of cell survival and cell death in one direction or the other. Although there has been great progress in understanding the pathways of cell death in auditory HCs, several pro-death concepts are still speculative and extrapolated from studies of other cell types. As research in necrobiology of the inner ear progresses, these pathways specific to auditory HC death will be more stream-lined and refined. This review will discuss general concepts and pathways in apoptosis and necrosis that contribute to the understanding of key events in acoustic trauma. Several drug therapies take advantage of key events that occur following acoustic injury by targeting, promoting, or inhibiting different pathways that favor cell survival.

Cell Death

Auditory HCs undergo cell death through apoptosis and necrosis, in response to different insults to the inner ear. Apoptosis is an organized form of programmed cell death that is characterized by blebbing of the cell membrane, shrinkage of the cell body, fragmentation of the nucleus, condensation of the chromatin, and cleavage of chromosomal DNA. The cell is then divided into numerous fragments called apoptotic bodies that are disposed by phagocytosis (Figure 1). Particular to HCs undergoing apoptotic cell death, mitochondria swell, stereocilia are disrupted and lost, cuticular plates shrink, and chromatin condensation occurs in the nucleus, prior to disruption of junctional complexes and extrusion of auditory HCs (Hirose et al., 2004). Necrosis, originally thought to be an uncontrolled process, is another form of cell death that appears to be highly regulated. During necrotic cell death, the cell volume increases, the organelles swell, and the plasma membrane ruptures. There is spillage of intracellular contents in the extracellular space and postlytic DNA fragmentation occurs (Figure 1). Necrosis of auditory HCs can occur in concert with mechanisms of apoptosis. Most of the molecular and cellular mechanisms responsible for apoptosis and necrosis in auditory HCs originate in studies of other cell types. A review of general concepts in apoptosis and necrosis and stress signaling is offered below.


[image: image]

FIGURE 1. Apoptotic and necrotic cell death. Apoptosis is an organized form of programmed cell death that is characterized by shrinkage of the cell body, blebbing of the cell membrane, chromatin condensation, fragmentation of the nucleus, cleavage of chromosomal DNA, and division into numerous cell fragments (apoptotic bodies).Necrosis occurs when the volume of the cell increases, organelles swell, the plasma membrane ruptures, intracellular contents spill into the extracellular matrix, and there is postlytic DNA fragmentation.



Apoptosis

Apoptosis can occur through two different signaling cascades, called the intrinsic [mitochondrial death] and extrinsic [death receptor, DR] pathways. These two particular pathways can interweave and can promote synergism in cell death in many contexts (Roy and Nicholson, 2000).

Intrinsic Pathway

In the intrinsic pathway, a stress signal initiates a disturbance between the pro- and anti-apoptotic proteins of the Bcl-2 family that promote supramolecular openings or activation of mega-channels in the outer membrane of the mitochondria (Marzo et al., 1998; Kuwana et al., 2002). In particular, Bcl-2-like protein 4 (Bax) activation is a key regulator of this phenomenon. This results in the release of pro-death proteins from the intermembrane space of the mitochondria into the cytosol. These regulatory mitochondrial proteins that are liberated into the cytoplasm can activate both caspase-dependent and caspase-independent cell death pathways. These proteins include cytochrome c (cyt c), endonuclease G (EndoG), apoptosis inducing factor (AIF), second mitochondria-derived activator of caspases/direct inhibitor of apoptosis protein binding protein with low pI (Smac/DIABLO), and mammalian homolog of bacterial high temperature requirement protein A2 (Omi/HtrA2; Figure 2).
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FIGURE 2. Signaling in apoptosis and regulated necrosis. ROS can promote lipid peroxidation of the phosopholipid membrane, proteolytic degradation, and mitochondrial and cellular DNA damage that can propagate the apoptotic effects of oxidative stress. Oxidative stress can activate pro-apoptotic Bax protein that initiates damage to the outer mitochondrial membrane (i.e., pore formation) that results in release of pro-death proteins from the mitochondria into the cytosol that act in caspase-independent and caspase-dependent mechanisms to induce chromatin condensation, DNA fragmentation and intrinsic apoptotic cell death. Ligands such as Fas ligand (FasL) and tumor necrosis factor alpha (TNFα) can promote extrinsic programmed cell death through caspase-8 activation and downstream caspase-3 activity, while also triggering intrinsic apoptosis through truncation of Bid (tBid). Tumor necrosis factor receptor type 1 (TNFR1) signaling can induce phosphorylation and activation of p38 and JNK that can lead to Bax-mediated mitochondrial cell death and phosphorylation of transcription factors that increase pro-death and reduce pro-survival gene expression. Activation of TNFR1 can also initiate a RIPK1 and RIPK3-dependent form of regulated necrosis (necroptosis) through regulation of PGAM5, ROS, and the mitochondrial permeability transition (MPT). MPT-mediated regulated necrotic cell death can be triggered following oxidative stress; downstream signaling results in activation of cyclophilin D (CypD), increased permeability of the inner mitochondrial membrane, and mitochondrial swelling and rupture that promotes necrosis. Alterations in the transmembrane potential of the mitochondria can also induce intrinsic cell death. Lastly, hyper-activation of PARP1 from persistent DNA damage that can inhibit mitochondrial ATP synthesis and promote mitochondrial release of AIF to initiate necrotic form of cell death. AIF, in this situation, can promote both apoptosis and necrosis. ΔΨm, mitochondrial membrane potential; Casp3, caspase-3; Casp8, caspase-8; Casp9, caspase-9; MMP, mitochondrial membrane permeability; MOMP, mitochondrial outer membrane permeability.



When released into the cytoplasm, cyt c binds with apoptotic protease-activating factor-1 (Apaf-1) and recruits pro-caspase-9 to form an apoptosome (Cain et al., 2000). This apoptosome can induce caspase-3 dependent apoptosis (Bratton et al., 2001). Subsequently, caspase-3 initiates apoptosis by promoting DNA fragmentation through caspase-activated DNase (CAD), chromatin condensation via apoptotic chromatin condensation inducer in the nucleus (ACINUS), and acceleration of DNA degradation through cleavage of cytosolic helicase with an N-terminal caspase-recruitment domain (HELI-CARD; Liu et al., 1997; Enari et al., 1998; Sahara et al., 1999; Kovacsovics et al., 2002).

EndoG is a mitochondrion-specific nuclease that translocates into the nucleus and works in concert with exonucleases and DNAse I to ensure efficient nucleosomal fragmentation of DNA, independent of caspase activation (Li et al., 2001; Widlak et al., 2001). Similar to EndoG, AIF is also a caspase-independent death effector; once released into the cytosol, AIF migrates into the nucleus to stimulate chromatin condensation and large scale DNA fragmentation (Lorenzo et al., 1999; Daugas et al., 2000).

Smac and Omi/HtrA2 are similar because both promote caspase-dependent apoptosis by binding and inhibiting X-linked inhibitor of apoptosis protein (XIAP). XIAP is a cytosolic protein that has three baculoviral inhibitory repeat (BIR) domains—BIR1 and BIR2 specifically bind and inhibit caspase-3 and -7, while BIR3 is a specific inhibitor of caspase-9 (Deveraux et al., 1999). Smac functions by neutralizing the caspase-inhibiting properties of XIAP, thereby promoting caspase-3, -7, and -9 activations (Chai et al., 2000, 2001). Similar to Smac, Omi/HtrA2 competes with caspase -3, -7, and -9 for XIAP binding and therefore promotes caspase-dependent cell death (Suzuki et al., 2001; Hegde et al., 2002). However, Omi/HtrA2 is a ubiquitously expressed mitochondrial serine protease that can also promote apoptosis through caspase-independent activity through alternate mechanisms that rely on its serine protease properties (Li et al., 2002).

Extrinsic Death Pathway

The extrinsic cell death pathway is intricate and involves several molecular interactions that occur in succession: (1) binding of a death ligand to its complementary receptor; (2) recruitment of adaptor molecules such as FAS-associated death domain protein (FADD) and tumor necrosis factor receptor type 1-associated death domain protein (TRADD); (3) binding, dimerizing, and activation of initiator caspase-8 and -10; and (4) formation of a death-inducing signaling complex (DISC; Itoh and Nagata, 1993; Tartaglia et al., 1993; Chinnaiyan et al., 1995; Hsu et al., 1995; Nagata, 1999; Fischer et al., 2006). DISC is a multi-protein complex that subsequently cleaves and promotes executioner caspase-3 and -7 activities to promote programmed cell death (Figure 2).

The most well recognized and studied death ligands include TNFα and FasL or CD95L. Their complementary receptors are TNFR1, also known as p55 or CD120a and Fas receptor (FasR, also referred to as CD95 or apoptosis antigen 1, APO-1), respectively (Itoh and Nagata, 1993; Tartaglia et al., 1993). Other DRs that have been described include TNF-like receptor apoptosis mediating protein (TRAMP, also called DR3, APO-3), TNF-related apoptosis inducing ligand receptors-1 (TRAIL-R1 or DR4) and -2 (TRAIL-R2, also named DR5 and APO-2), and DR6 (Bodmer et al., 1997; Guicciardi and Gores, 2009).

Initiators caspase-8 and caspase-10 can cleave and activate effector caspase-3 to initiate programmed cell death (Ng et al., 1999; Wang et al., 2001; Fischer et al., 2006). Caspase-8 can also promote effector caspase-7 activity. In addition, both caspase-8 and caspase-10 can cleave Bcl-2 homology 3 interacting domain death agonist (BID) into truncated BID (tBID) that triggers mitochondrial cell death pathways mediated by Bax and Bcl-2 homologous antagonist killer (Bak) activation (Chandler et al., 1998; Li et al., 1998; Luo et al., 1998; Korsmeyer et al., 2000; Kandasamy et al., 2003; Milhas et al., 2005). Bax and Bak are pro-death proteins that belong to the Bcl-2 family of proteins that can stimulate mitochondrial release of pro-apoptotic proteins such as cyt c and Smac. There are likely other levels of modulation between the intrinsic and extrinsic pathways of apoptosis that have not yet been discovered.

Necrosis

Mechanisms of regulated necrosis include necroptosis and MPT. Parthanatos, ferroptosis and pyroptosis have also been described as mechanisms of non-apoptotic cell death; however, they may not represent distinct forms of necrosis (Galluzzi et al., 2012; Vanden Berghe et al., 2014; Figure 2).

Necroptosis

Receptor interacting protein kinases (RIPK) are important regulators of cell survival and cell death. Necroptosis refers to a RIPK3-dependent molecular cascade of events that promotes regulated necrotic cell death (Galluzzi et al., 2012). Necroptosis and apoptosis share similar upstream signaling elements and regulator molecules such as Fas-associated death domain-like interleukin-1β-converting enzyme-like inhibitory proteins (FLIP) and cellular inhibitors of apoptosis proteins 1 and 2 (cIAP1 and cIAP2; McComb et al., 2012; Silke and Strasser, 2013). When caspase-8 is inhibited by genetic manipulation or pharmacologic therapies, RIPK3 is recruited to RIPK1 to form a necrosis-inducing complex (necrosome) that phosphorylates pseudokinase mixed lineage kinase domain-like protein (MLKL) and engages in downstream activities that lead to RIPK1/RIPK3 dependent necroptosis (He et al., 2009; Zhang et al., 2009; Vandenabeele et al., 2010). The events that occur downstream to promote necroptosis are controversial, convoluted, and poorly characterized, but may include production of mitochondrial reactive oxygen species (ROS), activation of mitochondrial phosphatase, i.e., PGAM5, and induction of MPT (Wang et al., 2012a,b; Marshall and Baines, 2014). PGAM5 is a mitochondrial protein phosphatase that can activate dynamin related protein 1 (Drp1) and its GTPase activity, which can stimulate fragmentation of mitochondria and execution of necrosis (Wang et al., 2012a,b).

Mitochondrial Permeability Transition

The MPT refers to an abrupt increase in the permeability of the inner mitochondrial membrane to small solutes that lead to osmotic influx of water into the mitochondrial matrix, mitochondrial swelling and rupture of the outer mitochondrial membrane (Tsujimoto and Shimizu, 2007). Although it is not well characterized, cyclophilin D (CypD; also known as peptidylprolyl isomerase F) is believed to be crucial in the formation of the permeability transition pore complex associated with MPT-dependent necrosis (Li et al., 2004; Baines et al., 2005; Nakagawa et al., 2005). Interestingly, the shift in the transmembrane potential in MPT can also initiate intrinsic cell death by halting the bioenergetics and redox functions of the mitochondria and initiating release of pro-apoptotic mitochondrial proteins into the cytosol (Marchetti et al., 1996; Scarlett and Murphy, 1997; Brenner and Grimm, 2006; Kroemer et al., 2007).

Other Forms of Non-Apoptotic Cell Death

Parthanatos is a poly(ADP-ribose) polymerase 1 (PARP1) dependent form of non-apoptotic death. PARP1 is recruited to sites of DNA damage where it is able to catalyze ADP ribosylation of various proteins and histones and generate negative charges by overconsumption of nicotinamide adenine dinucleotide (NAD) during the ADP ribosylation process. Ultimately, other factors important for DNA repair are recruited. However, when PARP1 becomes hyper-activated in situations of persistent DNA damage, there is a depletion of NAD and inhibition of mitochondrial ATP synthesis, which is essential in ATP-dependent apoptosis pathways (Yu et al., 2006; Wang et al., 2011). Overactivation of PARP-1 can lead to unregulated synthesis of poly (ADP-ribose) (PAR) that can bind to and initiate release of AIF into the cytoplasm. PARP-1 mediated AIF expression can promote DNA condensation and widespread cell death that is independent of caspases and distinct from apoptosis (Andrabi et al., 2008). There is controversy whether parthanatos represents a form of regulated necrosis or is a distinct entity.

Ferroptosis refers to an iron-dependent form of non-apoptotic cell death that is morphologically, biochemically, and genetically different from both apoptosis and necrosis (Dixon et al., 2012). Pyroptosis refers to caspase-1 dependent cell death that exhibits a spectrum of morphotypes that range from necrosis to purely apoptosis (Kepp et al., 2010). Caspase-1 is activated through a supramolecular complex called a pyroptosome or inflammasome and is thought to cause pore formation in the plasma membrane that leads to osmotic cell lysis (necrosis) and activation of caspase-7 (apoptosis) (Fink and Cookson, 2006; Fernandes-Alnemri et al., 2007; Lamkanfi et al., 2008). The elements behind regulated necrosis are still unclear; however, research in this topic has become more and more prevalent especially in the context of cancer research.

Auditory Hair Cell Death

Depending on the cochlear insult, various elements of the apoptotic and necrotic cell death pathway are activated (Op de Beeck et al., 2011; Figure 1). In acoustic trauma, loss of auditory HCs occur through direct mechanical injury and activation of apoptosis and necrosis related pathways (Saunders et al., 1985; Pirvola et al., 2000; Yang et al., 2004). Intense noise exposure can displace the tympanic membrane, vibrate the ossicles, and create large displacements of the basilar membrane that can sheer and injure stereocilia, auditory HCs, and supporting cells of the organ of Corti important for hearing. Downstream stress signaling from acoustic trauma are activated, including expression of free radicals and pro-inflammatory factors that trigger both apoptotic and necrotic cell death (discussed in subsequent sections). Following intense noise exposure Bax activation promotes mitochondrial release of pro-apoptotic factors (i.e., cyt c, AIF, and EndoG), caspase-3 activation, and intrinsic cell death (Nicotera et al., 2003; Yamashita et al., 2004a,b; Han et al., 2006; Wang et al., 2007a,b). Acoustic trauma also stimulates TNFR1 and Fas DR signaling that activates downstream pathway leading to caspase-8 activity and extrinsic apoptotic cell death (Nicotera et al., 2003; Fujioka et al., 2006; Jamesdaniel et al., 2011). Although the molecular mechanisms are still unclear, necrosis of outer HCs occur early following acoustic trauma and persist weeks after acoustic trauma (Yang et al., 2004; Hu et al., 2006). Lastly, intense noise exposure can also promote loss of auditory HCs through HC extrusion (Cotanche et al., 1997).

Although there are several drugs that can injure auditory HCs, the most commonly encountered ototoxic drugs are aminoglycosides and cisplatin. In brief, aminoglycoside antibiotics, such as gentamicin, amikacin, kanamycin, and neomycin, can initiate apoptotic cell death in auditory HCs and vestibular HCs. In particular, the outer HCs of the basal turn are the most vulnerable to aminoglycoside ototoxicity. The most predominant form of cell death is apoptosis, however necrotic features are also seen following exposure to aminoglycosides (Jiang et al., 2006). Aminoglycosides can induce mitochondrial apoptotic cell death and DNA fragmentation through oxidative stress, Bax activation, mitochondrial release of cyt c and caspase-3 activity (Mangiardi et al., 2004; Matsui et al., 2004; Coffin et al., 2013). Evidence for the role of caspase-8 and extrinsic apoptosis is aminoglycoside ototoxicity is not strong (Tabuchi et al., 2007; Ding et al., 2010).

Cisplatin is a platinum-based chemotherapeutic drug used to treat cancer and can promote ototoxicity, nephrotoxicity, and even neurotoxicity. Cisplatin predominantly affects the outer HCs of the basal turn of the cochlea; spiral ganglion neurons are affected by this drug. Similar to aminoglycosides, cisplatin stimulates free radical production in the cochlea that leads to Bax activation, mitochondrial release of cyt c, caspase activation, and intrinsic apoptotic cell death (Rybak et al., 2007). Unfortunately, regulated necrosis and potential pathways associated with this form of cell death are still unclear in the field of cell biology. The contribution of pathways described in regulated necrosis is still speculative in cochlear injury. Progress in necrobiology research can improve our understanding of necrosis in auditory HCs.

Stress Signaling in Auditory Hair Cell Death

There are several signaling pathways that are involved in apoptosis and necrosis of auditory HCs, including (1) expression of extracellular pro-inflammatory cytokines such as tumor necrosis factor alpha (TNFα) and recruited of neutrophils and macrophages to the cochlea; and (2) generation of oxidative stress in the form of ROS and reactive nitrogen species (RNS) such as superoxide ([image: image]), peroxynitrite (ONOO−), and hydroxyl ([image: image]) radicals (Figure 2). These stress signals can activate intrinsic and extrinsic apoptotic cell death of auditory HCs as well as initiate molecular mechanisms for necrosis. Although signaling mechanisms discussed are extrapolated from studies investigating the effects of various cochlear insults on apoptosis and necrosis in auditory HCs and studies of other cell types, many of these pathways are relevant and expressed following acoustic trauma. Studies pertaining to stress signaling in the cochlea are bolded in subsequent sections.

Inflammatory Cytokines and Chemokines

Several cytokines and chemokines are upregulated in the cochlea following an inner ear insult. TNFα is one of the most well studied and possibly most important cytokines as it possesses pro-inflammatory properties and can also initiated cell death of auditory HCs. TNFα is expressed within the cochlea during acoustic trauma, cisplatin ototoxicity, aminoglycoside exposure, electrode insertion trauma, autoimmune inner ear disease, as well as various other traumas to the inner ear (Ichimiya et al., 2000; Satoh et al., 2002, 2003; Aminpour et al., 2005; Zou et al., 2005; Fujioka et al., 2006; Van Wijk et al., 2006; So et al., 2007; Bas et al., 2009, 2012a,b).

Following a cochlear insult, the stria vascularis and spiral ligament express and release TNFα, which promotes leukocyte migration through the spiral modiolar vein and tributaries (Keithley et al., 2008). TNFα also stimulates expression of other cytokines, chemokines, and adhesion molecules such as interleukin (IL)-1β, IL-6, monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-2 (MIP-2), soluble intercellular adhesion molecule-1 (siCAM-1), vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and vascular endothelial growth factor (VEGF; Yoshida et al., 1999; Ichimiya et al., 2000, 2003; Maeda et al., 2005). These inflammatory mediators can promote migration and adhesion of inflammatory cells such as neutrophils, monocytes, macrophages, lymphocytes, eosinophils, basophils, and even natural killer cells. (Taub et al., 1995; Proost et al., 1996; Mutsaers et al., 1997; Deshmane et al., 2009). These inflammatory cells are themselves a major source of cytokines and chemokines, creating a positive feedback loop that propagates and intensifies the inflammatory process.

In particular, expression of TNFα can promote neutrophil migration, adhesion, and generation of superoxide free radicals in the cochlea (Tsujimoto et al., 1986; Figari et al., 1987). Neutrophils, one type of polymorphonuclear white blood cell, are among the first immune cells to arrive in response to inflammation. They relesase a number of pro-inflammatory cytokines that stimulate migration of other immune cells, such as monocytes (Mutsaers et al., 1997). In response to local cytokines, monocytes will differentiate into M1 and M2 macrophages. M1 macrophages are primarily involved in clearance of injured cells; they can secrete inflammatory factors, stimulate inducible nitrous oxide synthetase (iNOS) activity, and generate oxidative stress in the form of ROS and RNS that can diffuse into surrounding tissue. M2 macrophages are known to release several growth factors from the transforming growth factor-beta (TGF-β) family of proteins, which are important for initiation of a fibroproliferative response, wound healing, and tissue repair (Mahdavian Delavary et al., 2011).

Not only is TNFα a leukocyte attractant; extracellular TNFα can bind to tumor necrosis factor receptor 1 (TNFR1) on the cell surface of auditory HCs and initiate a signaling cascade that can lead to cell death (Dinh et al., 2008a,b, 2011, 2013; Haake et al., 2009; Figure 2). Adaptor protein TRADD, receptor interacting protein (RIP), and FADD are recruited along with caspase-8 to form a DISC that cleaves and activates caspase-3 and -7 and triggers extrinsic apoptosis. TNFα-mediated Bax activation and intrinsic programmed cell death also occurs, likely through truncation of Bid.

The binding of TNFα to TNFR1 can also promote formation of another signaling complex consisting of TNFR1, TRADD, RIP, and TNF receptor-associated factor 2 (TRAF2) that promotes mitogen-activated protein kinase (MAPK) and nuclear factor kappa B (NFkB) signaling (Shen and Pervaiz, 2006). NFkB is a transcription factor that can mediate cellular inflammation, proliferation, and apoptosis. When activated, NFkB can translocate into the nucleus of an affected cell and activate transcription of several genes that are pro-inflammatory, pro-survival and pro-death, depending on the cell type (Pahl, 1999). TNFα initiates NFkB signaling in an attempt to block cell death by up regulation of pro-survival genes Bcl-2 and Bcl-xL in auditory HCs (Haake et al., 2009; Dinh et al., 2011).

High levels of IL-1beta (β) have also been detected in OC and cochlea following various inner ear challenges such as exposure to gentamicin, electrode insertion trauma, and autoimmune responses mediated by inner ear tissues (Pathak et al., 2011; Bas et al., 2012a,b). This cytokine can promote formation of a pyroptosome or inflammasome that mediates caspase-1 dependent cell death via pyroptosis (Brough and Rothwell, 2007). As discussed earlier, caspase-1 activation can promote apoptosis by inducing caspase-7 activity or necrosis through pore formation in the cell membrane and cell lysis through an osmotic imbalance (Fink and Cookson, 2006; Fernandes-Alnemri et al., 2007; Lamkanfi et al., 2008). In summary, TNFα expression in the cochlea can promote a robust inflammatory response and activation of downstream pro-apoptotic cell signaling that can promote cell death of auditory HCs. Blocking TNFα expression and associated signaling cascades may mitigate the inflammatory and pro-death responses in the cochlea. In particular, glucocorticoids have been shown to reduce inflammatory cell trafficking as well as inhibit TNFα-mediated downstream pathways of cell death (Dinh et al., 2008a,b; Haake et al., 2009). Steroids can also activate NFkB signaling that promotes cell survival pathways following TNFα-induced death of auditory HCs (Dinh et al., 2011). Inhibition of Bax expression by short interfering RNA can also abrogate TNFα-mediated HC loss (Dinh et al., 2013).

MAPK Signaling

In response to TNFα, auditory HCs can initiate MAPK signaling pathways. There are several distinct groups of MAPKs; however, the most extensively studied MAPKs are extracellular signal-regulated kinases (ERK) 1 and 2 (ERK1/2), c-Jun N-terminal kinases (JNK 1, 2, and 3), and p38 kinases (Roux and Blenis, 2004). Growth factors are the primary initiators of ERK1/2 activation, while JNK and p38 activities are stimulated by a number of physical and chemical stressors such as oxidative stress, UV irradiation, hypoxia, and various inflammatory cytokines including TNFα (Chen et al., 2001; Kyriakis and Avruch, 2001). There are three tiers of protein kinases that comprise each family of MAPKs: (1) MAPK; (2) MAPK kinase (MAPKK); and (3) MAPKK kinase (MAPKKK; Figure 3). MAPKKK phosphorylates and activates MAPKK, which then phosphorylates and activates MAPK to then phosphorylate target substrates (Keshet and Seger, 2010).
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FIGURE 3. MAPK Signaling. There are three tiers of protein kinases that comprise each family of MAPKs: (1) MAPK; (2) MAPK kinase (MAPKK); and (3) MAPKK kinase (MAPKKK). Following a specific stimulus, MAPKKK phosphorylates and activates MAPKK, which then phosphorylates and activates MAPK to then phosphorylate target substrates that can regulate cellular proliferation, survival, inflammation, and cell death. The three main classes of MAPK include ERK1/2, JNK1/2/3, and p38. Oxidative stress and cytokines such as TNFα can trigger JNK and p38 to phosphorylate downstream transcription factors that initiate pro-death and pro-inflammatory signaling and gene transcription.



While ERK1/2 signaling has been implicated in cell proliferation and survival, TNFα activation of JNK and p38 signaling cascades promotes downstream events associated with cell death (Wajant et al., 2003). P38 is a mediator of apoptosis and it does so through several transcriptional and posttranscriptional molecular mechanisms. P38 activation can promote Bax mRNA and protein expression while phosphorylating and deactivating pro-survival Bcl-2 protein, thereby stimulating Bax-mediated mitochondrial apoptosis and cyt c release (Porras et al., 2004; Capano and Crompton, 2006; Markou et al., 2009; Owens et al., 2009). Pro-death factors such as Bcl-2-like protein 11 (Bim, a pro-apoptotic regulator), FasL, and FasR have also been positively regulated following p38 MAPK activation to stress stimuli (Hsu et al., 1999; Stephanou et al., 2001; Porras et al., 2004; Cai et al., 2006). Through inhibition of cellular FLIP (c-FLIP) in the DISC of the extrinsic apoptotic pathway, p38 may also trigger Fas-mediated caspase-8 dependent programmed cell death (Tourian et al., 2004). There is some evidence that p38 may also promote apoptosis by blocking ERK1/2 signaling cascades associated with cell survival (Porras et al., 2004). Blocking p38 MAPK activity has been associated with protection against noise trauma, aminoglycoside, cisplatin, radiation and TNFα-induced ototoxicity (Wei et al., 2005; Tabuchi et al., 2010; Bas et al., 2012a,b; Park et al., 2012; Wang et al., 2012a,b; Maeda et al., 2013; Kim et al., 2014; Kurioka et al., 2014; Shin et al., 2014).

JNK has three isoforms: JNK1, JNK2, and JNK3. JNK1 and JNK2 are expressed ubiquitously while JNK3 is primarily localized to cardiac and neuronal tissues. In response to an extracellular stimulus, JNK signaling can promote apoptosis through two distinct mechanisms: one targeting the nucleus and the other targeting the mitochondria. JNK can translocate to the nucleus and phosphorylate c-Jun and other transcription factors such as p53, subsequently promoting expression of pro-apoptotic genes (such as TNFα, FasL, Bak, Bim, and Bax) and blocking transcription of anti-apoptotic genes (such as Bcl-2) (Faris et al., 1998; Budhram-Mahadeo et al., 1999; Eichhorst et al., 2000; Fan et al., 2001; Whitfield et al., 2001; Liu and Lin, 2005; Oleinik et al., 2007; Dhanasekaran and Reddy, 2008; Amaral et al., 2010). The JNK-mediated upregulation of pro-inflammatory and pro-apoptotic proteins and downregulation of pro-survival proteins can provide the necessary substrates for fueling pro-death cellular events.

In addition, activated JNK can phosphorylate a number of proteins that are intimately involved in mitochondrial cell death. By phosphorylating the pro-death proteins Bim and Bad, activated JNK can neutralize Bcl-2 and Bcl-xL protein inhibition while promoting Bax activation of intrinsic apoptotic cell death (Ottilie et al., 1997; Puthalakath et al., 1999; Donovan et al., 2002; Lei et al., 2002; Lei and Davis, 2003; Wang et al., 2007a,b). Furthermore, phosphorylated JNK can indirectly trigger pro-apoptotic Bax-mediated mitochondrial death signaling through truncation of Bid. The constellation of these events results in release of cyt c, Smac, and other mitochondrial pro-death proteins into the cytoplasm that promote caspase-dependent and -independent mechanisms of programmed cell death (Tournier et al., 2000; Madesh et al., 2002; Deng et al., 2003; Dhanasekaran and Reddy, 2008).

Although JNK activity is primarily linked to apoptotic cell death, prolonged JNK activation is thought to divert TNFα-induced cell death from apoptosis to necrosis. Elevated levels of ROS can promote prolonged JNK activation, while prolonged JNK signaling can lead to increased mitochondrial production of ROS, creating a positive feedback loop that favors TNFα-induced necrotic cell death (Sakon et al., 2003; Wajant et al., 2003; Ventura et al., 2004).

Similar to p38, JNK signaling is implicated in noise, aminoglycoside, cisplatin, radiation and TNFα-initiated loss of auditory HCs and with a resultant hearing loss. The insertion of an electrode array of a cochlea implant into the cochlea also exhibits effects of JNK and downstream molecular events. Direct inhibition of JNK by either CEP-1347 or D-JNKI-1 (aka AM-111) have demonstrated protection against HC and hearing losses following aminoglycoside, acoustic, and electrode insertion injury to the cochlea (Ylikoski et al., 2002; Wang et al., 2003, 2007a,b; Eshraghi et al., 2006, 2010; Jiang et al., 2006; Suckfuell et al., 2007). Indirect modulation of JNK activity by various drug therapies have been associated with HC and hearing protection (Nakamagoe et al., 2010; Pyun et al., 2011; Shin et al., 2014).

Oxidative Stress

ROS are free radicals containing oxygen. They are very reactive and in high amounts can damage cells. Extracellular ROS can be generated by activated phagocytes such as neutrophils, monocytes, and macrophages, and play a vital role in host defense against pathogens (Evans and Halliwell, 1999). Intracellular ROS are primarily produced by the cell’s mitochondria (Turrens, 2003). Oxygen-derived free radicals can induce apoptosis and necrosis by peroxidation of a cell’s phospholipid membranes, proteolytic degradation, and DNA damage in mitochondria and in the nucleus (Beckman and Ames, 1997; Kohen and Nyska, 2002).

Oxygen (O2) contains two unpaired electrons. Superoxide anion ([image: image]) is the product of one electron reduction of O2 and is the precursor for several ROS. [image: image] can react with nitric oxide and produce RNS, such as peroxynitrite, that are also detrimental to cell viability (Beckman and Koppenol, 1996).

The main enzymatic source of [image: image] is NAD phosphate (NADPH) oxidases, which are located on the cellular membrane of phagocytes. NADPH oxidases can transfer electrons from NADPH to O2 to produce [image: image] (Dworakowski et al., 2006). The mitochondrial electron transport chain (ETC) is the predominant non-enzymatic supplier of [image: image]. The ETC involves several redox enzymes that act in sequence to couple electron transfer to proton translocation across the mitochondrial membrane, creating a transmembrane electrochemical proton gradient. This gradient is crucial for driving ATP synthesis and cellular events that depend on ATP as an energy source. The ETC can leak electrons to O2, partially reducing this molecule to [image: image] (Turrens, 2003). Overproduction of ROS can promote cell death following various stress signals.

Classically, ROS is not associated with the DR (death receptor)-mediated apoptosis; however there is some recent evidence that oxidative stress can turn on extrinsic cell death signaling. This again demonstrates the many levels of communication that occur both upstream and downstream in events of programmed cell death. ROS can activate apoptosis signal-regulating kinase-1 (ASK-1), which is a MAPKKK that can phosphorylate and activate mediators of the JNK and p38 pathways of extrinsic programmed cell death (Nagai et al., 2007). ROS may also promote JNK-mediated extrinsic apoptosis through oxidation and inhibition of MAPK phosphatases that normally suppress JNK activity (Kamata et al., 2005).

Intrinsic cell death can also be affected by oxidative stress. High levels of ROS can initiate nuclear accumulation of FOXO3 (O subclass of the forkhead family of transcription factors) that can trigger up regulation of genes important for cell death such as Bim and Bcl-6 (Hagenbuchner et al., 2012; Sinha et al., 2013). FOXO3 can promote Bim translocation to the mitochondria and knockdown of anti-apoptotic protein Bcl-xL, which can modulate Bax-mediated mitochondrial cell death (Sedlak et al., 1995; Khawaja et al., 2008). It is hypothesized that FOXO3 can regulate the expression and activation of various pro-apoptotic and pro-survival proteins of the Bcl-2 family that can lead to mitochondrial stress, transient opening of the MPT pore, collapse of the mitochondrial membrane potential, release of mitochondrial pro-death proteins into the cytoplasm, and transient increases in ROS from the ETC. This downstream mitochondrial production of ROS can promote a positive feedback loop that converges into apoptosis (Sinha et al., 2013). In this positive response, overproduction of ROS can then promote more oxidation of lipids, proteins, and nucleic acids, disruption of mitochondrial integrity and induction of apoptosis and possibly necrosis. In addition, these free radicals can also oxidize cardiolipin, which results in tBID binding of the voltage-dependent anion channel (VDAC) of the MPT pore and downstream events associated with intrinsic apoptosis (Kagan et al., 2005).

Cochlear tissues produce high levels of ROS in response to a variety of challenges, such as gentamicin, radiation, cisplatin, electrode insertion trauma, and noise exposure (Henderson et al., 2006; Rybak et al., 2007; Choung et al., 2009; Low et al., 2009; Bas et al., 2012a,b). Cells can counteract the effects of oxidative stress through an antioxidant defense system that comprises free radical scavengers and antioxidant enzymes such as reduced glutathione (GSH), superoxide dismutases, and catalase. Insufficient levels of antioxidants such as GSH and vitamins A, C, and E are also associated with oxidative stress. It is the imbalance produced by ROS and antioxidant activity that can help determine the fate of an affected cell. Antioxidants and free-radical scavengers that have demonstrated protection against cochlear injury include iron chelators, manipulation of dietary glutathione, D-Methionine, lipoic acid, N-acetylcysteine, alpha-tocopherol, and m40403 (a superoxide dismutase mimetic), resveratrol, nitro-L-arginine methyl ester (L-NAME) and co-enzyme (Evans and Halliwell, 1999; Ohlemiller et al., 1999, 2000; Huang et al., 2000; Teranishi et al., 2001; Seidman et al., 2003; Nicotera et al., 2004; Samson et al., 2008; Fetoni et al., 2009; Rewerska et al., 2013). Dexamethasone is a synthetic steroid that has demonstrated beneficial effects against several inner ear disorders; dexamethasone can block the expression of ROS as well as reduce the extracellular inflammatory response and block extrinsic cell death signaling through activation of NFkB (Bas et al., 2012a).

Acoustic Trauma and Auditory HC Death

Although a number of stressors can initiate pro-inflammatory and pro-cell death signaling within the cochlea, the most studied insult to the inner ear is acoustic trauma. Acoustic trauma initiates a sequence of events within the cochlea that can culminate in apoptosis and regulated necrosis of auditory HCs (Figure 4).


[image: image]

FIGURE 4. Cell death signaling following acoustic trauma. Acoustic trauma can promote edema of the stria vascularis, resulting in cochlear hypoxia, formation of ROS, and oxidative stress. Noise trauma can also stimulate the spiral ligament to express cytokines (such as TNFα and IL-1β) and chemokines that initiate migration of leukocytes to the cochlea; leukocytes will then release a number of other pro-inflammatory factors and free radicals that propagate the inflammatory process. Oxidative stress and pro-inflammatory cytokines can travel to the inner hair cells (IHC) and outer hair cells (OHCs) of the organ of Corti and induce intrinsic and extrinsic apoptotic signaling cascades. Prolonged activation of JNK and induction of RIPK1/3 activity can promote necrotic cell death. Glucocorticoids have demonstrated protection against acoustic trauma, in part by reducing leukocyte migration, decreasing expression of pro-inflammatory factors, and activating NFκB inhibition of JNK signaling. Antioxidants and free radical scavengers can neutralize ROS and downstream effects of oxidative stress. Inhibitors of JNK can also mitigate noise-induced loss of auditory HCs by preventing downstream signaling cascades that lead to apoptosis and necrosis.



Loud noise exposures produce large displacements of the tympanic membrane and propagate waves of mechanical energy into the inner ear. These intense pulses can produce rapid displacement of cochlear fluid within the inner ear, causing shearing force damage to the OC and basilar membrane, injuring auditory HCs, and altering the endocochlear potential (EP). Acoustic trauma can also initiate inflammation and edema of the stria vascularis and compromise the blood supply to the cochlea (Smith et al., 1985). Since there is minimal redundancy in cochlear blood flow, even transient reductions in cochlear blood flow can result in hypoxia and injury to auditory HCs. Injuries to the stria vascularis and spiral ligament occur following noise trauma, damaging type II and type IV fibrocytes that are important for maintenance of theEP) and lead to permanent hearing loss (Hirose and Liberman, 2003).

Acoustic trauma can lead to ROS release by the marginal cells of the stria vascularis as a result of reductions in cochlear blood flow and cochlear hypoxia (Yamane et al., 1995; Ohlemiller et al., 1999). It is controversial how hypoxia results in oxidative stress; however, it may be related to an increase in oxygen demand by auditory HCs followed by increased aerobic respiration by mitochondria to produce ATP and production of free radical byproducts via the ETC (Yamane et al., 1995; Taylor, 2008). The lateral wall structures of the cochlea also express cytokines (such as TNFα and IL-1β) and chemokines following acoustic trauma, which stimulate migration of leukocytes into the cochlea via the spiral modiolar vein (Keithley et al., 2008). These inflammatory cells will in turn release more cytokines and chemokines as well as produce ROS and RNS that will propagate the inflammatory process in the inner ear.

When TNFα binds to its complementary receptor TNFR1, TRADD and FADD are recruited along with caspase-8. Caspase-8 can activate executioner caspase-3 to promote extrinsic cell death through DNA fragmentation and chromatin condensation via CAD, ACINUS, and HELI-CARD or it can cleave BID into tBID, which can activate Bax-mediated intrinsic, mitochondrial cell death (Liu et al., 1997; Enari et al., 1998; Li et al., 1998; Kovacsovics et al., 2002; Nicotera et al., 2003; Wang et al., 2003; Murai et al., 2008; Jamesdaniel et al., 2011; Infante et al., 2012). Furthermore, loud noise exposure can upregulate TNFα-mediated p38 and JNK signaling in the sensory epithelium of the inner ear that promotes transcription of pro-death genes and Bax-mediated mitochondrial release of apoptotic proteins such as cyt c (Wang et al., 2007a,b; Dinh et al., 2008a,b; Infante et al., 2012; Jamesdaniel et al., 2011). Fas-mediated apoptosis also occurs following acoustic trauma (Jamesdaniel et al., 2011).

Oxidative stress from noise exposure can also initiate intrinsic apoptotic cell death in auditory HCs, resulting in mitochondrial release of cyt c into the cytoplasm, generation of apoptosomes, and activation of caspase-3 dependent cell death. AIF and EndoG are also released into the cytosol, translocate into the nucleus, and can initiate chromatin condensation and DNA fragmentation of auditory HCs (Nicotera et al., 2003; Yamashita et al., 2004a,b; Han et al., 2006; Henderson et al., 2006).

In addition to apoptosis, acoustic trauma can result in regulated necrosis through RIPK3/RIPK1 activation in rats, that was reversed with necrosis inhibitor necrostatin-1 (Zheng et al., 2014).

Acoustic trauma can also promote swelling and rupture of dendritic terminals of cochlear nerve afferent fibers (Spoendlin, 1971). Intense noise exposure can trigger inner HCs to release significant amounts of glutamate into the synapses with type I fibers of the cochlear nerve. The glutamate overwhelms the postsynaptic glutamate receptors and results in ion influx into dendritic terminals of the cochlear nerve that leads to loss of auditory nerve fibers (Pujol et al., 1990; Kujawa and Liberman, 2009).

Furthermore, intense noise exposure can increase intracellular calcium in auditory HCs and activate calcium-dependent calpains—cysteine proteases that promote proteolysis and breakdown of cytoskeletal and membrane proteins, kinases, phosphatases, and transcription factors (Wang et al., 1999). Subsequently, calpain cleaves and activates calcineurin that promotes Bad-mediated mitochondrial release of apoptotic factors that lead to intrinsic cell death (Le Prell et al., 2007).

Otoprotective drugs can target different levels in apoptosis and necrosis signaling pathways following acoustic trauma (Figure 4). Glucocorticoids can reduce extracellular inflammatory cell trafficking, reduce the level of TNFα expression in spiral ligament fibrocytes, and bind to its glucocorticoid receptors in auditory HCs to activate pro-survival NFkB signaling and inhibit JNK signaling. Additionally, they can reduce oxidative stress, and regulate pro-death and pro-survival gene transcription (Maeda et al., 2005; Tahera et al., 2006; Dinh et al., 2008a,b, 2011; Bas et al., 2012b). Regulation of MAPK signaling can also protect against noise-induced hearing loss by reducing p38 and JNK MAPKs (Tabuchi et al., 2010). In particular, direct and indirect inhibitors of JNK can block JNK phosphorylation of c-Jun and p53 and suppress downstream activation of intrinsic and extrinsic forms of apoptosis and potentially necrosis following acoustic trauma (Sakon et al., 2003; Wang et al., 2003, 2007a,b; Ventura et al., 2004; Coleman et al., 2007; Suckfuell et al., 2007). Lastly, antioxidants and free-radical scavengers can neutralize ROS that is responsible for lipid peroxidation of cell membranes, protein degradation, DNA injury and other mechanisms related to oxidative stress induced apoptosis and necrosis of noise-injured auditory HCs (Seidman et al., 2003; Nicotera et al., 2004; Nordang and Anniko, 2005; Samson et al., 2008; Fetoni et al., 2009; Rewerska et al., 2013).

Conclusion

Numerous diverse insults to the inner ear can cause auditory HC damage and hearing loss. The evolutionarily conserved apoptotic and necrotic cell death signaling that occurs in auditory HCs is shared among many ototoxic and traumatic stressor events. The most well studied molecular mechanisms behind cell death in auditory HCs involve TNFα signaling, JNK and p38 activation and the effect of high levels of oxidative stress. Although their effects on intrinsic and extrinsic pathways of apoptosis have been studied extensively, there are likely many levels of cross communication between signaling cascades that are still undiscovered. Research in this area is becoming more prevalent, as well as research into mechanisms of regulated necrosis in auditory HCs. A number of otoprotective drug therapies target different levels along this pro-inflammatory pro-death signaling cascade to block downstream events that lead to cell death and promote auditory HC viability and hearing protection.
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Loud sound exposure exacerbates aminoglycoside ototoxicity, increasing the risk of permanent hearing loss and degrading the quality of life in affected individuals. We previously reported that loud sound exposure induces temporary threshold shifts (TTS) and enhances uptake of aminoglycosides, like gentamicin, by cochlear outer hair cells (OHCs). Here, we explore mechanisms by which loud sound exposure and TTS could increase aminoglycoside uptake by OHCs that may underlie this form of ototoxic synergy. Mice were exposed to loud sound levels to induce TTS, and received fluorescently-tagged gentamicin (GTTR) for 30 min prior to fixation. The degree of TTS was assessed by comparing auditory brainstem responses (ABRs) before and after loud sound exposure. The number of tip links, which gate the GTTR-permeant mechanoelectrical transducer (MET) channels, was determined in OHC bundles, with or without exposure to loud sound, using scanning electron microscopy. We found wide-band noise (WBN) levels that induce TTS also enhance OHC uptake of GTTR compared to OHCs in control cochleae. In cochlear regions with TTS, the increase in OHC uptake of GTTR was significantly greater than in adjacent pillar cells. In control mice, we identified stereociliary tip links at ~50% of potential positions in OHC bundles. However, the number of OHC tip links was significantly reduced in mice that received WBN at levels capable of inducing TTS. These data suggest that GTTR uptake by OHCs during TTS occurs by increased permeation of surviving, mechanically-gated MET channels, and/or non-MET aminoglycoside-permeant channels activated following loud sound exposure. Loss of tip links would hyperpolarize hair cells and potentially increase drug uptake via aminoglycoside-permeant channels expressed by hair cells. The effect of TTS on aminoglycoside-permeant channel kinetics will shed new light on the mechanisms of loud sound-enhanced aminoglycoside uptake, and consequently on ototoxic synergy.
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Introduction

Aminoglycoside antibiotics, like gentamicin and tobramycin, are clinically-essential antibiotics for treating life-threatening Gram-negative bacterial infections in premature babies or patients with cystic fibrosis, Gram-positive infections like tuberculosis, and protozoal infections (Durante-Mangoni et al., 2009; Zimmerman and Lahav, 2013). Despite their wide use, broad-spectrum bactericidal efficacy, and low cost, clinical dosing with aminoglycosides is limited by the risk of acute kidney damage and life-long hearing loss, with significant ramifications for quality of life (Forge and Schacht, 2000; Zimmerman and Lahav, 2013).

In the mammalian cochlea, auditory sensory cells, particularly outer hair cells (OHCs), are more susceptible to aminoglycoside-induced cytotoxicity than other cochlear cells, particularly at the base of the cochlea most sensitive to high frequency sound. Once these sensory cells are lost, they cannot be regenerated, leading to life-long hearing loss and deafness. Thus, extensive efforts are underway to ameliorate and prevent aminoglycoside-induced hair cell death.

Aminoglycosides can rapidly cross the blood-labyrinth barrier (BLB) into cochlear tissues and fluids (Tran Ba Huy et al., 1986; Li and Steyger, 2011), and enter hair cells through a number of routes. The best-characterized route is permeation through the mechanoelectrical transduction (MET) channel (Marcotti et al., 2005; Alharazneh et al., 2011). The MET channel is mechanically-gated by extracellular, heterodimeric tip links between adjacent stereocilia (Kazmierczak et al., 2007). Other mechanisms by which aminoglycosides can enter hair cells include endocytosis (Hashino and Shero, 1995), and permeation through other aminoglycoside-permeant cation channels expressed by hair cells, such as TRPV4 on apical membranes (Karasawa et al., 2008), or TRPA1 on basolateral membranes, of OHCs (Stepanyan et al., 2011).

In vitro studies show that when the MET channel is blocked, there is significantly reduced entry of aminoglycosides, or other organic cations such as FM1–43, into hair cells and reduced hair cell death (Gale et al., 2001; Marcotti et al., 2005; Wang and Steyger, 2009; Alharazneh et al., 2011), suggesting that the MET channel is a primary conduit for aminoglycoside entry into hair cells. Additionally, in vitro studies demonstrate that when tip links are broken or congenitally absent, hair cells show reduced uptake of aminoglycosides or FM1–43, and reduced drug-induced cytotoxicity (Seiler and Nicolson, 1999; Gale et al., 2001; Alharazneh et al., 2011; Vu et al., 2013). If extant tip links are broken, they can be regenerated within 24–48 h to restore MET function, and aminoglycoside uptake (Zhao et al., 1996; Vu et al., 2013). Tip link regeneration may represent one mechanism underlying temporary threshold shifts (TTS) in auditory perception (Zhao et al., 1996) following exposure to brief periods of intense sound such as explosions, gunfire, or loud music at rock concerts. The physiological effects of TTS also include transient reduction of endolymphatic potential (EP; Syka et al., 1981) and hair cell depolarization via purinergic receptors (Housley et al., 2013). Loud sound exposure has long been known to exacerbate aminoglycoside-induced ototoxicity in rodent studies (Brown et al., 1978; Gannon et al., 1979). We previously demonstrated that aminoglycoside exposure during moderate-to-intense sound exposure increases murine hair-cell uptake of fluorescently-tagged gentamicin (GTTR), elevating the risk of ototoxicity (Li et al., 2011). Experimentally, loud sound levels break tip links in vivo and close mechanically-gated MET channels (Husbands et al., 1999; Kurian et al., 2003; Sellick, 2007; Sellick et al., 2007) would be expected to reduce OHC uptake of aminoglycosides. This raises the question of how loud sound-enhanced GTTR uptake by OHCs occurs. To answer this question we conducted experiments to correlate the degree of tip link breakage in OHCs with uptake of GTTR. We found that loud sound-induced TTS was accompanied by a significantly decreased percentage of surviving OHC stereociliary tip links, while increasing OHC uptake of GTTR. This finding suggests that the tip link-gated MET channel is not the only conduit for GTTR entry into hair cells. We suggest several potential routes of entry for GTTR into hair cells in the presence of noise damage including changes in the MET channel following tip-link loss, endocytosis and basolateral channels, and further experimental hypotheses that if tested will shed new light on the mechanisms of loud sound-enhanced aminoglycoside uptake, and the ototoxic synergy between sound and aminoglycosides.

Material and Methods

Mice

To induce TTS, adult C57Bl/6 mice at 6–7 weeks of age with positive Preyer’s reflex were exposed to wideband noise (WBN; 86, 91 or 96 dB SPL) for 6 h/day for 3 days (Li et al., 2011). Mice were then intra-peritoneally (i.p.) injected with fluorescently-conjugated gentamicin (GTTR, 2 mg/kg) dissolved in phosphate buffered saline (PBS, pH = 7.4) within 30 min of cessation of noise exposure on the 3rd day, to track gentamicin uptake as previously described (Li et al., 2011). Control animals without noise exposure also received GTTR. Thirty minutes after GTTR administration, all mice were deeply anesthetized, and cardiac-perfused with PBS, then 4% formaldehyde. Fixed cochlear tissues were excised and processed for confocal microscopy and fluorescence quantification (Wang and Steyger, 2009). The care and use of all animals reported in this study was approved by the Animal Care and Use Committee of Oregon Health and Science University (IACUC approval #IS00001801).

TTS Assessment

Mice were assessed by auditory brainstem response (ABR) measurements to determine the degree of TTS and time course of hearing recovery. Briefly, ABRs to 1 ms rise-time tone burst stimuli at 4, 8, 12, 16, 24 and 32 kHz, with 5 dB steps, were recorded and thresholds obtained for each ear, using an in-house system described previously (Mitchell et al., 1996). ABRs were obtained from both ears of each mouse the day before loud sound exposure (denoted as “pre” in Figures 1A–C), within 1 h (“day 0”), as well as one day (“day 1”), one week and two weeks after loud sound exposure was completed. Prior to ABR recording, mice were anesthetized i.p. with ketamine (65 mg/kg) and xylazine (13 mg/kg) and placed on a heating pad in a sound-proof, electrically isolated chamber. Needle electrodes were placed subcutaneously below the test ear, at the vertex, and with a ground on the claw. Each ear was stimulated separately with a closed tube sound delivery system sealed into the ear canal. ABR threshold was defined as the sound level at which the minimum identifiable ABR response occurred.
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FIGURE 1. Temporary threshold shifts (TTS) and sound-enhanced GTTR uptake by OHCs. (A) Prolonged wide-band noise (WBN) at 86 dB SPL for 18 h over 3 days did not induce TTS (n = 3 mice/6 ears tested), nor enhance GTTR uptake by OHCs from the mid-basal coil of the cochlea (D, top row). (B, C) Prolonged WBN at 91 and 96 dB SPL for 18 h over 3 days did induce TTS that was maximal immediately after sound exposure, and mostly recovered over the next two weeks. Note that some permanent threshold shifts were observed at 16, 24 and 32 kHz 2 weeks after exposure to 91 dB SPL (n = 3/6 ears), and were more protracted 18 days after 96 dB SPL (n = 4/8 ears). Sound-induced TTS was also manifested in a broader frequency range at 96 dB SPL (12–32 kHz in C) compared to 91 dB SPL (16–32 kHz in B). (D) TTS induced by 91 and 96 dB SPL WBN enhanced GTTR uptake by OHCs from the mid-basal coil of the cochlea (middle and bottom rows). Note that experiments at different levels of sound exposure were conducted independently of each other, thus GTTR uptake was only comparable within experiments, i.e., horizontally within rows in (D). Scale bar = 25 µm. (E) Sound-enhanced uptake of GTTR was significantly elevated after exposure to 91 (n = 2 for control, 4 for sound exposure) and 96 dB SPL (n = 3 for control, 4 for sound exposure), using unpaired t test. GTTR uptake was not further elevated at 96 dB SPL in the mid-basal cochlear regions. For 86 dB SPL comparison, n = 2 for control, 4 for sound exposure. Box represents the 25 and 75 percentiles of each dataset, while whiskers represent the minimum and maximum of each dataset. Number with parenthesis above the whiskers is the number of images analyzed per experimental condition. n.s. = not significant.



Imaging and Data Analysis

The intensity of GTTR fluorescence was measured in single plane images of OHCs and pillar cells obtained with confocal settings kept identical across experiments, and processed in Photoshop and FIJI (ImageJ) as described previously (Wang and Steyger, 2009). An additional cohort of mice, exposed to 91 dB SPL WBN, was cardiac-perfused with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, and cochlear tissues processed for field emission scanning electron microscopy (FESEM) using the osmium-thiocarbohydrazide impregnation method (Furness and Hackney, 1986). The number of stereociliary tips and visible tip links per hair bundle (10 bundles per OHC row) was counted at a mid-cochlear location corresponding to a frequency range of 12–16 kHz. Student’s t-test and 1-way ANOVA with Tukey’s post hoc comparisons test were used to determine any significant differences between treatment groups.

Results

Enhanced GTTR Uptake by OHCs in Cochlear Regions with TTS

We systematically measured the degree of TTS induced by 3 different sound levels and assessed ABR threshold at multiple time points after sound exposure. This allowed us to assess the degree of TTS and correlate the degree of TTS and GTTR uptake for each sound protocol. Since serial ABR measurements are required to determine the degree of TTS, an independent set of mice was examined to determine GTTR uptake for each sound protocol.

Prolonged wide-band noise (WBN) at 86 dB SPL for 18 h over 3 days did not induce TTS (Figure 1A). Prolonged WBN at 91 and 96 dB SPL did induce TTS (Figures 1B,C). Elevation in sound-induced TTS (>50 dB) was more prevalent over a broader frequency range after 96 dB SPL sound treatment (12–32 kHz, Figure 1C) than at 91 dB sound exposure (16–32 kHz, Figure 1B). Exposure to 96 dB SPL WBN also induced a smaller, yet significant, TTS (<20 dB) in the lower 4-kHz frequency region (Figure 2B) that was not evident after exposure at 91 dB SPL. This smaller TTS in the 4-kHz region after 96 dB SPL exposure (and also at the 12-kHz region after 91 dB SPL exposure) recovered quickly within 24 h. Recovery from major TTS, 12 kHz and above after 96 dB SPL exposure and 16 kHz and above after 91 dB SPL exposure, was longer, and recovery took up to 2 weeks, and some permanent threshold shifts were seen at 24 and 32 kHz after 96 dB SPL exposure.
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FIGURE 2. Regions with sound-enhanced GTTR uptake correspond to regions with TTS. (A) GTTR fluorescence in OHCs from apical, middle, and basal coils, representing 4–6 kHz, 12–20 kHz, and 32–48 kHz respectively, determined by the murine frequency-place map ImageJ plug-in.1 Scale bar = 25 µm. OHCs in loud sound-treated cochleae exhibited greater GTTR fluorescence compared to OHCs in all coils from control cochleae. (B) 96 dB SPL WBN resulted in a high-pass shaped TTS curve, minimal, yet significant, TTS at lower frequencies, i.e., 4–8 kHz, and TTS up to 70 dB at higher frequency regions, i.e., 12–32 kHz, using unpaired t-tests. “a”, “m”, and “b” depict apical, middle and basal cochlear regions respectively. Shaded areas depict cochlear regions where GTTR fluorescence was imaged and quantified. (C) WBN-induced sound-enhanced GTTR uptake is statistically significant at all examined frequency regions, using unpaired t-tests. Mean and s.d. are superimposed on each dataset.



Exposure to prolonged WBN at 86 dB SPL which did not induce TTS (Figure 1A) did not enhance GTTR uptake by OHCs in the mid-basal coil of the cochlea (Figure 1D). Prolonged exposure to WBN at 91 and 96 dB SPL that did induce TTS (Figures 1B,C) also enhanced GTTR uptake by OHCs in the mid-basal coil of the cochlea (Figure 1D). However, loud (91 dB SPL) sound-enhanced OHC uptake of GTTR in the mid-basal coil of the cochlea appeared not further increased after exposure to higher sound levels (96 dB SPL; Figure 1E).

Regions with Enhanced GTTR Uptake are Broader than Regions with Major Elevations in TTS

All OHCs in cochleae with 96 dB SPL-induced TTS exhibited greater GTTR fluorescence compared to OHCs from equivalent regions in control cochleae (Figure 2A). GTTR fluorescence intensity was assessed in OHCs from apical, middle, and basal coils, representing a frequency range of 4–6 kHz, 12–20 kHz, and 32–48 kHz respectively, as determined by a murine frequency-location map (Ou et al., 2000; Müller et al., 2005). This enabled comparison of the degree of enhanced GTTR uptake at various cochlear tonotopic locations. In apical, 4-kHz frequency cochlear regions, 96 dB SPL WBN induced a small TTS that was generally less than 20 dB (Figure 2B), but significantly enhanced OHC uptake of GTTR compared to OHCs from equivalent regions in control cochleae (Figure 2C). At basal, 12–32 kHz, cochlear regions, 96 dB SPL WBN induced threshold shifts up to 70 dB, and more statistically significant OHC uptake of GTTR than in OHCs from equivalent regions in control cochleae (Figures 2B,C).

Sound-Enhanced GTTR Uptake is More Robust in OHCs than in Pillar Cells

Previously we demonstrated that TTS increased cochlear uptake of GTTR, particularly in marginal cells adjacent to vasodilated capillaries in the stria vascularis (Li et al., 2011), which was also observed here (data not shown). In this experiment, we assessed whether major TTS is accompanied by enhanced uptake of GTTR in pillar cells (as a proxy for all supporting cells within the organ of Corti), or preferentially by OHCs, by comparing the relative increases in GTTR fluorescence after induction of TTS in OHCs and adjacent pillar cells. After exposure to prolonged WBN at 96 dB SPL, only a third of pillar cells displayed enhanced GTTR uptake, yet the majority of OHCs in the same region displayed enhanced GTTR uptake (Figure 3A; Table 1). A one-way ANOVA with post hoc Tukey’s multiple comparison test revealed significant increases in GTTR fluorescence in OHCs, but not pillar cells, after loud sound exposure (Table 1). Data obtained from cochleae after prolonged sound exposure to 91 dB SPL presented a similar trend (Figure 3B; Table 1). This suggests that OHCs appear to possess at least one mechanism that facilitates greater GTTR uptake compared to pillar cells.
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FIGURE 3. Loud sound-enhanced GTTR uptake in two cell populations from the organ of Corti after 96 dB SPL (A) or 91 dB SPL (B) sound exposure. (A) Sound-enhanced GTTR fluorescence was observed in a fraction of pillar cells from the middle and basal cochlear regions of 2 out of 4 cochleae after exposure to WBN at 96 dB SPL for 18 h over 3 days. In contrast, enhanced GTTR fluorescence was observed in the majority of OHCs adjacent to pillar cells in the same regions. n = 3 for control cochleae, n = 4 for loud sound-treated cochleae; up to six sites were examined for each cochlea and averaged from at least 16 pillar cells or OHCs. (B) Sound-enhanced GTTR fluorescence was observed in a few pillar cells from the middle cochlear regions after exposure to WBN at 91 dB SPL for 18 h over 3 days. In contrast, enhanced GTTR fluorescence was observed in the majority of OHCs adjacent to pillar cells in the same regions. n = 2 for control cochleae, n = 4 for sound-treated cochleae; up to six sites examined for each cochlea and averaged from at least 9 pillar cells or OHCs. For both sound levels, sound-enhanced GTTR uptake is only statistically significant in OHC populations, using Tukey’s multiple comparison test from one-way ANOVA. ***p < 0.001, **p < 0.01, n.s. = not significant. Mean and s.d. are superimposed on each dataset.



TABLE 1. Loud sound exposure induced greater GTTR uptake by OHCs compared to pillar cells.
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Noise Exposure Reduces the Number of Tip Links

Scanning electron microscopy of OHCs with or without prolonged exposure to WBN at 91 dB SPL, revealed OHCs with a classic “V” or “W” stereociliary bundle (Figures 4A,D). In OHCs without exposure to WBN, tip-links between stereocilia of adjacent rows were clearly identifiable (Figure 4B). The percentage of tip links present in representative OHCs in the middle cochlear coil of control mice varied between OHC rows, ranging from 38% for the innermost row to 61% for the outermost row (Figure 4C; Table 2). Prolonged exposure to WBN at 91 dB SPL caused no obvious disarray of bundle morphology in OHCs from equivalent regions to those in control cochleae (Figure 4D). Nonetheless, substantially fewer tip links were observed in all three rows of OHCs in loud sound-exposed cochleae compared to OHCs from equivalent regions in control cochleae (Figures 4E,F; Table 2). This reduction in tip link survival was statistically significant for all three row-to-row comparisons using unpaired t-tests with Welch’s correction (p < 0.0001).


[image: image]

FIGURE 4. Reduced tip-link survival after noise exposure. (A) A representative stereociliary bundle from the second OHC row in the middle coil of a control cochlea. Framed area is enlarged in (B), arrows indicate identifiable tip links, and arrowheads point to identifiable side links. (C) The percentage of tip-links in OHC rows from the middle coil in a representative control mouse that survived processing for SEM is shown. Each symbol represents the percentage of tip-links observed in an individual OHC bundle (n = 10 per row), with mean and s.d. superimposed. (D) A representative stereociliary bundle from the third OHC row in the middle cochlear coil of a representative mouse exposed to WBN at 91 dB SPL for 18 h over 3 days displaying normal gross bundle morphology, but no visible tip links (E), while lateral links between stereocilia of the same row are still present. (F) Following prolonged WBN at 91 dB SPL for 18 h, the percentage of tip-links surviving sound exposure and SEM processing are substantially reduced in all three OHC rows. Scale bar = 1.0 µm in (D) also applies to (A). Scale bar = 250 nm in (E), also applies to (B).



TABLE 2. Tip link numbers decreased in OHCs after 91 dB SPL sound exposure.
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Discussion

The present study has demonstrated that: (i) moderate-to-loud sound level exposures (91 and 96 dB WBN for 6 h per day over 3 consecutive days) that induce TTS also increase OHC uptake of ototoxic aminoglycosides (GTTR) in vivo; (ii) higher levels of sound exposure (96 dB SPL) increase the degree of TTS and widen the region of GTTR uptake; and (iii) tip link survival in the region of increased GTTR uptake is reduced significantly. In addition, pillar cell uptake of GTTR is not significantly increased after loud sound exposure, suggesting that endolymph levels are statistically unchanged, and that increased OHC uptake of GTTR after loud sound exposure is hair cell-specific. These findings are clinically relevant as they provide additional evidence for a synergistic ototoxicity of loud sound exposure and aminoglycoside treatment (Gannon et al., 1979; Ryan and Bone, 1982). These findings also have implications for patients treated with aminoglycosides and (prior) exposure to high noise levels (Li and Steyger, 2009; Zimmerman and Lahav, 2013).

The findings have two additional implications. The first is that loss and regeneration of stereociliary tip links may explain loud sound-induced TTS. In organ of Corti explants, stereociliary tip links are regenerated 24–48 h after ablation, restoring functional kinetics and aminoglycoside permeability to MET channels (Indzhykulian et al., 2013; Vu et al., 2013). If this capability also exists in vivo, it may contribute to the recovery of auditory function from TTS in the 4 kHz region after 96 dB SPL WBN exposure. To test this hypothesis, it will be necessary to test whether the extent of tip-link loss and regeneration correlates with the degree of TTS and recovery observed in this region. Experiments to verify this are ongoing.

Other mechanisms besides loss of tip links could contribute to the TTS, including synaptic mechanisms (Chen et al., 2012; Liu et al., 2013), or a reduction (followed by recovery) in the EP (Syka et al., 1981; Ahmad et al., 2003). We used C57BL/6 mice that are resistant to changes in the EP after acoustic overstimulation (Ohlemiller and Gagnon, 2007), which reduced the contribution of EP loss allowing us to better evaluate the role of the organ of Corti in TTS.

The second major implication of these data is that GTTR uptake is enhanced in regions associated with TTS and significant loss of tip links. At first sight, this result is surprising as tip-link destruction would be predicted to reduce GTTR uptake. Tip links are required for gating the MET channels, and aminoglycosides enter hair cells through these channels when open. The critical evidence is that mutant hair cells lacking Pcdh15, one of the two main molecular components of the tip link, show substantially reduced tip-link numbers, and fail to load with aminoglycosides (Alagramam et al., 2011). Moreover, hair cells with double-homozygous mutations of the putative MET channel proteins TMC1 and TMC2, but with intact tip links, also fail to take up gentamicin (Kawashima et al., 2011; Pan et al., 2013). The calcium-binding site within the MET channel pore modulates MET channel conductance (Pan et al., 2012) and permeation by aminoglycosides. Increasing extracellular [Ca2+] reduces aminoglycoside permeation of MET channels (Marcotti et al., 2005; Coffin et al., 2009; Wang and Steyger, 2009), and is manifested by greater hair cell survival (Coffin et al., 2009; Alharazneh et al., 2011). Conversely, lower [Ca2+] increases MET channel conductance and aminoglycoside permeation, promoting hair cell death (Marcotti et al., 2005; Coffin et al., 2009; Alharazneh et al., 2011). With the loss of hair bundle tip-links gating the GTTR-permeant MET channels, we discuss below potential mechanisms that could facilitate this increased uptake of GTTR by OHCs after loud sound exposure.

Increased Driving Potential may Enhance GTTR Uptake through Fewer Active Channels

The loss of tip links will have complex physiological consequences on MET channel kinetics. The open probability of OHC MET channels is ~50% (Cody and Russell, 1987; Legan et al., 2005), any loss of tip links would reduce the gross standing current through the remaining tip link-gated MET channels, and increase the EP (Sellick et al., 2007). The effect would increase the driving force from endolymph into hair cells and increase the rate of GTTR entry into OHCs via aminoglycoside-permeant channels (Marcotti et al., 2005).

MET Channels may Still Permit Aminoglycoside Entry in the Absence of Tip Links

Although the identity of the MET channel remains uncertain, experimental evidence suggests that a mechanosensitive ion channel remains in hair cells lacking tip links through which aminoglycosides may still enter the cell. Meyer et al. (1998) recorded MET currents in isolated OHCs before and after tip link ablation using BAPTA and elastase. Since these currents were blocked by MET channel blockers including aminoglycosides, amiloride, and gadolinium, the loss of tip links could result in a tonically open channel.

In more recent studies of mice lacking tip link proteins, anomalous MET currents have been recorded in which the channels displayed reverse polarity, becoming open for hair bundle displacements in the normally negative direction (Alagramam et al., 2011). Similar results were obtained in TMC1/TMC2 double mutants, in normal mouse hair cells exposed to BAPTA and allowed to recover for several minutes (Kim et al., 2013), and in hair cells in which the bundle was severely mechanically damaged (Marcotti et al., 2014).

Two explanations have been posited to explain these data. The first is that a mechanically sensitive channel, for example a precursor of the MET channel itself, is unmasked in the hair-cell apex in these cases (Marcotti et al., 2014), or, alternatively, that the original MET channels are redistributed to a different part of the hair bundle where they still operate mechanically but in an abnormal, reversed fashion (Barr-Gillespie and Nicolson, 2013). One possible explanation, therefore, for the increased OHC uptake of GTTR despite reduced numbers of tip links is that some form of aminoglycoside-permeant MET channel or precursor allows aminoglycoside entry. However, this explanation is not consistent with the absence of aminoglycoside entry in TMC1/TMC2 double mutants or tip-link protein mutants, as noted earlier. The contribution of such unmasked or redistributed MET channels to GTTR uptake may not be substantial.

Other Routes of Aminoglycoside Entry

Basolateral Membrane Mechanisms

One candidate aminoglycoside-permeant cation channel residing in the basolateral membrane of OHCs is TRPA1 (Stepanyan et al., 2011). These channels are inflammatory, irritant, and oxidative stress sensors (Kwan et al., 2006) and, hence, could be activated following the stress of noise damage. TRPA1 channels have a pore diameter of 1.1 nm (Karashima et al., 2010), sufficient to allow permeation by aminoglycosides, and show agonist-induced dilation (to ~1.4 nm) and permeation by organic cations (Chen et al., 2009; Banke et al., 2010; Karashima et al., 2010). The TRPA1 agonist, 4-hydroxynonenal, is elevated after noise exposure and in vitro facilitates increased OHC uptake of GTTR (Yamashita et al., 2005; Stepanyan et al., 2011).

Another basolateral channel, the nicotinic acetylcholine receptor (nAChR), may provide another route for the sound-enhanced aminoglycoside uptake by OHCs (Luk et al., 2014). Efferent activation of nicotinic acetylcholine receptor (nAChR) channels induces a calcium influx that opens nearby Ca2+-sensitive K+ channels (Murthy et al., 2009; Lipovsek et al., 2012). Aminoglycosides block efferent activation of acetylcholine-induced Ca2+ and K+ currents in vitro (Blanchet et al., 2000; Seluakumaran et al., 2008). There are 3 potential mechanisms by which activated nAChR channels may modulate OHC uptake of aminoglycosides: (1) through nAChR itself from perilymph; (2) through nearby Ca2+-sensitive K+ channels, such as SK2 (Murthy et al., 2009) and BK channels (Hafidi et al., 2005; Yu et al., 2014), although this would be against the efflux direction of the native cation (K+) current; and (3) via hyperpolarization of OHCs by activating outward potassium current (Housley and Ashmore, 1991; Doi and Ohmori, 1993) that increases the driving force through apically-located aminoglycoside-permeant channels, including MET, as described above.

These mechanisms are dependent on aminoglycoside entry into the scala tympani, which has been demonstrated (Tran Ba Huy et al., 1986; Hirose et al., 2014). However, uptake of aminoglycosides by healthy, physiologically-functioning OHCs from the scala tympani is far slower than from systemically-delivered aminoglycosides via endolymph (Li and Steyger, 2011). Nonetheless, aminoglycoside uptake by OHCs from the perilymphatic scala tympani may represent a mechanism of synergistic ototoxicity by OHCs over longer time frames, or after damaging sound exposures (Stepanyan et al., 2011).

Endocytosis

Hair cells are also able to endocytose aminoglycosides into the apical cytoplasm (Hiel et al., 1993; Hashino et al., 1997; Alharazneh et al., 2011). However, concanavalin A or Dynosore, non-selective blockers of endocytosis, did not significantly alter the rate of GTTR uptake, nor protect hair cells against aminoglycoside cytotoxicity (Alharazneh et al., 2011). Although TTS could enhance endocytosis of aminoglycosides in vivo by hair cells, delipidation of cochlear tissues to unmask GTTR fluorescence will remove endosome-associated GTTR fluorescence, and alternative unmasking steps should be utilized to further test this hypothesis (Myrdal et al., 2005).

Summary

This study reveals one possible contributor to loud sound-induced TTS is the loss of tip links, for which tip link regeneration may underlie the functional recovery associated with TTS. Furthermore, this study shows increased OHC uptake of GTTR during TTS that may contribute to the synergistic ototoxicity of noise and aminoglycosides. Finally, the apparent discrepancy between tip link loss and enhanced GTTR uptake may be explained by the activation of one or more additional routes of aminoglycoside entry into hair cells during TTS.
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Glutathione (GSH) is the major scavenger of reactive oxygen species (ROS) inside cells. We used live confocal imaging in order to clarify the role of GSH in the biology of the organ of Corti, the sensory epithelium of the cochlea, before, during and after the onset of hearing and in ~1 year old mice. GSH content was measured using monochlorobimane (MCB), a non-fluorescent cell permeant bimane that reacts with GSH, forming a fluorescent adduct through a reaction catalyzed by glutathione-S-transferase. GSH content increased significantly in inner hair cells during maturation in young adult animals, whereas there was no significant change in the outer hair cells. However, the GSH content in inner hair cells was significantly reduced in ~1 year old mice. The GSH content of supporting cells was comparatively stable over these ages. To test whether the GSH content played a significant protective role during ototoxicity, GSH synthesis was inhibited by buthionine sulfoximine (BSO) in organotypic cochlear explant cultures from immature mice. BSO treatment alone, which reduced GSH by 65 and 85% in inner hair cells and outer hair cells respectively, did not cause any significant cell death. Surprisingly, GSH depletion had no significant effect on hair cell survival even during exposure to the ototoxic aminoglycoside neomycin. These data suggest that the involvement of ROS during aminoglycoside-induced hair cell death is less clear than previously thought and requires further investigation.
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Introduction

The tri-peptide gamma-glutamyl-cysteinyl-glycine (glutathione) is the major cellular antioxidant to combat reactive oxygen species (ROS). There are three major reservoirs of glutathione inside eukaryotic cells: ~90% in cytosol, ~10% in the mitochondria, and <1% in the endoplasmic reticulum. In cytoplasm, under normal physiological conditions, the ratio of reduced glutathione (GSH) to the oxidized disulphide form (GSSG) varies from 10:1 to 100:1 (Hwang et al., 1992; Lu, 1999). GSH is an antioxidant and a substrate for anti-oxidant enzymes such as selenium-dependent GSH peroxidase that neutralizes H2O2 and other free radicals. GSH is converted back to GSSG during this activity. A cellular redox cycle is completed when GSSG is recycled back to its reduced form by GSSG-reductase at expense of NAPDH.

ROS are a natural side product of oxidative phosphorylation, being produced at many positions along the electron transport chain in the mitochondria (Gutteridge and Halliwell, 2000; Balaban et al., 2005). ROS molecules react with DNA, proteins and, lipids causing mutations and DNA–strand breaks, protein oxidation and, lipid peroxidation. A major contributor to the oxidative damage inside the cell is H2O2, which can be converted to superoxide (•O−2) and the hydroxyl radical (•OH).

In the inner ear, oxidative stress has long been associated with cellular damage that results from extracellular insults such as noise-induced hearing loss, aging and ototoxic drugs e.g. the aminoglycoside antibiotics and the cancer therapeutics, carboplatin and cisplatin (Yamane et al., 1995; Clerici et al., 1996). There is surprisingly little direct evidence that ROS formation is causal in cases of acquired hearing loss. Support for the ROS theory for hair cell loss comes from experiments in which antioxidants are found to ameliorate the effects of aminoglycoside ototoxicity and noise-induced hearing loss (Pierson and Gray, 1982; Hoffman et al., 1987; Quirk et al., 1994; Lautermann et al., 1995, 1997; Dehne et al., 2000). A number of mouse models also support the theory that ROS contribute significantly to acquired hearing loss including a targeted mutation of glutathione peroxidase-1 and a superoxide dismutase knockout (McFadden et al., 1999a,b; Ohlemiller et al., 2000). Nutrient deprivation, which is presumed to deplete the supply of GSH in hair cells, has been shown to enhance cell death during aminoglycoside ototoxicity, however as the authors indicated those results were correlative rather than direct (Lautermann et al., 1995). During aminoglycoside ototoxicity it has been proposed that aminoglycosides interact with transition metals inside the hair cell generating ROS and hydroxyl radicals due to the Fenton reaction (Priuska and Schacht, 1995) and the free radicals go on to trigger cell death pathways resulting in the apoptosis, see (Forge and Schacht, 2000).

An aim of this work was to evaluate the distribution of one of the primary sources of ROS buffering, GSH, in the organ of Corti, to assess the relative vulnerability of different cell types to oxidative damage. GSH content was measured in the organ of Corti at different ages through maturation of the organ into adulthood. In addition we assessed GSH content in aged (~1 year old) mice. We used live imaging in ex vivo auditory bullae preparations to quantify the fluorescent product of a reaction between monochlorobimane (MCB) and endogenous GSH. This allowed direct assessment of identifiable cells in a native, accessible environment in which the normal cell-cell interactions are maintained. In order to explore the role of GSH during aminoglycoside toxicity, we exposed organotypic cochlear explant cultures to the gamma-glutamylcysteine synthetase inhibitor buthionine sulfoximine (BSO) to deplete cellular GSH (Meister, 1983; Drew and Miners, 1984), then challenged with neomycin and evaluated hair cell survival.

Materials and Methods

Postnatal and Adult Cochlea Isolation and Culture

The animals were sacrificed in accordance with the United Kingdom Animals (Scientific Procedures) Act of 1986. Auditory bullae were isolated from C57BL/6 mice at postnatal days 4–6 (P4–P6), at hearing onset (P14–P16) and in both young (P33–P47) and aged (P357–P424, ~1 year old) adults. Auditory bullae were removed and transferred into Leibovitz's L15 (L15; LifeTech, UK) and then a window opened in the apical turn (Mammano and Ashmore, 1993); Reissner's membrane was peeled away and the stria vascularis removed in order to gain visual access to the organ of Corti. All acute experiments were performed in L15 solution.

For the aminoglycoside and BSO experiments that required longer incubations, cochleae from P4 to P6 mice were dissected out and placed in explant culture. Auditory bullae were removed and transferred into medium 199 (M199H, LifeTech, UK) supplemented with penicillin (10 U/ml) and fungizone (25 ng/ml). The cochleae were isolated from the surrounding cartilagenous capsule, Reissner's membrane was cut and removed but stria vascularis was maintained. The cochlea was cut into three and the apical, middle and basal turns then placed onto Cell-Tak® cell and tissue adhesive (BD Biosciences, UK)-coated Matek® (Ashland, MA, USA) culture dishes. Cell-Tak® was diluted in 0.1M NaHCO3 to a final concentration of 70 μg/ml. Cochlear explants were subsequently incubated in DMEM/F-12 (LifeTech, UK) supplemented with 1% fetal bovine serum (FBS, LifeTech, UK) and maintained at 37°C in a 5% CO2/95% air atmosphere.

During aminoglycoside exposure experiments, cochlear explant cultures were maintained in HEPES-buffered Hanks Balanced salt solution (10 mM HEPES) adjusted to pH 7.3 with NaOH.

Glutathione Staining and Imaging

Monochlorobimane (MCB) is a non-fluorescent bimane which is freely permeable across the cell membrane and forms a fluorescent adduct when combined with reduced glutathione (GSH) in a reaction catalyzed by glutathione s-transferase. MCB (Sigma-Aldrich, UK) was prepared as a 50 mM stock solution in DMSO and used at a final concentration of 50 μM. Our initial experiments confirmed that this reaction reached steady-state within 40 min (Supplementary Figure 1). Therefore, in all experiments MCB was applied for 40 min prior to imaging for cellular GSH measurement (Keelan et al., 2001). The conjugated GSH-MCB was imaged using multiphoton excitation from a Chameleon-XR Ti:Sapphire laser (Coherent, UK) tuned to 780 nm and fluorescence emission was captured using a 435–485 nm bandpass filter. The Zeiss 510NLO Axioskop and all other hardware was controlled by Zeiss LSM software. Image stacks were acquired at 2 μm intervals using a 40 × (NA 0.8) water immersion objective. All experiments were performed at room temperature (20–23°C) keeping all confocal imaging parameters constant between experiment e.g., laser power, pinhole, detector, sensitivity.

Neomycin and BSO Treatment, Tissue Fixation, and Immunostaining

In order to reduce cellular GSH, cochlear explants were treated with 200 μM buthionine sulfoximine (BSO, Sigma-Aldrich, UK) for 16–18 h. BSO is an irreversible inhibitor of gamma-glutamylcysteine synthetase (Drew and Miners, 1984; Sun et al., 2005). At the end of the BSO treatment the explants were loaded with MCB and MCB-GSH fluorescence data were collected as described above. In separate ototoxicity experiments, BSO pre-treated and untreated control explants were incubated with 1 mM neomycin (Sigma-Aldrich, UK) for 3 or 6 h at 23–25°C, prior to fixation with 4% paraformaldehyde in 0.1 M phosphate buffer solution (PBS, pH 7.2) for 30–40 min. The tissue was rinsed three times with PBS and then incubated in blocking solution (PBS/0.5% TritonX-100 with 10% secondary host antibody serum) for 2 h, prior to incubation with either a polyclonal or monoclonal anti-myosin VIIA primary antibody (1:1000, Proteus and 1:250 Developmental Studies Hybridoma Bank, Iowa respectively) in blocking solution overnight at 4°C. Samples were then washed in PBS and incubated for 2 h at room temperature with 4′,6′-diamidino-2-phenylindole (DAPI 1 μM), Alexa Fluor 647 phalloidin (33 nM) and goat anti-rabbit-Atto488 or goat anti-mouse-Atto488 secondary antibodies in blocking solution. After labeling, the explants were rinsed three times with PBS and imaged using a Zeiss 510NLO upright confocal microscope.

Image Analysis and Statistics

Images were analyzed offline using IQ software (Andor, UK). The mean MCB-GSH fluorescence intensity was quantified by selecting regions of interest (ROI size 8.4 μm2) over the different cell types in the organ of Corti in single image planes XY. Care was taken to ensure that ROIs were placed within the boundaries of individual cells and for each image file (from an individual N experiment) the following cells were sampled: 3–5 inner hair cells, 12–15 outer hair cells, 4–6 pillar cells, and 4–6 inner sulcus cells. The mean background intensity was measured from regions devoid of cells from within the same image stacks using 4 different ROIs. All mean intensity values from the ROIs were exported to Excel. The background values were subtracted from the measured MCB-GSH values within each data set. The images were not manipulated in any way and measurements were made from single planes. Ratios were calculated from the absolute measurements from individual cells after background subtraction. Unless indicated data are presented as the mean ± SEM and the statistical tests used are either Student's paired t-tests, with significance set at p < 0.05 or ANOVA with post-hoc Tukey-Kramer's, with significance set at p < 0.05.

Results

Cellular GSH Expression in the organ of Corti during Cochlear Maturation and Aging in the Mouse

To evaluate the GSH content of cochlear cells at different ages we used an acute whole auditory bulla preparation from mice in combination with live-imaging. In this preparation a window is made in the cochlear bone, providing optical access to the sensory epithelium, the organ of Corti, in situ, at all ages. The preparation maintains the native architecture of the tissue and important cell-cell interactions and causes minimal damage to the organ of Corti (Figure 1). Acutely explanted bullae were incubated with monochlorobimane (MCB) which forms a fluorescent adduct with reduced GSH. At steady state this fluorescence is proportional to the cellular GSH content. Live images of MCB-GSH fluorescence were acquired using multiphoton imaging in bullae from mice of different ages ranging from an immature stage prior to hearing onset (P4–6), at hearing onset (P14–16), in young adults (P33–47) and in ~1 year old mice (Figures 2A–D). The GSH distribution varied across the different cell types in the organ of Corti with the most obvious differences being between supporting cells and hair cells, consistent with our recent work in neonatal cochlear explants (Blacker et al., 2014). With increasing age, we observed an increase in GSH content in hair cells, with the inner hair cells showing the most obvious increase relative to surrounding cells. Quantification of GSH-MCB fluorescence across a number of different bullae preparations at each age revealed a trend for increased GSH content in outer and inner hair cells with maturation followed by a reduction after 1 year, but we note that these changes did not reach significance. GSH levels in the inner sulcus cells were quite stable across the four ages tested, with mean absolute levels of 194 ± 55, 102 ± 63, 155 ± 72, and 129 ± 88 at P4–6, P14–P16, adult and 1 year old respectively. A potential source of variation comes from loading and optical access in the bullae thus by calculating the GSH ratio between cells within the same bullae the inter-preparation variability in loading is reduced. We first calculated intensity ratios between the hair cells and the inner sulcus supporting cells in the same preparations for all the different ages. The GSH content ratio between the inner hair cell and inner sulcus cell increased from more than two fold between the P15 animals and the adult animals (Figure 2E). We also calculated ratios between the inner and outer hair cells and in adult animals we found that inner hair cells had approximately twice the level of GSH compared to outer hair cells. Finally we calculated the ratio between pillar cells (another supporting cell type) and the inner sulcus cells and found no significant changes across ages.


[image: image]

FIGURE 1. Hair cell status in the ex vivo auditory bulla preparation. (A) Schematic diagram showing the position of the opening made in the mid to apical turn of the mouse cochlea. Lower planes, confocal optical slices showing inner and outer hair cells labeled with phalloidin (for F-actin, red), DAPI (nuclei, blue) and immunolabeled for myosin VIIA (MyoVIIA, green), and a color merge of the different channels. (B) Higher magnification images of inner (IHC) and outer hair cells (OHC). Scale bars: (A) 20 μm, (B) 20 μm.




[image: image]

FIGURE 2. Live imaging and quantification of MCB-GSH staining in the organ of Corti in auditory bulla explant preparations from mice at different stages of hearing development. Higher fluorescence intensities indicate greater cellular GSH content. Representative multiphoton single image planes from (A) P4 mice; (B) P15 mice; (C) adult mice (P30), and (D) ~1 year old (aged) mice. Scale bar: 5 μm. (E) MCB-GSH fluorescence quantification in OHCs, IHCs, inner sulcus cells (IS) and pillar cells (PC). Ratio values were quantified for hair cells and the IS cells (IHC/IS, OHC/IS), between the two hair cell types (IHC/OHC) and between two supporting cell types (PC/IS). Data are presented as mean ± SEM; n = 4 (P4–P6); n = 5 (P14–P16); n = 6 (P33–P41); n = 5 (P357–P424) ANOVA Tukey-Kramer's test.; *p < 0.05.



Cellular GSH Content in organ of Corti Explant Cultures

Longer term experiments are not possible in the adult auditory bulla preparation since the hair cells do not survive over longer periods and also we were limited to accessing the upper middle to apical turns of the cochlea. Therefore, in order to assess the effects of ototoxins such as aminoglycosides we switched to using explant cultures from P4–P6 mice. The explant cultures maintain the cellular arrangement of the organ of Corti such that they are comparable with that seen in the acute bullae at that age (see Figures 1A, 3A; Figures 2A, 3B). We assessed the GSH content of cochlear cells in this experimental preparation by incubating the immature explants with MCB using the same methodology as described for the bullae preparation. There were no significant differences in GSH expression between cell types when measured in the explant cultures compared to acute bullae preparations from the same age mice (Figures 2A, 3B). In the explant cultures we were able to image almost the whole length of the cochlea. There are known differences in susceptibility to ototoxins and to noise damage between the basal (high frequency) and apical (low frequency) ends of the cochlea. Therefore, we compared GSH content in cells from the basal and apical turns (Figure 3B). A complete analysis of GSH content in all of the cell types in the of organ of Corti: Claudius cells (CL), Hensen's cells (HN), outer hair cells (OHC), DC, outer pillars (OP), inner pillars (IP), inner hair cells (IHC), and inner sulcus supporting cells (IS) revealed that although cells exhibit different absolute MCB-GSH fluorescence intensity values there were no significant differences in GSH content in cells of the same type from the apical vs. basal turns (Figure 3C). To compare GSH levels between cells we also obtained data by ratioing values within data sets, as we did for the ex vivo bulla preparations. This analysis also failed to show any significant differences between apical and basal coil cells (Figure 3D). During these experiments we did observe GSH content within the actin-rich hair cell stereocilia in both the explant cultures and in the acute bullae preparations (Supplementary Figure 2).
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FIGURE 3. Characterization of GSH content in cochlear explant cultures from P4–P6 mice (A) Confocal images from cultures fixed and immunolabeled with MyoVIIA and DAPI, showing MyoVIIA-positive inner (lower row) and outer hair cells (upper three rows) in XY and XZ profiles. (B) Multiphoton images from MCB loaded live cochlear cultures showing the relative GSH content in the apical and basal cochlear coil coils. Scale bar: 5 μm. (C) Quantification of GSH content in the apical and basal cochlear turns. Absolute values measure in apical (white bars) vs. basal (black bars) turn cochlear cells: CL, HN, OHCs, DC, OP, IP, IHCs, and IS cells. (D) Average ratio values between cells within data sets for OHCs/IS, IHCs/IS, and IHC/OHC. Data presented are mean ± SEM; n = 3–6 different cochlear explants from different animals for apical and basal cells.



The Role of GSH in Neomycin Toxicity

Hair cells do not survive in the ex vivo whole bullae preparations from adult mice for longer than ~12 h. However, the hair cells in cochlear explant cultures from immature mice are viable for many days allowing us to address whether reducing cellular GSH levels enhanced neomycin-induced hair cell toxicity. Cellular GSH concentration was reduced by incubating cochlear explants in buthionine sulfoximine (BSO) for 18 h. After the BSO treatment, GSH content was evaluated in each cell type in cochlear explant cultures. GSH was reduced by between 65 and 85% across the different cell types with inner hair cells showing the least reduction and outer hair cells the greatest (Supplementary Figure 3). Untreated control and BSO-treated explants were immunostained with a hair cell antibody (myosin VIIA) along with markers for chromatin (DAPI) and for F-actin (phalloidin). Counts of healthy hair cells were made on the basis of positive myosin VIIA staining combined with a healthy nucleus and these revealed that BSO treatment alone for 18 h does not result in hair cell death over this time period (Figure 4). In subsequent experiments, explants (control or BSO-treated) were then subjected to neomycin-treatment for 3 or 6 h (Figure 5). There was a ~50% reduction in the number of healthy hair cells from control levels (10 inner hair cells and 39 outer hair cells per 100 μm length of the cochlea) at both 3 and 6 h, with the latter showing the greatest reduction (compare Figures 4, 5). However, we did not observe any significant difference in the numbers of healthy hair cells after neomycin treatment between explants in which GSH had or had not been depleted by BSO-treatment (Figure 5).
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FIGURE 4. Depletion of cellular GSH using BSO does not cause hair cell death. (A) Confocal images of the OHC and IHC regions in control and BSO-treated cochlear cultures immunolabeled with MyoVIIA (right panels) and stained with DAPI (left panels). (B) Quantification of “healthy” hair cells in control and BSO-treated samples per 100 μm length of the cochlea. Cells were considered to be healthy if they exhibited normal chromatin and were positive for MyoVIIA. Data are presented as mean ± SEM. N for control (8) and BSO-treated (9). Student's t-test, revealed no statistical differences. Scale bar: 20 μm.
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FIGURE 5. Depletion of cellular GSH does not enhance neomycin induced-hair cell death. (A) Examples of confocal images of DAPI-stained OHC and IHC in cochlear explant cultures treated with neomycin for 3 h compared with those that had been pre-incubated with BSO for 18 h to deplete GSH before neomycin treatment. (B) Quantification of “healthy” hair cells per 100 μm length in control or BSO-treated cultures exposed to neomycin for 3 h. (C) As above for (A) except that neomycin cultures were fixed after 6 h exposure to neomycin. (D) Quantification of “healthy” hair cells per 100 μm length in control or BSO-treated cultures exposed to neomycin for 6 h. Data are presented as mean ± SEM. N for Neo-3h (7), Neo-3h+BSO (7), Neo-6h (6) Neo-6h+BSO (8). Student's t-test's revealed no significant differences. Scale bar: 20 μm.



Discussion

In this study, we evaluated cellular GSH distribution in organ of Corti cells at different ages, from P5 to ~1 year old animals, using an ex vivo whole auditory bulla preparation. A window was opened in the apical region to allow optical access to the cells and for the MCB loading that was used to assess GSH content. Using live multiphoton imaging we determined cellular GSH concentrations in individual cells, overcoming some limitations of biochemical and histological approaches to measuring GSH in intact cells and tissue (Sun et al., 2006). For example, previous studies showed that tissue fixation, when using antibodies to measure GSH, lead to potential alterations in GSH status (Hjelle et al., 1994). Here, using our loading conditions the MCB reaction was at steady state, and thus our measurements of the fluorescent MCB-GSH product reflect cellular GSH levels. We note that we have not attempted to determine GSH levels in subcellular compartments in the present experiments.

The ex vivo whole auditory bulla preparation has been used previously both in guinea pigs (Mammano and Ashmore, 1993) and in mice (Tiede et al., 2007, 2009). It is a useful approach to study the organ of Corti in a native but ex vivo context. Here we first characterized the hair cell status in this preparation using the expression of the hair cell marker myosin VIIA and assessed the stereocilial bundles using phalloidin. These same assays were applied after MCB assessment of cellular GSH content to confirm the normal cellular status of all the preparations used in this study.

GSH is one of the most important cellular antioxidants. GSH is distributed in mitochondrial, cytosolic and ER pools where it maintains exogenous antioxidants such as vitamins C and E, peroxide and glutaredoxins in their reduced and active forms. Alterations in cellular GSH have been linked to variety of neurodegenerative diseases such as Parkinson's, Alzheimer's, Huntington's, amyotrophic lateral sclerosis and others (Schulz et al., 2000; Wilson and Shaw, 2007). Moreover, a low level of GSH results in cellular vulnerability toward oxidative stress products, especially in neurons (Murphy et al., 1990; Bolaños et al., 1995; Dringen et al., 1999).

GSH is the major free radical scavenger in the brain, and it has found at higher levels in glial cells compared to the neurons (Keelan et al., 2001). Here we observed a similar difference in the relative GSH content between supporting cells and hair cells in the immature organ of Corti. This finding is consistent with our previous data from the neonatal cochlea which also indicated a higher concentration of enzyme-bound NADPH in pillar cells compared to OHCs (Blacker et al., 2014). It is important to note that NADPH is the co-factor involved to restore GSSG to GSH (Ying, 2008). A potential analogy between supporting cells and glial cells has been proposed by a number of studies (Lahne and Gale, 2008; Monzack and Cunningham, 2013; Mellado Lagarde et al., 2014) and, for the most part, the data herein provide additional support for this suggestion. Whether supporting cells might provide GSH for the hair cells, as has been proposed for glial cells and neurons, remains to be determined. However, here we show that there is an increase in inner hair cell GSH content from the immature stage to when the hearing system is fully functional in the young adult animal. Thus, in the adult, the ratio of cellular GSH levels in inner hair cells compared to supporting cell is reversed. Interestingly, the GSH content of outer hair cells did not increase significantly during this maturation period, although we note that the ratio of inner to outer hair cell GSH content also did not change significantly, indicating perhaps, that the outer hair cell GSH content does increase with age but that the change is more discrete than observed in inner hair cells. By 1 year of age, the GSH content in inner hair cells relative to the supporting cells is reduced. The C57BL/6 mice used in the present study exhibit early onset hearing loss and this may influence these results. However, our measurements were made at the apical end of the cochlea (<10 kHz frequency region) where both the hair cell and the hearing loss is relatively minimal at 12 months (Spongr et al., 1997). A reduction in GSH content with aging has been indicated in HPLC studies on auditory nerves from 3 and 24 months old rats, where it was reduced by as much as 86% (Lautermann et al., 1997). In addition and by association, mitochondrial SOD2 protein expression is reduced by 50% and the levels of glutathione-conjugated proteins (potential indicators of oxidative stress) increased three fold in cochleae from aged mice compared to young animals (Jiang et al., 2007).

GSH content in hair cells isolated from the guinea pig cochlea was measured using MCB (Sha et al., 2001). In that study it was noted that longer outer hair cells, presumed to be from more apical turns, had a greater GSH content than shorter outer hair cells from the basal coils. Unfortunately no direct comparison with inner hair cells was made although it was noted that inner hair cells were considered to be healthier after the isolation procedure, consistent with a higher GSH level and a resistance to cellular stress. The latter observation could also simply have been due to the dissociation procedure being less traumatic for inner hair cells compared to outer hair cells. Previous measurements of GSH in cochlear explants from neonatal rats indicated that there are cell to cell differences (Blacker et al., 2014). Here we show measurements made in the adult cochlea that reveal higher expression of cellular GSH in inner hair cells compared to outer hair cells and also that this enhanced GSH expression appears to develop during cochlear maturation. Higher GSH levels compared to outer hair cells could explain the comparative resistance of inner hair cells to ototoxic agents and to noise trauma.

GSH levels have been strongly implicated in providing a protective role in the cochlea and our data showing raised cellular GSH in inner hair cells correlates with this assertion. Food deprivation results in a reduction in endogenous GSH and has been correlated with enhanced auditory dysfunction (Hoffman et al., 1987) and supplementation with glutathione monoethyl ester has been shown to ameliorate noise-induced hearing loss in animals on a low protein diet (Ohinata et al., 2000). GSH also slowed the progression of gentamicin ototoxicity when applied as a co-therapy along with the aminoglycoside in vivo (Garetz et al., 1994). Further support for an important role for GSH in protecting the cochlea from trauma or toxicity comes from GSH peroxidase (Gpx1) knock out mice that exhibit loss of hair cells and also spiral ganglion neurons in the basal cochlear turn. When those mice were subjected to noise trauma they exhibited increased hearing loss compared to wild-type controls (Ohlemiller et al., 2000). Thus, part of the data presented herein along with a number of other papers have implicated GSH in providing protection from various types of auditory stress. A reduction of ROS generation within hair cells themselves has been suggested although rarely tested directly.

Here we evaluated the role and potential importance of cellular GSH during aminoglycoside ototoxicity. We performed these longer term experiments in cochlear explant cultures from postnatal day 4 to 6 mice. Explants were pre-treated with BSO for 18 h in order to deplete GSH and depletion was confirmed by MCB labeling. After 18 h of BSO-treatment explants were then challenged with 1 mM neomycin for 3 or 6 h. Compared to controls not treated with BSO, there was no significance difference in hair cell survival or death with either 3 or 6 h of neomycin exposure. If anything, we identified a trend for hair cell survival in the BSO-treated explants at the earlier 3 h time point, which was not present after 6 h treatment. The simplest explanation for these data is that ROS production is not as major a determinant of aminoglycoside-induced hair cell death as has been suggested. A number of reports have begun to indicate that mechanisms other than ROS generation may be critical in promoting cell death during ototoxicity. Recent work has indicated that aminoglycosides may block cytoplasmic ribosomal activity (Francis et al., 2013) rather than targeting mitochondria, and this would be consistent with ROS playing a less significant role in hair cell death. Moreover, recent experiments undertaken in live zebrafish have shown that the endoplasmic reticulum (ER) is the primary target of aminoglycosides rather than mitochondria and that ER to mitochondrial transfer of Ca2+ may well be responsible for catastrophic mitochondrial depolarization (Esterberg et al., 2013, 2014). Such mitochondrial depolarizations have, in the past, been suggested to result from ROS generation but those data argue strongly against that. Whether ROS contribute to the effects on the ER that have been described in zebrafish hair cells remains to be determined.

An alternative explanation for the lack of effect of GSH depletion on neomycin-induced hair cell death describe here, is that when cellular GSH is reduced, other free radical scavenging systems take over so that that GSH depletion does not cause any additional hair cell death. Although this is possible, we predict that we should still have observed some effect of the GSH depletion in these experiments. A further investigation into potential regulation of other cellular antioxidants present in sensory hair cells is warranted.

In summary, using live imaging to measure cellular GSH levels we observe increased cellular GSH in inner hair cells compared to outer hair cells, but also higher levels in supporting cells compared to the outer hair cells. These data are consistent with the enhanced sensitivity of outer hair cells compared to inner hair cells with various types of cellular stress, from noise, ototoxic drugs to aging. However, when we tested the role that cellular GSH plays during neomycin-induced hair cell death we were unable to provide positive data in support of GSH-dependent protection. Further work is required to determine whether other ROS scavenging systems are able to provide sufficient buffering to cover for the lack of GSH in our experimental condition or whether we need to consider that ROS play a lesser role in aminoglycoside-induced hair cell death than has been previously suggested.
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Loss of sensory hair cells from exposure to certain licit drugs (e.g., aminoglycoside antibiotics, platinum-based chemotherapy agents) can result in permanent hearing loss. Here we ask if allosteric activation of the hepatocyte growth factor (HGF) cascade via Dihexa, a small molecule drug candidate, can protect hair cells from aminoglycoside toxicity. Unlike native HGF, Dihexa is chemically stable and blood-brain barrier permeable. As a synthetic HGF mimetic, it forms a functional ligand by dimerizing with endogenous HGF to activate the HGF receptor and downstream signaling cascades. To evaluate Dihexa as a potential hair cell protectant, we used the larval zebrafish lateral line, which possesses hair cells that are homologous to mammalian inner ear hair cells and show similar responses to toxins. A dose-response relationship for Dihexa protection was established using two ototoxins, neomycin and gentamicin. We found that a Dihexa concentration of 1 μM confers optimal protection from acute treatment with either ototoxin. Pretreatment with Dihexa does not affect the amount of fluorescently tagged gentamicin that enters hair cells, indicating that Dihexa’s protection is likely mediated by intracellular events and not by inhibiting aminoglycoside entry. Dihexa-mediated protection is attenuated by co-treatment with the HGF antagonist 6-AH, further evidence that HGF activation is a component of the observed protection. Additionally, Dihexa’s robust protection is partially attenuated by co-treatment with inhibitors of the downstream HGF targets Akt, TOR and MEK. Addition of an amino group to the N-terminal of Dihexa also attenuates the protective response, suggesting that even small substitutions greatly alter the specificity of Dihexa for its target. Our data suggest that Dihexa confers protection of hair cells through an HGF-mediated mechanism and that Dihexa holds clinical potential for mitigating chemical ototoxicity.
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INTRODUCTION

Hearing loss and vestibular dysfunction are some of the most prevalent and debilitating disorders due to social isolation resulting from sensory deprivation. Particularly among the elderly, those with untreated hearing loss are less likely to participate in social activities and more likely to report levels of depression and anxiety (Bess et al., 1989; Knutson and Lansing, 1990). Hearing loss can result from excessive exposure to loud noise, genetic factors, or exposure to certain licit drugs, termed ototoxins, such as aminoglycoside antibiotics and platinum-based chemotherapeutics like cisplatin (Fee, 1980; Rybak et al., 2009). Due to their high efficacy, many ototoxins are still used despite the risk of hearing loss. Aminoglycoside antibiotics are still widely used for a variety of clinical applications. For example, cystic fibrosis patients suffer from severe gram-negative bacterial infections and are commonly prescribed the aminoglycoside antibiotics amikacin or tobramycin, despite as high as a 14% incidence of hearing loss (Cheng et al., 2009). Cisplatin use carries an even higher reported incidence of hearing loss, between 28–68%, but it is used to treat several types of soft tissue tumors and is the most commonly prescribed chemotherapeutic for ovarian cancer (Rybak, 2007; Musial-Bright et al., 2011).

The primary cellular basis for ototoxic hearing loss is the death of sensory hair cells within the cochlea. Hair cells are mechanosensitive receptors in the inner ear that detect sounds and head movements; in mammals, loss of these cells is permanent and irreversible. There are currently no food and drug administration (FDA) approved treatments for the prevention of toxin-induced hair cell loss. Identification of a preventative therapy would allow for continued use of these efficacious antibiotics and chemotherapeutics without the devastating ototoxic consequences that accompany their use. Our work identifies a new otoprotective drug that is already designed for the clinical environment, allowing for quick transition to clinical use.

Studies involving acoustic and chemical insults show that growth factors represent a compelling class of otoprotective compounds (Yagi et al., 1999; Shoji et al., 2000; Kawamoto et al., 2003; Liu et al., 2008). Hepatocyte growth factor (HGF), a potent neurotrophic factor, affects a variety of neuronal cell types to promote axon guidance and cell survival (Ebens et al., 1996; Miyazawa et al., 1998). Direct application of exogenous HGF onto cochlear explants protects hair cells from neomycin ototoxicity (Kikkawa et al., 2009). However, HGF itself does not represent a viable preventative therapeutic due to low blood-brain barrier permeability and a half-life of only 3.8 min (Appasamy et al., 1993). One study attempted to circumvent these constraints by using viral HGF gene delivery to the inner ear to drive constitutive HGF expression (Oshima et al., 2004). This viral HGF gene delivery approach protected rat cochlear hair cells from kanamycin ototoxicity, further evidence for a protective role of HGF in the auditory periphery. Unfortunately, viral gene therapy presents the risk of insertional mutagenesis and does not reliably yield high expression profiles (Monahan and Samulski, 2000). However, development of a small molecule capable of stimulating HGF, and its associated receptor c-Met, may be clinically efficacious.

The HGF mimetic Dihexa is a synthetically derived Angiotensin IV analog that is blood-brain barrier permeable, stable, and orally bioavailable (McCoy et al., 2013). McCoy et al. (2013) found that Dihexa treatment ameliorated memory loss in a rat model of Parkinson’s Disease. Dihexa can bind to and dimerize HGF, forming a functional ligand and thereby activating c-Met (Benoist et al., 2014). HGF signaling is linked to neural protection in rodents both in vitro and in vivo, making a strong case for a small molecule activator of HGF/c-Met to confer a neuroprotective benefit (Zhang et al., 2000; Niimura et al., 2006). Here, we examine the otoprotective effects of Dihexa in a zebrafish model of chemical ototoxicity.

The experimental value of zebrafish as an animal model for in vivo drug discovery has grown rapidly due to their ease of assessment, large clutch size, and ability to recapitulate human disease conditions (MacRae and Peterson, 2003). The larval zebrafish lateral line is an especially tractable model for the identification of compounds that prevent hair cell loss (Coffin et al., 2010; Esterberg et al., 2013). The lateral line system of teleost fishes is an externally located, mechanosensitive sensory system used to detect vibrations in the aquatic environment that aid in predator detection, prey avoidance, and schooling behavior (Coombs et al., 1989). Hair cells of the lateral line are structurally and functionally similar to those of the mammalian inner ear and, perhaps more importantly, respond similarly to toxins (Harris et al., 2003; Ou et al., 2007; Coffin et al., 2013b). Previous drug discovery work in the larval zebrafish lateral line identified the novel compound PROTO-1 that prevents aminoglycoside-induced hair cell toxicity in rodent models in vivo, demonstrating that otoprotective drug discovery in zebrafish translates to mammalian systems (Owens et al., 2008; Rubel et al., 2011).

In this study, we demonstrate that Dihexa protects lateral line hair cells from aminoglycoside ototoxicity. Dihexa does not alter the entry of aminoglycosides into hair cells but rather attenuates cell death through an HGF-dependent signaling mechanism. This work demonstrates the potential clinical utility of Dihexa as a co-administered protectant to prevent aminoglycoside ototoxicity.

MATERIALS AND METHODS

ANIMALS

Larval zebrafish (*AB) were obtained through pair-wise matings and raised at 28.5°C in petri dishes (Westerfield, 2000). All zebrafish were maintained on a 14 h light/10 h dark cycle in the Coffin Lab zebrafish facility at Washington State University, Vancouver. Embryos were raised until 5 or 6 days post-fertilization (dpf) prior to experimentation because larvae younger than 5 dpf exhibit some resistance to aminoglycoside ototoxicity (Murakami et al., 2003; Santos et al., 2006). Transgenic Brn3c:mGFP zebrafish were used for direct hair cell counts and c-Met localization studies. Brn3c:mGFP fish express membrane bound GFP in hair cells under control of the Brn3c (aka Pou4f3) promoter (Xiao et al., 2005). Previous work has demonstrated that GFP positive cells in Brn3c:mGFP fish co-label with phalloidin staining and thus can be used a reliable marker of mature hair cells (Uribe et al., 2013). All experimental procedures were approved by the Washington State University Animal Care and Use Committee.

HGF RECEPTOR LOCALIZATION

Immunohistochemistry was performed using 1:500 anti-Met (Cell Signaling, Danvers, MA). Following fixation in 4% paraformaldehyde (PFA), 5 dpf Brn3c:mGFP larvae, which express membrane-bound GFP in hair cells, were rinsed twice with phosphate-buffered saline (PBS) for 10 min each and then once with dH2o for 20 min. Larvae were then placed into blocking solution, which consisted of 5% goat serum in PBST (0.1% Triton x-100, Sigma) for 1 h. Fish were then incubated overnight at 4°C in anti-Met in PBST with 1% goat serum. Excess primary antibody was washed off by three 10 min PBST rinses. Fish were then incubated for 4 h in 1:500 Alexa Fluor 568 secondary antibody (Life Technologies) diluted in PBST at room temperature. Excess secondary antibody was washed off by 3 consecutive 10-min rinses with PBST. Labeled larvae were then rinsed once with PBS and stored in 1:1 PBS:glycerol for confocal imaging. Adult *AB liver was removed and fixed for identical tissue processing (Gupta and Mullins, 2010).

DRUG TREATMENTS

Neomycin (10 mg/mL) and gentamicin (50 mg/mL) solutions (Sigma-Aldrich; St. Louis, MO) were diluted in E2 embryo medium (EM; 1 mM MgSO4, 120 μM KH2PO4, 74 μM Na2HPO4, 1 mM CaCl2, 500 μM KCl, 15 mM NaCl, and 500 μM NaHCO3 in dH2O; Westerfield, 2000) to working concentrations of 25–400 μM. Cisplatin stock (1 mg/mL; WG Critical Care; Paramus, NJ) was diluted in EM to working concentrations of 500–1000 μM and the pH adjusted to 7.2, since the cisplatin stock is highly acidic. Dihexa was synthesized by RS Synthesis (Louisville, KY) with a purity of 95.1%.

Free swimming zebrafish larvae were placed in 6-well plates and exposed to ototoxin in the presence or absence of Dihexa. Fish were pretreated with Dihexa or vehicle dimethyl sulfoxide (DMSO) control for 1 h. Fish were then co-treated with Dihexa or DMSO and neomycin (30 min), acute gentamicin (30 min), chronic gentamicin (6 h), or cisplatin (4 h). Ototoxin exposure times were selected based on previous work (Ou et al., 2007; Coffin et al., 2009; Owens et al., 2009). Fish were then rinsed three times in EM. Gentamicin (chronic) and cisplatin exposed groups and associated controls were assessed immediately following the three EM washes. Fish treated acutely with neomycin or gentamicin, and their associated controls, were allowed to recover in EM for 45 min prior to hair cell assessment.

HAIR CELL ASSESSMENT

Survival of lateral line hair cells was assessed by vital dye labeling in live fish. The vital dye 2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide (DASPEI) (Life Technologies, Grand Island, NY) is a marker of mitochondrial membrane potential and preferentially stains lateral line hair cells when added to the surrounding EM (Harris et al., 2003). Fish were incubated in 0.005% DASPEI for 15 min, then rinsed twice with EM and anesthetized with 0.001% MS-222 (Argent Labs, Redmond, WA). Using a Leica M165FC fluorescence dissection scope, 10 anterior neuromasts (IO1, IO2, IO3, IO4, M2, MI1, MI2, O2, SO1, and SO2; see Raible and Kruse, 2000) per fish were assessed based on fluorescent intensity (Harris et al., 2003; Coffin et al., 2009; Owens et al., 2009). An intensity score of 2 signifies intense neuromast fluorescence, an intermediate score of 1 represents faint DASPEI labeling, while a 0 neuromast score equates to the absence of neuromast fluorescence at a given neuromast’s stereotyped position. The scores from 10 neuromasts for each fish were summed such that each larva receives a final score between 0 (no neuromast fluorescence) and 20 (full complement of hair cells in all 10 neuromasts). To obtain direct hair cell counts from Brn3c:mGFP fish, we fixed larvae post-treatment in 4% PFA overnight at 4°C. Fish were rinsed with PBS three times, placed in 1:1 PBS:glycerol, and mounted on bridged coverslips. Hair cell counts for 5 anterior neuromasts (IO1, IO2, IO3, M2, and OP1) per fish were obtained and summed.

AMINOGLYCOSIDE UPTAKE

Gentamicin conjugated to the fluorophore Texas Red (GTTR) was used to determine if Dihexa affected aminoglycoside uptake by hair cells (Steyger et al., 2003). Larvae were pretreated with Dihexa or DMSO for 1 h, then co-treated with GTTR for 3 min, rinsed 4 times in EM for 30 s each, and fixed in 4% PFA overnight at 4°C (Owens et al., 2008). GTTR-labeled neuromasts were visualized using a Leica SP8 confocal microscope, keeping gain and laser intensity values constant for a given experiment. Z-stack images of O2, MI1, and MI2 neuromasts were collected and compressed using Leica LAS AF software. Neuromasts were masked using a line tool and mean fluorescence was measured for an entire neuromast using ImageJ version 1.48 (National Institutes of Health, Bethesda, MD), mean background fluorescence was then subtracted out to yield net mean fluorescence for each neuromast.

PHARMACOLOGICAL INHIBITORS

Pharmacological inhibition of HGF/c-Met or its downstream targets was used to elucidate which factors are important for Dihexa-mediated otoprotection. All inhibitors used were co-administered with Dihexa, that is 1 h pretreatment and co-treatment with a given ototoxin. 6-AH is a metabolically stable antagonist to the HGF/c-Met system that works by preventing HGF dimerization and activation (Kawas et al., 2012). We used 1 μM 6-AH as this concentration did not affect fish health or alter hair cell loss in response to neomycin but did attenuate neomycin-induced hair cell death. We used 10 μM rapamycin, a TOR inhibitor, (GenDEPOT, Barker, TX) as this concentration had no affect on neomycin ototoxicity or fish health but attenuated Dihexa hair cell protection in preliminary experiments. Rapamycin concentrations as high as 50 μM were tested initially and no overall toxicity was observed. We conducted similar optimization experiments with the MEK inhibitor, UO126 and an Akt inhibitor (CAS 612847-09-3; both inhibitors from EMD Millipore, Billerica, MA), selecting 1 μM as the optimal concentration of each compound. For both UO126 and Akt inhibitor, the highest concentration tested was 10 μM and we observed no overt toxicity at this concentration.

STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism (V. 6.0, La Jolla, CA). Statistical analyses were performed using either an un-paired t-test assuming equal variance, one-, or two-way ANOVA, as appropriate, and are specifically indicated on each figure legend. Post hoc comparisons were performed using Bonferonni corrections. Statistical values for ototoxin were omitted from figure legends because it is established that they cause a dose-dependent decrease in hair cell survival, in other words, we know that a dose-response curve for neomycin only will be statistically significant. All data are presented as mean ± s.e.m.

RESULTS

c-MET EXPRESSION IN LARVAL ZEBRAFISH NEUROMASTS

We immunohistochemically processed 5 dpf Brn3c:mGFP larvae using anti-c-Met to determine if c-Met expression is present in anterior lateral line neuromasts. In these fish, GFP localizes to the hair cell membrane, allowing for easy delineation of cell boundaries (Figure 1A). c-Met expression was widespread in the skin epithelium, including in neuromasts (red punctae in Figure 1B). No red punctae were present in a secondary antibody only control that was not incubated in anti-c-Met (Figures 1D–F). c-Met labeling is present both in hair cells and in other cell types in the neuromast (Figure 1C). To verify the validity of observed c-Met expression in hair cells, adult *AB liver tissue was immunohistochemically processed for anti-c-Met and DAPI (blue). c-Met expression in the adult liver is widespread and punctate, similar to the neuromast expression profile (Figure 1G). These results indicate that our c-Met labeling is reliable and that anterior lateral line neuromasts should be receptive to c-Met modulation.
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FIGURE 1. c-Met is expressed in lateral line neuromasts. (A) Neuromast of a Brn3c:mGFP transgenic zebrafish with clearly labeled hair cell boundaries. (B) Anti-c-Met labeling (red punctae) is present throughout the neuromast. (C) Merged image shows c-Met is present near the hair cell membrane and in surrounding cells. (D–F) Brn3c:mGFP larvae incubated with secondary antibody only show no c-Met labeling. (G) *AB adult liver tissue labeled with DAPI (blue) and anti-c-Met (red) demonstrates robust, punctate c-Met expression. Scale bar in (C) represents 5 μm and applies to images (A–F). Scale bar in (G) represents 5 μm.



DIHEXA PROTECTS LATERAL LINE HAIR CELLS FROM ACUTE AMINOGLYCOSIDE TOXICITY

Treatment with Dihexa confers protection from neomycin in a dose-dependent manner (Figure 2A). Untreated controls labeled with the vital dye DASPEI display bright neuromast fluorescence (Figure 2A inset). In contrast, animals treated with 200 μM neomycin for thirty minutes exhibit dim or completely absent fluorescence. The greatest protection was found at 10−6 M (1 μM), where only a minor decrease from control hair cell survival scores was observed. An additional peak of protection was seen at 10−13 M (100 fM) but was inconsistent across experiments, so all additional experiments were run with 10−6 M (1 μM) Dihexa. Figure 2B shows that 10−6 M (1 μM) Dihexa significantly protects hair cells from a range of neomycin concentrations. Additionally, there was no observed toxicity of Dihexa treatment alone. Dihexa also protects hair cells from variable concentrations of acute gentamicin (Figure 2C).
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FIGURE 2. Dihexa protects hair cells from acute aminoglycoside treatment. (A) Dihexa confers dose-dependent protection from 200 μM neomycin with two peaks of protection at 10−6 M (1 μM) and 10−13 M (100 fM), with six concentrations of Dihexa providing significant protection (One-way ANOVA; F(9,70) = 20.53 p < 0.001). Control fish exposed to embryo medium (EM) only (inset top) and 1 μM Dihexa plus 200 μM neomycin (inset bottom) display bright DASPEI fluorescence while fish treated with 200 μM neomycin alone (inset middle) display dim to absent DASPEI fluorescence. Scale bar represents 250 μm and applies to all three images in (A). (B) 1 μM Dihexa provides robust protection from aminoglycoside treatment across multiple concentrations of neomycin (Two-way ANOVA; Dihexa: F(1,63) = 155.8 p < 0.001). (C) 1 μM Dihexa confers significant protection from acute gentamicin exposure across all concentrations of gentamicin tested (Two-way ANOVA; Dihexa: F(1,71) = 58.42 p < 0.001). (D) 1 μM Dihexa does not provide protection against chronic gentamicin exposure (Two-way ANOVA; Dihexa: F(1,81) = 1.458 p > 0.05). Asterisks indicate significant difference from aminoglycoside only control (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001). N = 7–11 animals per treatment, error bars represent ± s.e.m.



Previous work has demonstrated that aminoglycosides activate acute and slow (chronic) mechanisms that are distinct from one another, with neomycin only activating acute mechanisms but gentamicin activating both pathways (Coffin et al., 2009, 2013b; Owens et al., 2009). To ask if Dihexa can modulate both mechanisms of aminoglycoside-induced hair cell death, Dihexa pretreatment was followed by 6 h chronic gentamicin co-treatment. Dihexa was not protective against chronic gentamicin exposure (Figure 2D). Since slow-acting cell death processes can proceed following ototoxin removal (Owens et al., 2009), we next asked if Dihexa-mediated protection was still present 6 h after neomycin exposure. Dihexa-mediated protection was still robust 6 h post-neomycin washout (data not shown).

To verify DASPEI scores, fish from the same treatment groups were fixed and immunohistochemically processed with anti-parvalbumin (Millipore) to visualize hair cells (see Coffin et al., 2013b for details) (data not shown). Direct hair cell counts were also obtained from Brn3c:mGFP fish, further demonstrating that Dihexa robustly protects hair cells from neomycin damage (Figure 3).These results indicate that Dihexa only modulates targets responsible for the acute phase of aminoglycoside ototoxicity.
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FIGURE 3. Dihexa treatment prevents neomycin-induced hair cell loss in Brn3c:mGFP transgenic larvae. (A) DMSO-treated control, (B) 400 μM neomycin treated neuromast shows a reduction in hair cells, and (C) neuromasts treated with 1 μM Dihexa plus 400 μM neomycin remain mostly intact. (D) 1 μM Dihexa provides protection from neomycin-induced hair cell loss across the neomycin dose-response curve (Two-way ANOVA; Dihexa: F(1,456) = 50.77 p < 0.001). Asterisks indicate significant difference from neomycin control (**p < 0.01, ****p < 0.001). N = 8–10 animals per treatment, error bars represent ± s.e.m.



DIHEXA DOES NOT BLOCK GENTAMICIN UPTAKE INTO HAIR CELLS

Certain otoprotectants, namely those with quinolone rings, have been observed to confer protection by blocking aminoglycoside entry into hair cells instead of modulating cell death targets (Ou et al., 2009, 2012). To test if Dihexa blocks aminoglycoside uptake by hair cells, we quantified GTTR fluorescence either with or without 1 μM Dihexa. GTTR uptake was not altered in the presence of Dihexa, as seen in the qualitative examples and quantitative fluorescence data shown in Figure 4. This result indicates that Dihexa likely protects hair cells by modulating a cell death target.
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FIGURE 4. Dihexa does not block aminoglycoside entry into hair cells. There was no significant difference in quantified GTTR fluorescence within neuromasts of animals treated with or without 1 μM Dihexa (t-test; p = 0.1158). Sample control neuromast with bright GTTR fluorescence (inset top) is qualitatively the same intensity as a neuromast treated with 1 μM Dihexa (inset bottom). Scale bar represents 10 μm and applies to both images. N = 8 animals per treatment, error bars represent ± s.e.m.



DIHEXA OTOPROTECTION IS MEDIATED BY HGF/C-MET SIGNALING

We used the pharmacological inhibitor 6-AH to investigate if the observed protection conferred by Dihexa is actually mediated by HGF/c-Met signaling. 6-AH blocks HGF dimerization and thereby inhibits subsequent c-Met activation (Kawas et al., 2012). Treatment with 6-AH alone does not alter hair cell survival in response to neomycin (Figure 5A). Co-treatment of larvae with 6-AH and Dihexa completely attenuates the hair cell protection conferred by Dihexa treatment (Figure 5B). This observation implicates the requirement of an active HGF/c-Met signal in Dihexa otoprotection.
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FIGURE 5. Dihexa-mediated protection is inhibited by the HGF antagonist 6-AH. (A) Treatment with 1 μM 6-AH does not alter lateral line hair cell survival in response to neomycin (Two-way ANOVA; 6-AH: F(1,72) = 3.255 p = 0.0754). (B) Treatment with 1 μM Dihexa decreases neomycin-induced hair cell death over multiple concentrations of neomycin. Co-treatment with 6-AH completely attenuates Dihexa-mediated protection (Two-way ANOVA; Dihexa: F(2,76) = 76.30 p < 0.001). There is a significant difference (p < 0.001) when comparing 1 μM Dihexa vs. 1 μM Dihexa plus 1 μM 6-AH at 50, 100, and 200 μM neomycin treatment groups, p < 0.05 at 400 μM neomycin. N = 6–9 animals per treatment, error bars represent ± s.e.m.



DOWNSTREAM CELLULAR MEDIATORS OF DIHEXA PROTECTION

Activation of the receptor tyrosine kinase c-Met leads to the recruitment of many signaling mediators and ultimately the activation of downstream signals, most notably Akt-TOR and Ras-ERK (Organ and Tsao, 2011). The MAPK and Akt inhibitors, UO126 and Akt inhibitor VIII respectively, were used to determine to what extent, if any, activation of their targets is required for Dihexa-mediated protection. Optimal concentrations of UO126 and Akt Inhibitor VIII (1 μM) were determined based on the highest concentration of each compound that did not shift the neomycin dose-response curve (data not shown). At neomycin concentrations of 100, 200, and 400 μM either inhibitor demonstrated partial attenuation of Dihexa otoprotection, indicating at least partial reliance on their associated signaling proteins for protective effects (Figure 6A). Interestingly, when both inhibitors are co-administered the result is similar to each administered independently, suggesting that other signaling proteins may also contribute to protection (data not shown). Phosphorylation of Akt leads to activation of TOR, a molecular sensor of metabolism and cellular homeostasis (Wullschleger et al., 2006). We used the TOR inhibitor rapamycin to determine the extent to which activation of TOR is required in Dihexa-mediated protection. 10 μM rapamycin alone did not affect the neomycin dose-response curve (Figure 6B). However, co-treatment with 1 μM Dihexa and 10 μM rapamycin showed significant attenuation of hair cell protection at 50 and 100 μM neomycin. From these results we hypothesize that Dihexa-mediated protection relies, at least in part, on the activation of multiple downstream targets of the HGF/c-Met system (Akt-TOR and Ras-ERK).
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FIGURE 6. Dihexa-mediated protection is inhibited by MEK, Akt, and TOR inhibitors. (A) Co-treatment with 1 μM MEK or Akt inhibitors (UO126 and Akt Inhibitor VIII, respectively) partially attenuates Dihexa-dependent protection (Two-way ANOVA; Dihexa: F(3,144) = 37.13 p < 0.001). When comparing the 1 μM Dihexa treatment vs. 1 μM Dihexa plus 1 μM UO126 p-values are as follows: 50 μM neomycin (p < 0.05), 100 μM neomycin (p < 0.05), 200 μM neomycin (p < 0.001), and 400 μM neomycin (p < 0.05). When comparing the 1 μM Dihexa treatment vs. 1 μM Dihexa plus 1 μM Akt inhibitor VIII p-values are as follows: 50 μM neomycin (p > 0.05), 100 μM neomycin (p < 0.05), 200 μM neomycin (p < 0.001), 400 μM neomycin (p > 0.05). (B) Co-treatment with 10 μM of the TOR inhibitor, rapamycin, also partially attenuates Dihexa-mediated protection from neomycin (Two-way ANOVA; Dihexa: F(3,120) = 70.41 p < 0.001). When comparing the 1 μM Dihexa treatment vs. 1 μM Dihexa plus 10 μM rapamycin p-values were as follows: 50 μM neomycin (p < 0.001), 100 μM neomycin (p < 0.001), 200 and 400 μM neomycin (p > 0.05). N = 6–9 animals per treatment, error bars represent ± s.e.m.



MODIFIED DIHEXA IS NOT A HAIR CELL PROTECTANT

To test the specificity of Dihexa for the observed protection, we synthesized an additional Dihexa variant that was missing an N-terminal amino group. We tested the modified Dihexa against 200 μM neomycin and observed no protection, suggesting that the current form of Dihexa has a high specificity for providing protection, likely via its specific interaction with native HGF (Figure 7).
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FIGURE 7. A Dihexa variant that is missing an N-terminal amino group (modified) does not provide protection against 200 μM neomycin. 1 μM Dihexa provides robust protection from 200 μM neomycin (t-test; p < 0.001) whereas 1 μM of modified Dihexa provides no significant protection (p = 0.34) when compared to 200 μM neomycin. Asterisks indicate significant difference from 200 μM neomycin control (****p < 0.001). N = 7 animals per treatment, error bars represent ± s.e.m.



DIHEXA DOES NOT PROTECT HAIR CELLS FROM CISPLATIN

Previous work with chemical and genetic cell death modulators suggests that cisplatin and aminoglycosides share some cell death pathways while also activating a distinct subset of signaling pathways (Owens et al., 2008; Vlasits et al., 2012; Coffin et al., 2013b). Animals exposed to Dihexa exhibit no shift in the cisplatin dose-response curve (Figure 8). This result signifies that Dihexa’s protection is likely by mediating the response of an aminoglycoside-specific target that is not shared by cisplatin.
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FIGURE 8. Dihexa confers no protection from cisplatin ototoxicity. Cisplatin dose-response curves with and without dihexa are nearly identical (Two-way ANOVA; Dihexa: F(1,39) = 0.1845 p = 0.6699). N = 5–7 animals per treatment, error bars represent ± s.e.m.



DISCUSSION

We show that the HGF mimetic Dihexa protects lateral line hair cells from acute aminoglycoside ototoxicity. Previous work has reported that HGF/c-Met activation can confer hair cell protection from aminoglycoside damage, consistent with our results (Monahan and Samulski, 2000; Oshima et al., 2004; Kikkawa et al., 2009). However, the innate chemical properties of HGF, such as a short half-life, make it a poor therapeutic option (Appasamy et al., 1993). Additionally, HGF synthesis is prohibitively expensive, similar to other protein-derived neurotrophic factors (Swartz, 2001). These obstacles can be overcome by Dihexa, a synthetic, small molecule HGF mimetic that is orally bioavailable, metabolically stable, blood-brain barrier permeable, and inexpensive to synthesize (McCoy et al., 2013). Treatment with Dihexa has been shown to reliably activate c-Met activity through HGF-dependent interactions (Benoist et al., 2014). We think Dihexa represents an exciting new drug candidate for attenuating aminoglycoside ototoxicity.

Attenuation of aminoglycoside-induced hair cell death can result from two mechanistic categories: blockage of aminogly-coside uptake by hair cells or modulation of intracellular signaling pathways. Functional mechanotransduction is a known requirement for aminoglycoside entry into hair cells and its resulting ototoxicity (Alharazneh et al., 2011; Vu et al., 2013). Some compounds that protect hair cells from aminoglycoside exposure, for example tacrine and other quinoline ring-containing structures, do so by inhibiting aminoglycoside uptake (Ou et al., 2009, 2012). Even compounds with known intracellular targets, such as the estrogen receptor modulator raloxifene, may protect hair cells by inhibiting aminoglycoside entry, rather than acting via modulation of estrogen signaling (Vlasits et al., 2012). Here, we measured no difference in aminoglycoside uptake in hair cells treated with or without Dihexa, suggesting that Dihexa confers protection by modulation of cellular targets rather than blocking aminoglycoside uptake.

HGF/c-Met activates a diverse set of signal transducers capable of inhibiting cell death. For example, in various cell culture lines, c-Met phosphorylation can result in downstream activation of Akt, Erk/MAPK, JNK, or FAK signaling (reviewed by Organ and Tsao, 2011). We found that Dihexa-mediated protection requires activation of Akt, TOR, and MEK signaling, as inhibition of any of these targets attenuates Dihexa-mediated protection. Similarly, Insulin-like growth factor 1 hair cell protection from neomycin damage is lost by inhibition of Akt or MEK signaling, suggesting that growth factor otoprotection may operate on a similar set of downstream targets (Hayashi et al., 2013). Endogenous Akt activation also plays a survival role in cochlear hair cells in response to gentamicin ototoxicity (Chung et al., 2006). Activation of Akt or MEK in cell culture can prevent proteolytic cleavage of pro-caspase-9 thereby inhibiting classical caspase-dependent apoptosis (Cardone et al., 1998; Allan et al., 2003). The necessity of caspase activation for aminoglycoside-induced hair cell death is still debatable, so alternative, caspase-independent pathways may lie downstream of Dihexa-mediated protection (Cunningham et al., 2002; Matsui et al., 2003; Jiang et al., 2006; Coffin et al., 2013b). The pro-survival protein Bcl-2 regulates cell death by inhibiting pro-cell death members of the Bcl-2 family of proteins (Reviewed by Czabotar et al., 2014). Both HGF application and Akt activity result in increased Bcl-2 expression in cell culture (Pugazhenthi et al., 2000; Gordin et al., 2010). In human endothelial cells, HGF-induced cellular protection from hypoxia is dependent on Bcl-2 activity (Yamamoto et al., 2001). Bcl-2 overexpression protects hair cells from aminoglycoside exposure both in vitro and in vivo (Cunningham et al., 2004; Pfannenstiel et al., 2009; Coffin et al., 2013a). Given the complexity of signal modulators downstream of HGF/c-Met, additional work is needed to better understand what processes are important for Dihexa’s hair cell protection.

Understanding hair cell death mechanisms activated by specific ototoxins can help shed light on what molecular signals to therapeutically target for each toxic agent. Dihexa treatment protected hair cells from acute aminoglycoside treatment (neomycin or gentamicin) but conferred no protection from chronic gentamicin or cisplatin exposure. These data are consistent with known differences in cell death signals activated across these three groups (cisplatin, acute aminoglycosides, and chronic aminoglycosides). There are at least two processes of aminoglycoside-induced cell death that depend on both the particular aminoglycoside and exposure time (Coffin et al., 2009; Owens et al., 2009). Pharmacological inhibition of Bax, a Bcl-2 family member that promotes cell death, prevents neomycin but not gentamicin ototoxicity in zebrafish (Coffin et al., 2013a,b). In contrast, inhibition of p53 protects lateral line hair cells from acute neomycin or gentamicin as well as chronic gentamicin exposure (Coffin et al., 2013a). A previously identified hair cell protectant, PROTO1, showed robust protection from acute aminoglycoside exposure but only modest protection from the chronic process and offered no protection against cisplatin, similar to the result demonstrated here with Dihexa (Owens et al., 2008). Additionally, Vlasits et al. also identified multiple compounds from a FDA-approved drug screen with very similar protection profiles to Dihexa (Vlasits et al., 2012). These results describe a system of aminoglycoside-induced cell death that both shares molecular targets but also has unique features depending on aminoglycoside and exposure time. Dihexa’s protection from acute but not chronic aminoglycoside exposure further strengthens the two-phase model of aminoglycoside induced-hair cell death.

Future work will address the efficacy of Dihexa as a hair cell protect in mammalian models and against additional aminoglycosides. In summary, our study identifies a new hair cell protectant, Dihexa, that relies upon HGF/c-Met signal transduction for its protection. Due to its conscious design as an orally bioavailable compound, Dihexa is a strong clinical candidate as a hair cell protectant.
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In vivo overexpression of X-linked inhibitor of apoptosis protein protects against neomycin-induced hair cell loss in the apical turn of the cochlea during the ototoxic-sensitive period
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Aminoglycoside-induced cochlear ototoxicity causes hair cell (HC) loss and results in hearing impairment in patients. Previous studies have developed the concept of an ototoxicity-sensitive period during which the cochleae of young mice are more vulnerable to auditory trauma than adults. Here, we compared neomycin-induced ototoxicity at the following four developmental ages in mice: postnatal day (P)1–P7, P8–P14, P15–P21, and P60–P66. We found that when neomycin was administered between P8 and P14, the auditory brainstem response threshold increase was significantly higher at low frequencies and HC loss was significantly greater in the apical turn of the cochlea compared to neomycin administration during the other age ranges. Quantitative real-time PCR (qPCR) data revealed that the expression of apoptotic markers, including Casp3 and Casp9, was significantly higher when neomycin was injected from P8 to P14, while the expression of the X-linked inhibitor of apoptosis protein (XIAP) gene was significantly higher when neomycin was injected from P60 to P66. Because XIAP expression was low during the neomycin-sensitive period, we overexpressed XIAP in mice and found that it could protect against neomycin-induced hearing loss at low frequencies and HC loss in the apical turn of the cochlea. Altogether, our findings demonstrate a protective role for XIAP against neomycin-induced hearing loss and HC loss in the apical turn of the cochlea during the ototoxic-sensitive period, and suggest that apoptotic factors mediate the effect of neomycin during the ototoxic-sensitive period.
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INTRODUCTION

Aminoglycosides can be ototoxic when administered to adults, children, and infants. It has been reported that the incidence of aminoglycoside-induced cochlear ototoxicity in neonates is greater than that in adults. In addition, the risk of ototoxicity is higher in preterm neonates than in full-term neonates (Henley and Rybak, 1993). The concept of an ototoxicity-sensitive period was first proposed in the 1980s (Chen and Aberdeen, 1981; Chen and Saunders, 1983; Eggermont, 1986) as a time period during which the cochleae of young animals are more vulnerable to auditory traumas (Eggermont, 1986; Henley and Rybak, 1995; Henley et al., 1996). However, the mechanisms involved in the ototoxicity-sensitive period are not well understood.

Several hypotheses have been proposed to describe the hypersensitivity of neonates to ototoxic drugs, and caspase-mediated apoptosis is a common theme (Forge and Li, 2000; Matsui et al., 2002). As one of the primary apoptosis executioner molecules (Ashkenazi and Dixit, 1998; Debatin and Krammer, 2004; Jiang and Wang, 2004; Salvesen and Riedl, 2008), caspase-3 has been widely used to assess the apoptosis of hair cells (HCs) in aminoglycoside-induced ototoxicity (Forge, 1985; Nakagawa et al., 1997; Cunningham et al., 2002; Wei et al., 2005; Tabuchi et al., 2007). Thus, caspase inhibition as a method to prevent cochlear HC death might be a useful treatment strategy for aminoglycoside-induced ototoxicity.

Inhibitor of apoptosis protein (IAP) prevents apoptosis by blocking the classic caspase-mediated apoptotic cascade and the JNK pathway. X-linked inhibitor of apoptosis protein (XIAP) is the most potent IAP and is a broad-range suppressor of apoptosis that functions by directly inhibiting caspases (Deveraux and Reed, 1999; Deveraux et al., 1999). XIAP is broadly expressed in all human tissues except peripheral blood leukocytes, and XIAP overexpression increases the survival of many cell types upon exposure to a variety of apoptotic triggers (Emamaullee et al., 2005; Zhu et al., 2007; Hu et al., 2010; Plesner et al., 2010; Wang et al., 2010, 2011; Unsain et al., 2013).

In this study, we first compared neomycin-induced hearing loss and HC loss at different developmental stages in mice. We then measured the expression levels of apoptosis-related genes in response to neomycin administration in mice at different developmental stages. Finally, we used XIAP overexpression mice to investigate the mechanisms through which XIAP and downstream apoptotic factors affect neomycin-induced ototoxicity during the sensitive period.

MATERIALS AND METHODS

MOUSE MODELS AND TREATMENTS

Transgenic mice overexpressing XIAP (Wang et al., 2010, 2011) were kind gifts from Dr. Robert G. Korneluk at the Children's Hospital of Eastern Ontario Research Institute (Ottawa, Ontario, Canada). Experiments were performed in C57BL/6J wild-type (WT) mice and in XIAP overexpression mice (Experimental Animal Center, Shanghai Medical College of Fudan University, China). Postnatal day (P)0 was defined as the day of birth. Mice received a daily subcutaneous injection of neomycin (200 mg/kg) or sterile saline for 7 days. All animal procedures were performed according to protocols approved by the Animal Care and Use Committee of Fudan University and were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used and prevent their suffering.

AUDITORY BRAINSTEM RESPONSE (ABR) TEST

The hearing thresholds of the mice were examined with the ABR test. In this test, changes in the electrical activity of the brain in response to sound were recorded via electrodes that were placed on the scalp of the mice. Animals were anesthetized with ketamine (100 mg/kg) and xylazine (25 mg/kg) and placed on a thermostatic heating pad in a sound-attenuating chamber to maintain their body temperatures at 38°C. Frequency-specific auditory responses were measured using the Tucker-Davis Technology system (TDT System III, Alachua, FL, USA) as previously described (Wang et al., 2010). All ABR tests were performed on mice older than P21.

TISSUE PREPARATION

After sacrificing the mice, the right otic capsule was immediately isolated, rapidly frozen in liquid nitrogen, and stored at −70°C until further processing. To obtain the total RNA and protein extract, 10 cochleae were pooled in ice-cold buffer and processed with the Qiagen AllPrep® DNA/RNA/Protein Mini kit following the manufacturer's instructions. The RNA concentration was measured with a Bio-Rad spectrophotometer. Complementary (c)DNA was synthesized from 1 μg total RNA by reverse transcription using random primers (Promega) and Superscript III reverse transcriptase (Life Technologies, Foster City, CA, USA) following the manufacturer's protocols. Quantitative real-time PCR (qPCR) was performed using SYBR Green PCR Master Mix (Life Technologies) on a Bio-Rad IQ5 Detection System (Bio-Rad, USA). Primer sequences are listed in Table 1. The left temporal bones were collected and stored overnight in 4% paraformaldehyde before decalcification in EDTA [4% in phosphate-buffered saline (PBS), pH = 6.4] for a total of 72 h. The otic capsule was then removed, and the cochlea was carefully isolated from the surrounding bony tissue. The organ of Corti was separated and immediately processed for immunofluorescent staining.

Table 1. PCR primer sequences used in the experiments.
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IMMUNOFLUORESCENCE

After fixation, cochlear samples were blocked with 10% normal donkey serum in 10 mM PBS (pH 7.4) with 0.3% Triton-X100 for 1 h at room temperature (RT) and then incubated with primary antibody overnight at 4°C. The next day the tissues were incubated for 2 h at 4°C with 488- or 594-conjugated donkey secondary antibody (1:500 dilution, Invitrogen) and 4,6-diamidino-2-phenylindole (DAPI, 1:800 dilution, Sigma-Aldrich). Omission of primary antibody served as the negative control. The following primary antibodies were used: anti-myosin VIIA (myo7a) (1:500 dilution, cat. #25-6790 Proteus BioSciences), and anti-cleaved caspase-3 (1:1000 dilution, cat. #9579S, Cell Signaling Technology).

Cochleae were dissected into apical, middle, and basal turns and images were taken using a Leica SP5 confocal fluorescence microscope (Leica, Germany).

CELL COUNTS

For HC quantification in the neomycin-treated samples, we imaged the entire cochlea using a 63× objective and counted the myo7a+ HCs that remained. The same procedure was used to quantify caspase-3+ and caspase-3+/myo7a+ cells. For all experiments, only one cochlea from each mouse was used for immunofluorescence and quantification. Thus, n represents the number of mice examined.

STATISTICAL ANALYSES

Data were expressed as mean ± SD. ABR thresholds were analyzed by a two-way ANOVA followed by a Newman–Keuls post-hoc test. Immunofluorescence analysis was performed with a two-tailed, unpaired Student's t-test when comparing two groups or with a one-way ANOVA followed by a Dunnett's multiple comparisons test when comparing more than two groups. p < 0.05 was considered statistically significant.

RESULTS

NEOMYCIN TREATMENT AT DIFFERENT STAGES INDUCED DIFFERENT LEVELS OF HEARING LOSS

Aminoglycoside-induced cochlear toxicity in neonatal mice is greater than that in adults (Chen and Aberdeen, 1981; Chen and Saunders, 1983). Here we divided the WT mice into four groups for daily subcutaneous injections of neomycin (200 mg/kg) or saline. Group 1 was injected from P1 to P7, Group 2 was injected from P8 to P14, Group 3 was injected from P15 to P21, and Group 4 was injected from P60 to P66. We measured hearing function using pure tone ABR thresholds in the neomycin-treated and control mice 2 weeks after the last injection. At low frequencies, such as 8 kHz and 16 kHz, ABR thresholds were significantly increased in neomycin-treated mice compared to controls for Groups 2 and 3 (p < 0.01 for both frequencies and both groups; n = 6–7). However there was no significant difference between the neomycin-treated mice and controls for Groups 1 and 4 (p = 0.194 and p = 0.056 for 8 and 16 kHz, respectively, in Group 1 and p = 0.218 and p = 0.145, respectively, in Group 4; n = 6–7 mice). At high frequencies, such as 24 and 32 kHz, ABR thresholds were significantly increased in all four groups of neomycin-treated mice compared to controls (p < 0.01, n = 6–7) (Figures 1A1–A4). Among all four groups, the increase in hearing thresholds in the neomycin-treated mice compared to controls was greatest in Group 2. At 8 kHz, the ABR thresholds in Group 2 increased significantly more than any other group (p < 0.01, n = 6–7); at 16 kHz, Groups 2 and 3 increased more than the other two groups (p < 0.01 for both groups, n = 6–7); and at 24 kHz and 32 kHz, Groups 1–3 increased more than Group 4 (p < 0.01, n = 6–7)(Figure 1B).
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FIGURE 1. Hearing loss in neomycin-treated WT mice. (A) ABR measurements of WT mice 2 weeks after the last injection of neomycin or saline (control). Neomycin or saline was injected once daily between P1 and P7 (Group 1) (A1), P8 and P14 (Group 2) (A2), P15 and P21 (Group 3) (A3), or P60 and P66 (Group 4) (A4). (B) ABR threshold shifts of neomycin-treated samples compared to control. **p < 0.01 vs. control, n = 6–7.



NEOMYCIN TREATMENT AT DIFFERENT STAGES INDUCED DIFFERENT LEVELS OF HC LOSS

To further investigate the neomycin-induced ototoxicity in the four groups, HC loss in all three turns of the cochlea was evaluated in 3–5 cochleae from each group. Samples were compared 2 weeks after the last injection of neomycin or saline (Figure 2). We found that the number of remaining HCs in Group 2 was significantly lower in all three turns compared to all other groups (p < 0.01, n = 3–5). In the apical turn, there was no significant difference in the number of remaining HCs among Groups 1, 4, and saline controls (n = 3–5). In the middle and basal turns, the number of remaining HCs in Groups 2 and 3 was significantly lower than Groups 1, 4, and saline controls (p < 0.01 for both groups, n = 3–5). In the basal turn, the number of remaining HCs in Groups 1 and 4 were significantly lower than the saline control group (p < 0.01 for both groups, n = 3–5) (Figure 2B).
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FIGURE 2. HC loss in neomycin-treated WT mice. (A) Representative confocal images of myo7a immunofluorescence in cochlear whole mounts of WT mice treated with neomycin or saline (control) once daily between P1 and P7 (Group 1), P8 and P14 (Group 2), P15 and P21 (Group 3), or P60 and P66 (Group 4) and sacrificed 2 weeks after the last injection of neomycin or saline. (B) Myo7a+ HC quantification in WT mice treated with neomycin or saline (control) and sacrificed 2 weeks after the last injection of neomycin or saline. Scale Bar in A = 10 μm.



These results showed that Groups 2 and 3 had significant HC loss in the apical turn—while the other groups had no significant HC loss—and that Group 2 in particular had significantly more HC loss in the middle and basal turns than all other groups. This also suggests that HC loss in the apical turn of Group 2 was caused by the hypersensitivity to neomycin-induced ototoxicity during the sensitive period.

GENE EXPRESSION LEVELS OF APOPTOSIS FACTORS WERE DIFFERENT WHEN NEOMYCIN TREATMENT OCCURRED AT DIFFERENT AGES

To further understand the mechanism resulting in the sensitive period for neomycin-induced ototoxicity, we investigated the gene expression of apoptosis-related genes by qPCR. In this set of experiments, we divided the WT mice into four groups as above and the mice were injected with neomycin or saline for 7 days and sacrificed 3 days after the last injection. The day of sacrifice was determined by cleaved-caspase-3 expression in the cochlea as shown by the immunofluorescence in Figure S1A. The number of caspase-3+ cells reached its peak at 3 days after the last injection (Figure 4B1). Because the ABR and HC quantification results showed differences between apical and basal turns, we separated the cochlea into two parts, the apical 50% and the basal 50%. We measured the gene expression of the following anti-apoptotic genes: Xiap (X-linked inhibitor of apoptosis), which belongs to a family of apoptotic suppressor proteins, and Xaf1 (XIAP associated factor 1), which binds to and counteracts the inhibitory effect of a member of the IAP (inhibitor of apoptosis) protein family. We also measured the expression levels of the following pro-apoptotic genes: Casp3 and Casp9, which are members of the caspase family and play central roles in the execution-phase of apoptosis; Diablo, which encodes an IAP-binding protein; and Htra2, which encodes a serine protease that induces apoptosis by binding to the apoptosis inhibitory protein XIAP. All of the gene expression data were normalized to the gene expression of P3 cochleae treated with saline. When compared to saline controls, we found that the expression levels of the anti-apoptotic genes Xiap and Xaf1 were significantly increased in neomycin-treated cochleae from Groups 3 and 4 (p < 0.01 for both groups, n = 3) and that the expression levels in the apical 50% of the cochlea were slightly higher than in the basal 50%. There was no significant increase of Xiap or Xaf1 in neomycin-treated cochleae in Groups 1 and 2 compared to their saline controls (Figure 3A), and this indicated that Xiap might protect the cochlea from neomycin-induced ototoxicity. Compared to saline controls, the expression levels of the apoptotic genes Casp3, Casp9, Diablo, and Htra2 were significantly increased in neomycin-treated cochleae in Groups 2 and 3 (p < 0.01 for both groups, n = 3). The expression of Casp3 was also significantly increased in Groups 1 and 4 (p < 0.01 for both groups, n = 3), but the expression levels of the other three apoptotic genes were only slightly increased in Groups 1 and 4. In addition, the expression of apoptotic genes in the apical 50% of the cochlea was slightly lower than the basal 50% (Figure 3B). When compared among the four groups, we found that the expression levels of the anti-apoptotic genes Xiap and Xaf1 increased with age in saline controls. After neomycin exposure, Xiap and Xaf1 expression levels in Groups 1 and 2 were similar to controls. In Group 4, however, the expression levels of Xiap and Xaf1 were significantly higher than all other groups (Figure 3A). Because XIAP has protective effects against apoptosis, one underlying cause of the sensitive period for neomycin-induced ototoxicity might be low XIAP levels. We also found that the expression levels of pro-apoptotic genes Casp3, Casp9, Diablo, and Htra2 were significantly higher in Group 2—in which neomycin was injected during the ototoxicity-sensitive period of P8 to P14—than in all other groups (Figure 3B), and this suggests that apoptotic factors are involved in the sensitive period for neomycin-induced ototoxicity.
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FIGURE 3. Apoptosis-related gene expression in neomycin-treated WT mice. (A,B) mRNA expression of the anti-apoptotic genes Xiap (A1) and Xaf1 (A2) and the pro-apoptotic genes Casp3 (B1), Casp9 (B2), Diablo (B3), and Htra2 (B4) in the apical 50% and basal 50% of the cochleae in WT mice sacrificed 3 days after the last injection of neomycin or saline (control). Neomycin or saline was injected between P1 and P7 (Group 1), P8 and P14 (Group 2), P15 and P21 (Group 3), or P60 and P66 (Group 4). *p < 0.05, **p < 0.01 vs. control, n = 3.



CASPASE-MEDIATED APOPTOSIS WAS INVOLVED IN THE SENSITIVE PERIOD OF NEOMYCIN-INDUCED OTOTOXICITY

To confirm the involvement of caspase-mediated apoptosis in the postnatal sensitive period for neomycin-induced ototoxicity in vivo, we also divided the WT mice into four groups as described above, injected them with neomycin or saline for 7 days, sacrificed the mice at 1, 3, 5, or 7 days after the last injection, and stained the cochleae with cleaved-caspase-3 and myo7a antibodies (Figure S1A). We found that the number of HCs kept decreasing from day 1 to 7 in all neomycin-treated groups. At each time point, there was a significant difference between Group 2 and the three other neomycin-treated groups (p < 0.01, Figure S1). Moreover, the number of caspase-3+ cells was greatest at 3 days following the neomycin injection (Figures 4B1, S1A), and this was the time-point chosen for further analysis. At 3 days after neomycin or saline treatment, no caspase-3+ cells were observed in any of the three turns of the control cochleae treated with saline, and this was consistent with a previous report (Kaiser et al., 2008). Among the four groups with neomycin treatment, Group 2 had significantly more caspase-3+ and caspase-3+/myo7a+ cells in the apical turn of cochlea (17.00 ± 4.58 cells and 7.67 ± 2.10 cells per cochlear apical turn, respectively, p < 0.01, n = 3). The other three groups had very few caspase-3+ cells and almost no caspase-3+/myo7a+ cells in the apical turn (Figures 4A,B2,B3). This result suggested that caspase-mediated apoptosis is involved in the neomycin-induced ototoxicity of the apical turn during the sensitive period. In middle and basal turns, all four groups had significantly more caspase-3+ and caspase-3+/myo7a+ cells than the control groups (p < 0.01, n = 3), but Group 2 had significantly more caspase-3+ cells (31.67 ± 3.51 cells and 18.33 ± 1.38 cells per cochlear middle and basal turn, respectively) compared to Groups 1, 3, and 4 (17.33 ± 5.86 cells and 10.67 ± 0.58 cells, 17.33 ± 3.52 cells and 11.33 ± 2.31 cells, 8.33 ± 1.52 cells and 4.00 ± 2.13 cells per cochlear middle and basal turn per group, respectively, p < 0.01, n = 3) and Group 2 had more caspase-3+/myo7a+ cells (11.67 ± 1.53 cells and 5.67 ± 1.53 cells per cochlear middle and basal turn, respectively) compared to Groups 1, 3, and 4 (3.00 ± 1.12 cells and 1.67 ± 0.58 cells, 2.67 ± 0.58 cells and 2.00 ± 1.21 cells, 2.00 ± 0.67 cells and 1.33 ± 0.58 cells per cochlear middle and basal turns per group, respectively, p < 0.01, n = 3) (Figures 4A,B2,B3). This result suggested that caspase-mediated apoptosis is also involved in the postnatal sensitive period of neomycin-induced ototoxicity in middle and basal turns.
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FIGURE 4. Caspase-3 expression after neomycin treatment. (A) Representative confocal images of all three turns of the cochlea stained with myo7a and cleaved caspase-3 in WT mice sacrificed 3 days after the last injection of neomycin or saline (control). Neomycin or saline was injected between P1 and P7 (Group 1), P8 and P14 (Group 2), P15 and P21 (Group 3), or P60 and P66 (Group 4). (B1) The number of caspase-3+ cells in the whole cochlea of WT mice treated with neomycin or saline (control) between P1 and P7 (Group 1), P8 and P14 (Group 2), P15 and P21 (Group 3), or P60 and P66 (Group 4) and sacrificed 1, 3, 5, or 7 days after neomycin or saline treatment. (B2,B3) The number of caspase-3+ cells (B2) and caspase-3+/myo7a+ cells (B3) in the three cochlear turns of WT mice treated with neomycin or saline (control) between P1 and P7 (Group 1), P8 and P14 (Group 2), P15 and P21 (Group 3), or P60 and P66 (Group 4) and sacrificed 3 days after the last injection of neomycin or saline treatment. **p < 0.01 vs. control and #p < 0.05, ##p < 0.01, vs. Group 2, n = 3. Scale bar in A = 10 μm.



XIAP OVEREXPRESSION ATTENUATED NEOMYCIN-INDUCED HC LOSS IN THE APICAL TURN DURING THE OTOTOXICITY-SENSITIVE PERIOD

To further investigate whether apoptotic factors are involved in the sensitive period to neomycin-induced ototoxicity in the apical turn, we took advantage of genetic methods to inhibit the apoptotic factors in neomycin-treated mice. Here we used transgenic XIAP overexpression mice, in which the coding sequence of XIAP is under the control of a ubiquitin promoter (ubXIAP) (Wang et al., 2010). In this experiment, we injected WT or ubXIAP overexpression mice with neomycin or saline during the ototoxicity-sensitive period (Group 2, P8–P14). ABR thresholds were measured from six mice in each group at P30, and HC loss in all three cochlear turns was evaluated from 4–5 cochleae in each group at P30 (Figure 5A). In the neomycin-treated groups, ABR thresholds were significantly decreased at 8 kHz in the XIAP overexpression mice compared to WT mice (p < 0.01, n = 6). There was a slight decrease at 16 kHz (p < 0.05, n = 6), but no significant difference was detected at 24 and 32 kHz. There was no ABR threshold increase in the XIAP overexpression mice without neomycin injection (Figure 5A2).
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FIGURE 5. Hearing loss and HC loss in neomycin-treated XIAP overexpression mice. (A1) Representative confocal images of myo7a immunofluorescence in cochlear whole mounts of XIAP overexpression and WT mice treated with neomycin or saline (control) between P8 and P14 (Group 2) and sacrificed at P30. ABR measurement (A2) and myo7a+ HC quantification (A3) of P30 XIAP overexpression and WT mice treated with neomycin or saline (control) between P8 and P14. (B1) Representative confocal images of myo7a and cleaved-caspase-3 immunofluorescence in cochlear whole mounts of XIAP overexpression and WT mice treated with neomycin or saline (control) between P8 and P14 (Group 2) and sacrificed at P17. (B2,B3) The quantification of caspase-3+ cells (B2) and caspase-3+/myo7a+ cells (B3) in the three cochlear turns of XIAP overexpression and WT mice treated with neomycin or saline (control) between P8 and P14 (Group 2) and sacrificed at P17. *p < 0.05, **p < 0.01 vs. WT neomycin, n = 3. Scale bar in A = 10 μm.



Moreover, in the neomycin-treated groups, there was almost no HC loss in the apical turn of the cochleae from XIAP overexpression mice, and this demonstrated that XIAP overexpression almost completely prevented the neomycin-induced HC loss in the apical turn during the ototoxicity-sensitive period. HC loss was slightly attenuated in middle and basal turns in XIAP overexpression mice. There was no HC loss in XIAP overexpression mice without neomycin treatment (Figures 5A1,A3).

We further examined the cleaved-caspase-3 expression in neomycin-treated XIAP overexpressing mice. In this experiment, we injected WT or ubXIAP mice with neomycin or saline from P8 to P14, sacrificed the mice at 3 days after the last injection, and stained the cochleae with cleaved-caspase-3 and myo7a antibodies (Figure 5B1). We found that when treated with neomycin, XIAP overexpression mice had only a very small number of caspase-3+ cells and no caspase-3+/myo7a+ HCs in the apical turn. They also had significantly fewer caspase-3+ cells and caspase-3+/myo7a+ HCs in the middle and basal turns compared to the WT mice (Figures 5B2,B3, p < 0.05, n = 3). Together, these results suggest that when neomycin was injected during the ototoxicity-sensitive period, HC loss in the apical turn was primarily caused by the hypersensitivity to neomycin-induced ototoxicity (Figure 2). XIAP overexpression significantly reduced hearing loss and HC loss in the apical turn, but only partially prevented the HC loss in the middle and basal turns (Figure 5). We thus conclude that apoptotic factors are involved in the sensitive period of neomycin-induced ototoxicity in the apical turn of the cochlea.

DISCUSSION

Aminoglycosides are effective against aerobic gram-negative infections and are widely used to treat tuberculosis in people in developing countries and to treat life-threatening bacterial infections in premature infants across the world. All aminoglycosides have the potential for nephrotoxicity, ototoxicity, neuromuscular blockade, allergic reactions, and hematotoxicity, and these adverse effects limit the clinical use of aminoglycoside antibiotics. Aminoglycoside ototoxicity is typically associated with bilateral sensorineural hearing loss and tinnitus (Nadol, 1993), yet there have been only a few in vivo investigations of aminoglycoside ototoxicity in mammalian development.

Previous reports indicated that aminoglycoside-induced cochlear HC loss is more severe in neonatal mice than in adults, and this led to the development of the concept of an ototoxicity-sensitive period (Chen and Aberdeen, 1981; Chen and Saunders, 1983; Eggermont, 1986; Henley and Rybak, 1993, 1995; Henley et al., 1996). However the mechanism underlying this sensitive period has not been elucidated. In our experiments, we injected neomycin during the four different ages of P1–P7, P8–P14, P15–P21, and P60–P66 and found that all groups of C57BL/6J WT mice were sensitive to neomycin-induced hearing loss at high frequencies. However, at low frequencies only the P8–P14 group was sensitive to neomycin-induced hearing loss and only that group had significant HC loss in the apical turn. Taken together, these results suggest that HC loss in the apical turn is primarily caused by hypersensitivity to neomycin-induced ototoxicity during the sensitive period of P8 to P14.

Pharmacokinetics experiments have shown that aminoglycosides have a longer serum half-life and a lower serum clearance rate in neonates than in adults, and this might result in increased risk of permanent ototoxic damage in neonates (Henley and Rybak, 1993; Berard et al., 1994; Scaglione et al., 1995). In addition to metabolic and anatomic factors, animal models of aminoglycoside-induced ototoxicity have also indicated hypersensitivity of neonates to ototoxic drugs compared to adults, but the underlying mechanisms behind this hypersensitivity remain unclear. When aminoglycoside antibiotics are taken up into sensory HCs and transported to endosomes and lysosomes, lysosomal phospholipidosis is followed by lysosomal rupture and this lead to the release of aminoglycosides into the cytoplasm and impairment of mitochondrial respiration (Chen et al., 1996). This in turn can lead to several different biochemical events. (1) Complexes can form with transition metals (iron and copper), and these promote the formation of superoxide radicals such as hydroxyls. These in turn can trigger lipid peroxidation that progressively inhibits metabolic activities (Guo et al., 2001). (2) There is increased calcium influx into cells resulting in calcium overload. (3) Caspase-mediated apoptotic cascades are initiated (Forge, 1985; Li et al., 1995; Nakagawa et al., 1997; Cunningham et al., 2002). (4) JNK-mediated cell apoptosis is initiated (Ylikoski et al., 2002; Sugahara et al., 2006). (5) The permeability of the mitochondria changes, and this leads to the release of apoptosis-inducing factor and endonuclease G, both of which can then move into the nucleus and activate caspase-independent pathways that can lead to apoptosis-like features in cells (Jiang et al., 2006).

In our study, HC damage in the basal turn of the cochlea was much more severe than in the apical turn, and this is correlated with previous reports that outer HCs from the basal turn are more susceptible to damage than outer HCs in the apical turn (Sha et al., 2001; Jensen-Smith et al., 2012). The underlying cause for this phenotype might be the following: (1) the cochlear blood flow moves more quickly in the basal turn and this results in higher concentrations of drugs in the basal turn; (2) the outer HCs of the basal turn are smaller and contain more mitochondria and are thus more susceptible to damage; and (3) the distribution and activity of drug transporters in basal and apical outer HCs is different (Ding and Salvi, 2007).

To investigate the underlying mechanism behind the hypersensitivity to neomycin-induced ototoxicity in the apical turn during the sensitive period, we measured the expression level of apoptosis-related genes when neomycin was injected during different periods. We found that the expression levels of the apoptotic factors Casp3, Casp9, Diablo, and Htra2 were significantly higher when neomycin was injected during the sensitive period compared to other periods, and this suggested that apoptotic factors are involved in the sensitive period for neomycin-induced ototoxicity.

We then investigated the possible molecular biological mechanism leading to the ototoxicity-sensitive period. XIAP has the most potent anti-apoptotic effects. It contains a single C-terminal RING domain and three tandem baculoviral IAP repeat (BIR) domains. BIR1 and BIR2 have been shown to inhibit caspase-3 and caspase-7 activation (Suzuki et al., 2001), and the caspase-9 inhibitory activity of XIAP has been localized to the BIR3-RING domain (Srinivasula et al., 2001; Shiozaki et al., 2003; Zou et al., 2003). It has been well established that overexpression of XIAP can protect against apoptosis. There is also evidence that AAV-mediated delivery of XIAP protects against cisplatin ototoxicity (Cooper et al., 2006). XIAP overexpression has been demonstrated to prevent neuronal death in models of transient cerebral ischemia and Parkinson's disease (Xu et al., 1999; Ishigaki et al., 2002; Crocker et al., 2003; Trapp et al., 2003). The same ubiquitous XIAP overexpression mice used in this study also exhibit later onset of presbycusis and an insensitivity to noise-induced hearing loss (Wang et al., 2010, 2011).

To further investigate the role of XIAP in the sensitive period for neomycin-induced ototoxicity, we injected neomycin into transgenic XIAP overexpression mice during the sensitive period. ABR data showed that XIAP overexpression protected against hearing loss from neomycin-induced ototoxicity at 8 kHz, but the protective effect was not significant at 16, 24, or 32 kHz. When we quantified the number of remaining HCs, we found that XIAP overexpression almost completely protected against HC loss in the apical turn, but this protective effect was not significant in the middle and basal turns. Thus, there might be other non-apoptotic mechanisms involved in HC death in the middle and basal turns as we discussed previously.

All of these results showed that when neomycin was injected during the ototoxicity-sensitive period HC loss in the apical turn was primarily caused by hypersensitivity to neomycin-induced ototoxicity and that XIAP overexpression almost completely prevented this HC loss in the apical turn. We thus conclude that apoptotic factors are involved in the apical turn during the ototoxicity-sensitive period.

In contrast to the protective effect described above, XIAP overexpression failed to protect against hearing loss or against HC loss in middle and basal turns of the cochlea. Our qPCR data showed that Casp3 expression was significantly elevated in the entire cochlea when neomycin was injected during the ototoxicity-sensitive period, but overexpression of XIAP—the most potent caspase inhibitor—was only able to partially prevent HC loss in the middle and basal turns. One possible reason for this limited protection is that neomycin-induced ototoxicity in the middle and basal turns is not mediated by the classical caspase-induced apoptosis pathway or the JNK signaling pathway, but rather by caspase-independent apoptosis pathways (Jiang et al., 2006) or by necrosis due to the chronic nature of drug administration (Wang and Li, 2000). It is also possible that ubiquitous overexpression of human XIAP in transgenic mice might not be sufficient to protect against the neomycin-induced HC loss in the middle and basal turns where neomycin concentrations are higher.

In summary, our results show that XIAP overexpression can successfully prevent neomycin-induced hearing loss and HC loss in the apical turn of the cochlea during the sensitive period. These results also provide in vivo evidence that apoptotic factors are involved in the sensitive period of neomycin-induced ototoxicity. Overexpression of XIAP, therefore, might serve as a novel therapeutic target for reducing aminoglycoside-induced HC damage and hearing loss.
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Figure S1. Caspase-3 expression in WT mice after neomycin treatment. (A) Representative confocal images of myo7a immunofluorescence in cochlear whole mounts of WT mice sacrificed at 1, 3, 5, or 7 days after the last injection of neomycin or saline (control). Neomycin or saline was injected between P1 and P7 (Group 1), P8 and P14 (Group 2), P15 and P21 (Group 3), or P60 and P66 (Group 4). (B) Myo7a+ HC quantification in WT mice treated with neomycin or saline (control) between P1 and P7 (Group 1), P8 and P14 (Group 2), P15 and P21 (Group 3), or P60 and P66 (Group 4) and sacrificed at 1, 3, 5, or 7 days after the last injection of neomycin or saline. **p < 0.01 vs. control and #p < 0.05, ##p < 0.01 vs. Group 2, n = 3. Scale bar in A = 10 μm.
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Sensory hair cells are specialized mechanotransductive receptors required for hearing and vestibular function. Loss of hair cells in humans and other mammals is permanent and causes reduced hearing and balance. In the early 1980’s, it was shown that hair cells continue to be added to the inner ear sensory epithelia in cartilaginous and bony fishes. Soon thereafter, hair cell regeneration was documented in the chick cochlea following acoustic trauma. Since then, research using chick and other avian models has led to great insights into hair cell death and regeneration. However, with the rise of the zebrafish as a model organism for studying disease and developmental processes, there has been an increased interest in studying sensory hair cell death and regeneration in its lateral line and inner ears. Advances derived from studies in zebrafish and other fish species include understanding the effect of ototoxins on hair cells and finding otoprotectants to mitigate ototoxin damage, the role of cellular proliferation vs. direct transdifferentiation during hair cell regeneration, and elucidating cellular pathways involved in the regeneration process. This review will summarize research on hair cell death and regeneration using fish models, indicate the potential strengths and weaknesses of these models, and discuss several emerging areas of future studies.
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Introduction

Hair cells are specialized mechanosensory receptors which convert external vibratory stimuli into neural signals (Hudspeth et al., 2000; Hackney and Furness, 2013). These cells are present in vertebrate auditory and vestibular organs and the lateral line system of aquatic vertebrates (Hudspeth, 1989; Corwin and Warchol, 1991; Nicolson, 2005). Hair cells can be damaged or destroyed by acoustic or chemical exposure, but non-mammalian hair cells, unlike their mammalian counterparts, can regenerate after they are damaged or lost (Corwin and Oberholtzer, 1997; Brignull et al., 2009; Rubel et al., 2013). This regenerative ability has sparked interest in studying hair cell death and restoration in fish in order to find means of promoting sensory hair cell regeneration in humans.

Ototoxic chemicals such as heavy metals, aminoglycoside antibiotics and platinum containing drugs like cisplatin that damage mammalian hair cells also target fish lateral line and inner ear hair cells (Lombarte et al., 1993; Ton and Parng, 2005; Hernández et al., 2006; Olivari et al., 2008; Giari et al., 2012; Uribe et al., 2013a). As in other vertebrates, auditory hair cells in fishes can also be damaged by intense acoustic stimuli (Smith et al., 2006; Schuck and Smith, 2009; Casper et al., 2013). Hair cell loss in fishes causes hearing and vestibular deficits (Corwin and Oberholtzer, 1997; Matsui and Ryals, 2005; Rubel et al., 2013) which can be assessed via behavioral and electrophysiological methods (Smith et al., 2006; Suli et al., 2012; Ladich and Schulz-Mirbach, 2013).

As mammalian and fish hair cells are damaged by similar chemical and acoustic insults, many researchers are interested in studying the mechanisms of hair cell death and otoprotection in fish with the objective of developing therapeutics that may treat or prevent human hair cell loss. A majority of this research has been done in zebrafish (Danio rerio), which has become an important vertebrate model for examining embryogenesis, organ development, disease, and genetic defects (Kimmel, 1989; Driever et al., 1996; Haddon and Lewis, 1996; Zon, 1999) and is also a valuable model in hearing research. For example, the zebrafish mutants mariner and sputnik, which do not respond to vibrational stimuli, have hair cell bundle defects where the stereociliary bundles are detached from the kinocilia and are splayed (Nicolson et al., 1998). Genetic screens using zebrafish inner ear mutants have identified alteration of ear morphology, including expansion of the ear lumen, and aberrant formation and shape of the otolith (Malicki et al., 1996; Schibler and Malicki, 2007). Further, zebrafish mutants can exhibit morphological and functional defects similar to those of mouse mutants (Ernest et al., 2000). Considerable genetic and organ system homology exists between zebrafish and humans (Barbazuk et al., 2000; Goldsmith and Jobin, 2012). Many of the genes expressed in the embryonic zebrafish inner ear during the onset of hair cell differentiation and innervation are also expressed in other vertebrates (Coimbra et al., 2002). These include members of the Notch signaling pathway which regulate sensory cell commitment in mammalian models as well as numerous other orthologs with human genes. Thus, zebrafish models can provide insight into human hearing diseases and their mechanisms and have some advantages over mammalian models (Table 1).

TABLE 1. Comparison of some advantages and disadvantages of zebrafish and rodent models of sensory hair cell death and regeneration.
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Both hair cell damage and regeneration research in fishes have primarily focused on the lateral line because of its accessibility and visibility, which greatly facilitates the study of cellular and molecular mechanisms of development and differentiation (Brignull et al., 2009; Groves, 2010; Esterberg et al., 2013; Lush and Piotrowski, 2014a; Thomas et al., 2015a), although, recent efforts have begun to characterize these processes in the teleost inner ear as well (Schuck and Smith, 2009; Millimaki et al., 2010; Tanimoto et al., 2011). Researchers are also beginning to elucidate the genetic and molecular signaling mechanisms that regulate fish auditory sensory hair cell loss and restoration (Brignull et al., 2009; Ma and Raible, 2009; Schuck et al., 2011; Namdaran et al., 2012). This article reviews the current knowledge regarding hair cell death and regeneration in fishes, the advantages and disadvantages of using fish in these studies, and concludes by suggesting several future avenues for study.

Anatomy and Physiology of Teleost Hair Cells

The Teleost Lateral Line

The fish lateral line contains hair cells in sensory patches known as neuromasts (Figures 1A–D). These patches are arrayed either on the surface (superficial neuromasts) or in a fluid-filled channel with pores connecting to the outside (canal neuromasts) (Coombs et al., 2001; McHenry and van Netten, 2007). Neuromasts ultimately develop 15–20 hair cells surrounded by two accessory cell types, supporting and mantle cells (Villegas et al., 2012). They are classified as being either part of the anterior lateral line (ALL), which are located on the head, or the posterior lateral line (PLL), which are found along the trunk and tail (Ghysen and Dambly-Chaudière, 2004). Lateral line hair cells detect hydrodynamic pressure variations providing crucial sensory information required for fundamental behaviors including rheotaxis, schooling, prey detection, and predator avoidance (Coombs et al., 2001; Liao, 2006; Suli et al., 2012). Neuromast cellular layers and nervous connections are similar to those of the inner ear sensory macula (Nicolson, 2005; Haehnel et al., 2012). However, the ciliary bundles of lateral line hair cells project into a gelatinous compartment, the cupula, where vibrational forces are transduced by the gel’s motion against the ciliary bundles (Nicolson, 2005; McHenry and van Netten, 2007). Morphological observations show that newly differentiating or functionally immature hair cells mainly originate from the edge of the neuromast and migrate toward the center (Williams and Holder, 2000; López-Schier and Hudspeth, 2006; Kindt et al., 2012).


[image: image]

FIGURE 1. Morphology of the lateral line and inner ear systems of zebrafish. (A) Lateral and (B) dorsal views of zebrafish larvae illustrate the distribution of neuromasts along the body. The supraorbital region (blue) includes the preoptic (PO) and supraorbital (SO) neuromasts. The infraorbital region (black) includes the mandibular (M), infraorbital (IO) and opercular (OP) neuromasts. The caudal–cranial region (purple) includes the otic (O), occipital (OC), dorsal (D) and middle (MI) neuromasts. Finally, the posterior (P) neuromasts are located in the trunk region (green). (C) The morphology of an individual neuromast illustrates its major anatomical features. Scale bar, 10 μm. Reproduced with permission from Van Trump and McHenry (2008) (D) False-colored SEM image of a zebrafish neuromast. The cupula has been removed to see the kinocilia (orange) and the stereocilia (blue). Reprinted from cover image of Developmental Cell, Vol. 23, (2), K.S. Kindt, G. Finch, T. Nicolson, Kinocilia mediate mechanosensitivity in developing zebrafish hair cells, 2012, with permission from Elsevier. (E) Morphology of the zebrafish inner ear, showing the relative positions of the sensory maculae (blue) and cristae (red). Scale bar, 500 μm. Adapted with permission from Hammond et al. (2010). (F) Phalloidin- and DAPI-labeled zebrafish saccule, showing locations used for quantifying hair cell bundle densities along the rostral-caudal axis. Scale bar, 100 μm. Reprinted from Hearing Research, Vol. 253, J.B. Schuck, M.E. Smith, Cell proliferation follows acoustically-induced hair cell bundle loss in the zebrafish saccule, 2009, with permission from Elsevier.



Most of what is known about hair cell death, regeneration and ototoxicity in fishes come from studies of zebrafish lateral line neuromasts (Williams and Holder, 2000; Harris et al., 2003; Hernández et al., 2006; López-Schier and Hudspeth, 2006; Ma et al., 2008). While the lateral line system has led to some remarkable discoveries, it has some potential weaknesses. First, the physical arrangement of neuromast hair cells and supporting cells is quite different from the auditory sensory epithelia in vertebrate inner ears. Secondly, most of the zebrafish lateral line studies are done within the first 5 days following fertilization. Thus, it is unclear whether the observed effects are influenced by developmental plasticity or distinct hair cell death and regenerative pathways. For these reasons, researchers are beginning to perform these studies in the inner ear of adult fishes (Smith et al., 2006; Schuck and Smith, 2009; Uribe et al., 2013b).

The Teleost Inner Ear

Unlike mammals, fishes have no external or middle ears. Instead, they possess two inner ears located adjacent to the brain enclosed in a pair of capsules in the cranium. The auditory system of teleost fishes consists of three sensory otolithic end organs, the saccule, lagena and utricle (Bever and Fekete, 2002; Nicolson, 2005; Inoue et al., 2013; Figures 1E,F). These end organ compartments are filled with endolymphatic fluid and are interconnected by vestibular semicircular canals (Nicolson, 2005; Cruz et al., 2009). In many ostariophysan fish, like zebrafish, these fluid-filled compartments are attached at their posterior end to a set of four small bones, the Weberian ossicles, which are interconnected by ligaments, and form a connection to the air-filled swim bladder (Bang et al., 2001). The Weberian ossicles function as an accessory hearing structure to transmit sound vibrations from the swim bladder to the inner ear sensory end organs. Fishes do not have a dedicated auditory organ like the mammalian cochlea, and while the otolithic organs have both vestibular and auditory functions it is generally thought that the utricle is primarily a vestibular organ, the saccule is thought to be primarily responsible for sound detection in most fish species, and the lagena supplements the functions of the saccule with roles in both orientation and hearing (Popper et al., 2003; Kwak et al., 2006; Khorevin, 2008). These pouch-like organs contain an area lined with sensory epithelia, referred to as a macula. The macula consists of a basal lamina which underlies a layer of non-sensory supporting cells with interspersed hair cells (Oesterle and Stone, 2008; Inoue et al., 2013). Neurons extend between the supporting cells forming synaptic connections with hair cells (Szabo et al., 2007; Tanimoto et al., 2009). Ciliary bundles consisting of one kinocilium and multiple stereocilia project from the hair cell body into the lumen where they contact an otolith, a calcium carbonate structure found inside the lumen of each end organ (Bever and Fekete, 2002; Nicolson, 2005; Cruz et al., 2009; Inoue et al., 2013). Stereocilia are connected by elastic tip links and when deflected by the denser otolith, transduce either excitatory or inhibitory stimuli depending upon their directional movement (Nicolson, 2005). Newly formed hair cells may arise throughout the teleost inner ear maculae (Popper and Hoxter, 1990; Lombarte and Popper, 1994; Higgs et al., 2001).

Similarities and Differences Between Teleost and Mammalian Hair Cells

Since fishes are the common ancestor of all tetrapods (Clack, 2012), it is not surprising that teleost and mammalian hair cells share many fundamental features (Coffin et al., 2004). All sensory hair cells are elongate epithelial cells. On their apical surface there is a ciliary bundle composed of multiple actin-rich stereocilia and a single, eccentrically-placed kinocilium (a true cilium with 9 + 2 microtubule pattern; Popper, 1983). The stereocilia are graded in size, with the longest ones lying closest to the kinocilium, and shorter stereocilia positioned in rows in steplike positions away from the kinocilium. Filamentous tip links connect each stereocilia to its nearest neighbor (Pickles et al., 1988). These tip links are composed of two cadherin molecules- protocadherin 15 (PCDH15) and cadherin 23 (CDH23; Siemens et al., 2004; Ahmed et al., 2006), but it is likely that other proteins are also involved. It is hypothesized that the tip links interact with myosin motors that move along actin filaments in the stereocilia (Howard and Hudspeth, 1987; Holt and Corey, 2000; Furness et al., 2010).

Mechanotransduction occurs when hair cell stereociliary bundles are deflected toward the kinocilium, stretching the tip links, opening cation-selective channels, and thus depolarizing the cell, while deflection away from the kinocilium hyperpolarizes the cell (reviewed in Strassmaier and Gillespie, 2002). The precise structure of the mechanotransductive channel is currently not known but may incorporate transmembrane channel-like (TMC) 1 and 2 and TMIE proteins (Pan et al., 2013; Zhao et al., 2014). As this research has only been done using mammalian hair cells, there is no data available on the mechanotransduction channel structures in fishes.

There are obvious morphological differences between the hair cells of the inner ear and lateral line of teleosts and those of the mammalian cochlea. For example, cochlear hair cells are arranged in precise rows while the hair cells of teleost maculae are found as patches of fairly equally-spaced hair cells surrounded by supporting cells, similar to those of the mammalian utricle and saccule (Corwin and Warchol, 1991). Also, while auditory, vestibular, and lateral line teleost hair bundles are generally conical in shape with a kinocilium and many rows of stereocilia, mammalian cochlear hair bundles lose the kinocilium upon maturation and have stereocilia organized in fewer rows (3–4) arranged in a more or less pronounced W-shape (reviewed in Furness and Hackney, 2006).

Another morphological difference between teleost and mammalian hair cells that may represent a structural barrier to hair cell regeneration in mammals is cytoskeletal organization. A comparative study of six vertebrates, including zebrafish and dogfish sharks, showed that mammalian supporting cells have very large circumferential F-actin belts and intercellular junctions that express E-cadherin (Burns et al., 2013). However, supporting cells in zebrafish and adult sharks have thin F-actin belts and zebrafish have little E-cadherin. This suggests that fish supporting cells are able to divide and form new hair cells at least partially due to their unique cytoskeletal and cell adhesion characteristics.

Teleost hair cells exhibit considerable heterogeneity, but there are two basic types: Type I-like and Type II hair cells. Type I-like hair cells are located near the macular striola and have both afferent and efferent innervation (Popper, 2000). They are characterized by large, subnuclear bodies of endoplasmic reticulum, large mitochondria, and smaller synaptic bodies associated with synapses (Chang et al., 1992). Type II hair cells are extrastriolar with mostly afferent innervation. Studies suggest that the lateral line canal neuromasts are probably Type I-like cells and free neuromasts may be Type II hair cells (Song et al., 1995), although these identifications have been questioned (Van Trump et al., 2010; Brown et al., 2011). The mammalian cochlea also has two distinct hair cell types. There are inner hair cells (IHCs), the primary auditory receptors, which send afferent signals to the auditory processing centers of the brain, and outer hair cells (OHCs), which receive efferent signals from the brain and act as a cochlear amplifier which sharpens the frequency tuning curves along the length of the cochlea (Vater et al., 2004). It is thought that IHCs and OHCs are homologous to Type I-like and Type II hair cells, respectively. Mammalian vestibular Type I hair cells are amphora or cylindrically shaped but with a constricted neck and Type II hair cells are cylindrically shaped (Kevetter and Correia, 1996). A large nerve calyx surrounds the mammalian IHC hair cell, while this is usually not found in teleost hair cells (Popper, 2000).

Recently, whole-cell patch clamp analysis of zebrafish hair cells has allowed comparison of the physiological properties between hair cells from different locations (lateral line vs. inner ear) and with mammals (Olt et al., 2014). This study showed that all zebrafish hair cells exhibit a delayed rectifier K+ current, but mature lateral line hair cells located in the center of neuromasts have large A-type K+ currents (IA) while immature hair cells at the neuromast edge expressed a large conductance Ca2 + -activated K+ current (IK, Ca) and a small IA. Further, mature zebrafish hair cells physiologically resembled those of other lower vertebrates, and to some extent, the hair cells from immature mammalian vestibular and auditory systems (Olt et al., 2014). However, it is not certain whether zebrafish hair cell physiology resembles that of clinically relevant mature mammalian hair cells.

Causes and Mechanisms of Hair Cell Damage

Ototoxins

Fish inner ear and lateral line hair cells may be damaged by many of the same ototoxic chemicals that cause impaired auditory and vestibular function in mammals. These substances include heavy metals, platinum-based drugs, aminoglycoside antibiotics and alkaloids (Yan et al., 1991; Lombarte et al., 1993; Song et al., 1995; Harris et al., 2003; Ton and Parng, 2005; Hernández et al., 2006, 2007; Santos et al., 2006; Chiu et al., 2008; Ma et al., 2008; Olivari et al., 2008; Van Trump et al., 2010; Buck et al., 2012). Fish species tested with ototoxins include goldfish (Carassius auratus, Ramcharitar and Brack, 2010), Atlantic cod (Gadus morhua, Faucher et al., 2009), Mexican blind cavefish (Astyanax mexicanus, Van Trump et al., 2010), oscar (Astronotus ocellatus, Lombarte et al., 1993; Song et al., 1995), and zebrafish (Danio rerio, Hernández et al., 2006, 2007; Santos et al., 2006; Olivari et al., 2008; Van Trump et al., 2010; Uribe et al., 2013a). Ototoxic exposure of the lateral line can be accomplished by dissolving chemicals in the growth media of fish larvae (Harris et al., 2003; Ton and Parng, 2005; Hernández et al., 2006, 2007; Santos et al., 2006; Ma et al., 2008; Olivari et al., 2008; Van Trump et al., 2010), while exposure of the inner ear can be done via systemic or inner ear injection (Yan et al., 1991; Lombarte et al., 1993; Faucher et al., 2009; Uribe et al., 2013b). The degree of hair cell damage depends on ototoxin concentration (Yan et al., 1991; Ton and Parng, 2005; Hernández et al., 2006; Olivari et al., 2008) and exposure time (Song et al., 1995).

One heavy metal that is ototoxic to fish hair cells is copper. Treatment with 1 μM copper sulfate for 2 h did not cause morphological damage to larval zebrafish neuromasts, but hair cells were completely damaged at 50 μM (Hernández et al., 2006). Copper can also damage supporting cells. At 10 μM exposure, mantle and interneuromastic cells are moderately damaged, while at 50 μM, mantle, but not interneuromastic cells, are completely destroyed (Hernández et al., 2007). Mammalian studies have shown that copper transporters and pumps are responsible for cisplatin influx, sequestration and efflux (Ding et al., 2011). However, copper sulfate, an inhibitor of the copper transporter, CTR1, which modulates cisplatin influx in rodent models, can cause ototoxicity or otoprotection against cisplatin depending on dosage (More et al., 2010; Ding et al., 2011). In fact, CTR1 mRNA is expressed in zebrafish lateral line hair cells (McDermott et al., 2007), although, the level of CTR1 protein expression and its functionality has not yet been studied in either zebrafish lateral line or inner ear hair cells. Further, mRNA tissue expression of copper transporter genes can vary significantly between mammals, zebrafish and other fish species after copper exposure (Leung et al., 2014). Therefore, mammalian hair cells may respond differently than fish to copper-based compounds.

Zebrafish hair cells can also be damaged by the anticancer platinum-based compound, cisplatin, which is also ototoxic in mammals (Ton and Parng, 2005; Ou et al., 2007; Chiu et al., 2008; Owens et al., 2008; Giari et al., 2012). Transmission and scanning electron microscopy shows that cisplatin damages inner ear more than lateral line hair cells with greater numbers of damaged mitochondria in the inner ear cells than in the lateral line (Giari et al., 2012). The mechanism responsible for increased inner ear sensitivity is not known, although lateral line hair cells require mechanotransduction for cisplatin influx (Thomas et al., 2013). However, rodent studies suggest that cisplatin uptake in mammals may depend upon membranous transporters (Ciarimboli et al., 2010; More et al., 2010; Ding et al., 2011; Ciarimboli, 2012). It is unknown whether cisplatin uptake in zebrafish inner ear hair cells is mechanotransduction or transporter dependent. Cisplatin-mediated hair cell damage may be modulated by other chemicals. For example, ototoxicity increases in zebrafish lateral line hair cells treated with cisplatin when they are also exposed to the pharmaceutical solvent, DMSO, although DMSO treatment alone does not cause hair cell death (Uribe et al., 2013a; Figure 2). Cisplatin and other anti-cancer drugs can produce synergistic ototoxic effects in the zebrafish lateral line (Hirose et al., 2011). Experiments investigating DMSO and synergistic effects have not been performed in zebrafish inner ear hair cells, however, in rats, DMSO can cause hair cell death by activating apoptotic pathways (Qi et al., 2008). Studies in guinea pigs have also found that DMSO has an otoprotective effect which can be enhanced by co-application of a synergistic agent (Momin et al., 2011). These results suggest that platinum-based compounds and synergistic agents may cause different ototoxic effects in mammalian vs. zebrafish hair cell models.
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FIGURE 2. Dose response curves following cisplatin and DMSO treatment. Brn3c-green fluorescent protein (GFP) transgenic zebrafish were exposed to varying doses of cisplatin for 4 h, then fixed and co-labeled with TO-PRO-3 (blue), and the GFP-tagged hair cells (green). Neuromasts were imaged using confocal microscopy. (A,B) Z-stack projections of two neuromasts under different treatment conditions showing the entire neuromast structure. (C,D) Slices from the same neuromasts as in A, B demonstrating the membrane-bound GFP label surrounding the nuclear dye. Neuromasts of untreated controls (A,C) and 1 mM cisplatin-treated fish (B,D). (E) Dose-response curve for the effect of cisplatin on neuromast hair cell number. ***p < 0.001 when individual treatments are compared to untreated controls. (F) Dose-response curve showing the synergistic effects of cisplatin and DMSO on neuromast hair cell number. **p < 0.01 when individual treatments are compared to untreated controls (modified from Uribe et al., 2013a).



Aminoglycoside antibiotics that are ototoxic in mammals can also cause hair cell death in fish (Ton and Parng, 2005; Chiu et al., 2008). For example, gentamicin and neomycin cause ototoxicity in the zebrafish lateral line (Ton and Parng, 2005), and streptomycin damages the superficial and canal neuromasts of goldfish (Higgs and Radford, 2013). Although different levels of gentamicin-induced damage in superficial vs. canal neuromasts have been reported (Song et al., 1995), another study showed that zebrafish superficial and canal neuromasts were damaged to a similar extent when exposed to gentamicin (Van Trump et al., 2010). Therefore, results obtained with aminoglycosides may be species specific and warrant careful consideration regarding choice of a particular fish model. Zebrafish inner ear studies show that gentamicin injection also damages hair cells in the saccular and utricular sensory epithelium and causes auditory functional deficits (Uribe et al., 2013b).

Rodent models of aminoglycoside ototoxicity can present disadvantages. Induction of aminoglycoside-mediated ototoxicity in mice often requires drug treatments that cause significant mortality and complex delivery methods (Murillo-Cuesta et al., 2010). Furthermore, gentamicin studies in guinea pigs demonstrate that this drug is more vestibulotoxic than ototoxic (Zhai et al., 2010). Aminoglycoside studies in mice have also exhibited distributed hair cell damage patterns where outer hair cells are mostly destroyed but many inner hair cells are left intact (Taylor et al., 2008). Thus, the ototoxic effects of aminoglycosides on fish models may be different than that of their mammalian counterparts.

Developmental factors may play a significant and complicating role in zebrafish models of aminoglycoside ototoxicity. For example, in larval lateral line studies, hair cell susceptibility to neomycin increases during later stages of development (Murakami et al., 2003; Santos et al., 2006). Specifically, zebrafish treated four days post-fertilization exhibit little hair cell damage while older fish have many more damaged hair cells. This is generally the opposite of mammalian organisms where greater sensitivity to ototoxins is observed during early developmental stages and greater resistance is found in adult specimens (Henley and Rybak, 1995). Further, maturation-related sensitivity in the zebrafish lateral line has been associated with hair cell type as immature Type I-like hair cells are less susceptible to neomycin but are more strongly affected as they approach maturity (Harris et al., 2003). No studies to date have studied the role of developmental drug sensitivity in fish inner ear hair cells. Therefore, studies of aminoglycosides, and potentially other ototoxic drugs in fish models, should carefully consider how development might affect experimental outcomes.

Transgenic zebrafish expressing fluorescent protein reporters can exhibit impaired hearing. Zebrafish expressing green fluorescent protein (GFP) under the control of the brn3c promoter Tg(Brn3c:GFP) have elevated hearing threshold shifts compared to wild-type controls (Uribe et al., 2013b). This is similar to transgenic mouse models where GFP expression in hair cells is correlated with hearing deficits (Wenzel et al., 2007), while lower levels of GFP in these cells causes no hearing loss (Wang et al., 2013a). It is not certain whether GFP acts as an ototoxin. However, long-term GFP expression in transgenic mice has been linked to aberrant physiology (Huang et al., 2000). Future work will be required to determine whether the expression of fluorescent reporters causes ototoxic effects in zebrafish as well as in mammalian models.

Acoustic Damage

The hair cells of fishes, like mammals, can be damaged by a variety of sound stimuli. For example, 48 h of white noise at 180 dB re: 1 μPa produces hair cell damage in the lagena and saccule of goldfish with saccular damage being particularly localized in the central and caudal regions (Smith et al., 2006). Hair cell loss was also correlated with increased auditory threshold shifts over a range of frequencies (0.2–2 kHz). The goldfish saccule is tonotopically organized, and hair cells in discrete saccular locations are susceptible to stimuli of different frequencies, with low and high frequency sounds damaging hair cells of the caudal and rostral portions of the saccule, respectively (Smith et al., 2011). Similarly, low frequency sound exposure in zebrafish causes distributed hair cell damage in the caudal portion of the saccule (Schuck and Smith, 2009; Sun et al., 2011; Figure 3). Distributed damage patterns in the rostral and caudal portions of the saccule have also been identified in hybrid striped bass (white bass, Morone chrysops × striped bass, Morone saxatilis) and tilapia (Oreochromis mossambicus) exposed to pile driver noise (Casper et al., 2013). Similarly, studies conducted in mammalian models show that acoustic damage is often concentrated in different areas of the cochlea with lower frequencies typically damaging mainly outer hair cells and higher frequencies are required to damage inner hair cells (Stockwell et al., 1969; Lim, 1976; Park et al., 2013). As in fish, the mammalian auditory epithelia is tonotopically organized, although, mammalian organization is much more sophisticated (Mann and Kelley, 2011). However, it is unknown whether fish auditory sensory epithelia undergo tonotopic reorganization in response to acoustic damage, which in mammalian models includes changes in electrophysiological response, e.g., threshold response shifts and altered frequency detection, in different regions of the sensory epithelia (Wang et al., 2013b). In general, the cellular damage exhibited by fish and mammals after acoustic over-stimulation is similar. Immediately after zebrafish are sound exposed, hair cell stereociliary numbers are reduced, there are shorter and thinner ciliary bundles, and epithelial lesions where hair cells have been removed (Schuck and Smith, 2009). In mammalian models, after noise exposure, stereocilia are disarrayed or collapsed, and there is scarring where hair cells were located (Stockwell et al., 1969; Lim, 1976; Wang et al., 2002). Thus, fish and mammalian hair cells may be affected similarly by damaging noise stimuli, but there is still limited data on the effects of acoustic trauma on teleost hair cells.
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FIGURE 3. Effect of acoustic exposure on zebrafish saccular hair cell bundle density. Phalloidin-labeled saccular epithelia of baseline, buffer-injected, and GH-injected zebrafish at post-sound exposure day 2 (psed2). The upper image shows the five locations of hair cell counts along the rostral-caudal axis of the saccule. The enlarged images to the right of the saccules are representative 100X images of saccules at 75% along the rostral-caudal axis. Scale bar, 100 μm, D = dorsal, R = rostral, * = presumed newly formed hair cell bundles, ˆ= scar formation characteristic of hair cell loss (modified from Sun et al., 2011).



Hair Cell Damage Mechanisms

Researchers have begun to characterize the mechanisms involved in fish hair cell death and how they relate to mammalian models. The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay shows that noise exposure and ototoxins modulate apoptosis in zebrafish lateral line and inner ear hair cells (Sun et al., 2011; Chang et al., 2013; Hong et al., 2013; Song et al., 2013; Uribe et al., 2013b). Various indicators of apoptosis, e.g., nuclear condensation and fragmentation, can appear rapidly (30 min) in larval zebrafish neuromasts after cisplatin treatment (Ou et al., 2007). These results are consistent with noise-induced damage and ototoxicity studies conducted using TUNEL in mammalian organisms (Ahn et al., 2005; Chung et al., 2007; Taylor et al., 2008; Fu et al., 2012).

Non-apoptotic mechanisms can also be activated during fish hair cell death. For example, administration of low concentrations of copper causes apoptosis in zebrafish lateral line hair cells but higher concentrations modulate both apoptotic and necrotic mechanisms (Olivari et al., 2008). Non-apoptotic pathways are also activated in mammalian hair cell death. Mice exposed to the aminoglycoside, kanamycin, undergo hair cell death without activation of markers integral to the apoptotic pathway (Jiang et al., 2006). Further, hair cell death in noise-exposed mice can be due to activation of both apoptotic and necrotic pathways (Zheng et al., 2014).

Different pathways in fish hair cells may be targeted by specific ototoxins. Mutational studies show that multiple genes modulate aminoglycoside susceptibility in the larval zebrafish lateral line (Owens et al., 2008). It is likely that these genes function in different pathways, because they provide differential resistance to neomycin. Also, in zebrafish larvae, neomycin and gentamicin ototoxicity follows different time courses suggesting that different cell death mechanisms are targeted (Owens et al., 2009). Screens in larval zebrafish using signal transduction inhibitors targeting the molecules, Bax, Bcl2 and p53, suggest that specific pathways are associated with different otoprotective effects against various aminoglycosides and cisplatin (Coffin et al., 2013a). Studies conducted in mouse models also suggest that different ototoxins can signal through different hair cell death pathways (Jiang et al., 2006; Zheng et al., 2014). However, no studies have yet compared whether specific ototoxic drugs modulate the same apoptotic or necrotic pathways in zebrafish or mammalian models. Recent studies suggest that zebrafish auditory cell apoptosis and necrosis may signal through markers found in rodent models, e.g., Bax, Bcl2, p38, p53 and cytochrome c (Coffin et al., 2013a,b; Shin et al., 2014).

The role of mechanotransducive mechanisms in hair cell death is a potential point of divergence between fish and mammals. A study in the zebrafish lateral line shows that mechanotransduction is required to modulate the ototoxic effects of cisplatin (Thomas et al., 2013). The alkaloid, quinine, an ototoxic mechanotransduction blocker in mammals (Alharazneh et al., 2011), reduces mechanotransduction in the zebrafish lateral line and prevented cisplatin uptake (Thomas et al., 2013). However, work conducted with rodent models indicates that cisplatin uptake in mammals depends upon a variety of membranous transporters, e.g., CTR1, and, therefore, may not require mechanotransduction (Ciarimboli et al., 2010; More et al., 2010; Ding et al., 2011; Ciarimboli, 2012). These findings suggest that cisplatin influx in fish proceeds through a different mechanism than in mammals. An additional complicating factor is that hair cell development may intersect with mechanotransduction-modulated ototoxicity and affect the susceptibility of zebrafish to aminoglycosides. As zebrafish hair cells age they become more susceptible to neomycin, and age-related effects are not dependent upon the onset of functional mechanotransduction (Santos et al., 2006). Much additional work is needed before conclusions can be drawn as to whether zebrafish hair cell death mechanisms are largely equivalent to their mammalian counterparts and if the same pathways are involved in the response to specific ototoxins.

Hair Cell Regeneration

Cellular Differentiation and Proliferation

Hair cells can regenerate after damage through transdifferentiation or proliferation of supporting cells (Corwin and Oberholtzer, 1997; Warchol, 2010; Burns and Corwin, 2013; Rubel et al., 2013). Studies conducted using tritium and bromodeoxyuridine (BrdU) labeling show that hair cells in the teleost lateral line and inner ear can undergo continuous proliferation (Jørgensen, 1991; Lanford et al., 1996; Sun et al., 2011). Following acoustic trauma, fish can regenerate hair cells to control levels within one to two weeks, and functional recovery of hearing results (Smith et al., 2006; Faucher et al., 2009). However, regeneration may not proceed, at least in the lateral line, if a certain level of damage is reached. The regenerative potential of neuromasts can be dose-dependent and as damage increases, other cell types from which new hair cells are derived may be permanently destroyed (Hernández et al., 2006).

Several studies have shown that hair cells can regenerate from mitotic and proliferating supporting cells. In the oscar and goldfish inner ear saccule, supporting cells can enter mitotic S-phase and become hair cell precursors (Presson et al., 1995, 1996). In the zebrafish lateral line, hair cells normally undergo programmed cell death during development but are restored from mantle supporting cells at the periphery of the neuromast after S-phase has occurred (Williams and Holder, 2000; Harris et al., 2003). Proliferating supporting cells may either stay in the periphery or migrate inwards and their numbers increase after drug-induced hair cell death. Another zebrafish lateral line study found that most new hair cells are from proliferating supporting cells and that there are two sets of these cells within neuromasts (Ma et al., 2008). One group functions as the progenitors of hair cells and is centrally located. The other is peripheral and of uncertain function. This suggests that there may be functional specializations among neuromast supporting cell populations. These findings are similar to those of transgenic neonatal mouse models where new hairs cells can also proliferate from supporting cells (Shi et al., 2013). In contrast, hair cell regeneration does not occur in adult guinea pigs following damage to both hair and supporting cells suggesting that supporting cells are critical for regeneration (Izumikawa et al., 2008).

Fish hair cells can also regenerate from transdifferentiation of supporting cells. Inflicting high levels of damage to neuromasts causes replacement of hair cells from dividing surrounding supporting cells (Hernández et al., 2007). However, lower levels of damage can cause non-dividing precursor cells to differentiate into hair cells. In developing zebrafish embryos, laser-ablated inner ear hair cells were replaced by supporting cells that underwent transdifferentiation into new hair cells without mitotic proliferation (Millimaki et al., 2010). Transdifferentiation of supporting cells has also been observed in genetically-manipulated mammalian models (Izumikawa et al., 2005).

One potential complication involved in studying cellular differentiation and proliferation in zebrafish is that their lateral line and inner ear hair cells are continually replaced during life (Popper and Hoxter, 1984; Lombarte and Popper, 1994; Higgs et al., 2001, 2003). This could make it difficult to discriminate hair cell regeneration stemming from transdifferentiation as opposed to supporting cell division. However, the application of new technologies, such as laser-scanning confocal microscopy coupled with selective plane illumination microscopy, could facilitate study of these processes by allowing continuous videomicroscopy of different cell types labeled with unique fluorescent markers (Pinto-Teixeira et al., 2013). Thus, this technique could allow investigators to determine which cell types are involved in regeneration and whether new hair cells are produced by transdifferentiation or supporting cell division.

Hair cells in the fish inner ear may exhibit differential spatial patterns of regeneration. In noise-exposed goldfish, hair cell bundle density recovered in the central but not in the caudal portion of the saccule during the study time interval (Smith et al., 2006). After acoustic exposure, hair cells largely regenerated in the caudal region of the saccule, where higher hair cell loss and subsequent mitotic activity was greater than that found in the rostral region (Schuck and Smith, 2009; Figure 4). This was a result of the low frequency sound stimuli used and the tonotopic organization of the teleost saccule (Smith et al., 2011).


[image: image]

FIGURE 4. Proliferation follows acoustic trauma to the zebrafish inner ear. (A) BrdU-labeled proliferating cells in a control zebrafish saccule and in saccules dissected for 2 and 10 days post-noise exposure. C = caudal, R = rostral; scale bar = 100 μm. (B) Mean (±SE) BrdU-labeled zebrafish saccular cells as a function of time following sound exposure (*p < 0.001; n = 6). Adapted from Hearing Research, Vol. 253, J.B. Schuck, M.E. Smith, Cell proliferation follows acoustically-induced hair cell bundle loss in the zebrafish saccule, 2009, with permission from Elsevier.



Regenerative Mechanisms

The ability of fish hair cells to regenerate has provoked great interest in identifying the genes and molecular mechanisms that control their differentiation and proliferation. Recent studies have used microarrays and next generation sequencing to identify genes that are activated after hair cell destruction. A microarray performed on zebrafish exposed to noise showed that many gene transcripts were either up- or down-regulated in the inner ear (Schuck et al., 2011; Figure 5). Growth hormone is particularly upregulated while myosin light chain, myosin heavy chain, and major histocompatibility complex I genes were significantly down-regulated. A subsequent study demonstrated that growth hormone can promote regeneration of acoustically- damaged inner ear hair cells in the saccule, utricle and lagena (Sun et al., 2011). Studies in mammalian models suggest that hormones and growth factors can modulate hair cell regeneration. For example, transforming growth factor α and insulin supplemented with epidermal growth factor induced cellular regeneration in mouse vestibular sensory epithelia (Yamashita and Oesterle, 1995). Although, the action of some growth factors, e.g., insulin-like growth factor-1, in mammals may be confined to protective and not regenerative effects (Yamamoto et al., 2014).
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FIGURE 5. Growth hormone-related gene expression. Canonical pathway analysis showing known growth-hormone related pathways. Red colored genes are up-regulated and gray-colored genes are down-regulated 2 days following acoustical trauma. Numbers below genes represent fold changes and P-values (Modified from Schuck et al., 2011).



Digital gene expression, a form of next generation sequencing, has also been used to identify genes that modulate hair cell regeneration in adult and larval zebrafish (Liang et al., 2012). This showed that the stat3/socs3 pathway can modulate hair cell production in the lateral line during development and the adult inner ear during hair cell regeneration, and its expression and activity is associated with supporting cells, differentiating hair cells, and cell division. In mouse models, upstream effectors of Stat3 may be involved in hair cell survival (Hertzano et al., 2004), but no role for Stat3 in hair cell regeneration has yet been reported in mammals.

While microarrays and digital gene expression studies typically use tissue preparations, gene expression can also be studied by collecting samples from individual progenitor cells. For example, lateral line mantle cells can be fluorescently-labeled, isolated by flow cytometry and then subjected to whole-transcriptome microarray analysis (Steiner et al., 2014). This approach revealed that after hair cell ablation, transcripts coding for transmembrane receptors and cell-adhesion molecules increased. Some of these transcripts were confined to particular mantle cell subsets in specific neuromast regions. Further, transcriptional levels followed a temporal course with maximal changes occurring within 3–5 h following ablation. Using this methodology, it may possible to further elaborate the mechanistic differences between mammalian and non-mammalian hair cell progenitors.

Chemical screens have also been used to identify compounds that enhance or inhibit hair cell regeneration in the zebrafish lateral line. For example, a chemical screen has been used to identify synthetic glucocorticoid enhancers that promote hair cell regeneration by increasing mitotic activity (Namdaran et al., 2012). This study also identified inhibitors that either reduced hair cell regeneration or prevented supporting cell proliferation, and some of these drugs targeted cell division mechanisms.

Zebrafish studies show that Wnt signaling is involved in hair cell regeneration. In neuromasts, inhibition of Wnt/β-catenin signaling reduces proliferation and hair cell differentiation while activation of Wnt increases hair cell numbers and promotes supporting cells to reenter the cell cycle and proliferate (Head et al., 2013; Jacques et al., 2013). Further, Wnt/β-catenin activation causes increased hair cell regeneration (Jacques et al., 2013). Neuromast size is also regulated by a negative feedback loop that incorporates Wnt signaling activity (Wada et al., 2013). This promotes surrounding cells to proliferate and is inhibited by Dkk activity from differentiated sensory cells. An analysis of RNA transcripts expressed in the zebrafish lateral line following neomycin-induced damage showed that Wnt/β-catenin signaling is down-regulated during earlier time points but becomes up-regulated later (Jiang et al., 2014). This suggests that Wnt is necessary for hair cell proliferation but not immediately after hair cell damage.

Studies of Wnt signaling in zebrafish indicate that the transcription factor Sox2 is involved in hair cell proliferation and transdifferentiation. In one study, new hair cells were derived from proliferating Sox2-positive cells in the prosensory domain (Jacques et al., 2013), and Sox2 is highly expressed in most proliferating neuromast progenitor cells (Hernández et al., 2007). Sox2 is also required for transdifferentiation of supporting cells (Millimaki et al., 2010). Another important regulator of Wnt/β-catenin signaling is ErbB/Neuregulin, which can act upstream to regulate the proliferation of zebrafish lateral line interneuromast cells and the development of intercalary neuromasts (Lush and Piotrowski, 2014b). ErbB signaling is required for the migration of Schwann cells and in the absence of ErbB signaling or Schwann cells, Wnt/β-catenin and Fgf (fibroblast growth factor) signaling is increased. Further, Wnt/β-catenin signaling is required for interneuromast proliferation, while protoneuromast formation and cellular differentiation requires Fgf signaling (Lush and Piotrowski, 2014b). When ErbB/Neuregulin signaling is reduced, Notch signaling is induced many hours after activation of Wnt/β-catenin but before Fgf signaling begins.

The Notch signaling pathway is also a key modulator of hair cell regeneration in the zebrafish lateral line. When supporting cell proliferation and formation of hair cell progenitors is maximal, transcript levels of the Notch pathway components, notch3, deltaA, and atoh1a, increase (Ma et al., 2008). However, inhibiting Notch signaling can also cause hair cell regeneration (Moon et al., 2011). These studies suggest that the Notch pathway modulates regeneration as part of a complex interplay of signaling elements. In the zebrafish mind bomb mutant, Delta-Notch signaling was responsible for controlling supporting cell differentiation into inner ear hair cells (Haddon et al., 1998). A time course analysis of lateral line hair cell regeneration in zebrafish found that Notch signaling is inhibited immediately following hair cell damage (Jiang et al., 2014). The Notch target genes, her4.1, notch3, and sox2, were down-regulated at 1 h, but were up-regulated between 3 and 5 h after damage. Atoh1a, a Notch target gene, was up-regulated at 1 h and deltaD, a target of Atoh1a, was up-regulated between 3 and 5 h following damage. The inhibition of Notch, and the up-regulation of atoh1a and deltaD, suggests that during hair cell regeneration, Notch inhibition needs to be relieved so that supporting cells can leave a quiescent state and begin proliferation. Constitutively expressing Notch can prevent hair cell proliferation from supporting cell progenitors, while eliminating Notch activity produces increased numbers of hair cell progenitors and ectopic hair cells (Wibowo et al., 2011). Further, Notch3 activity prevents supporting cells from becoming hair cell progenitors outside of the polar compartments where hair cells regenerate and establish directional symmetry. Thus, when Notch activity is low and Atoh1a expression is higher within the polar compartment, hair cell progenitor division and immature hair cell formation increases.

Differentiation of hair cell progenitors requires expression of the transcription factor, Atoh1 (Ma and Raible, 2009; Groves et al., 2013). Gain and loss-of-function techniques have been used to characterize the role of Atoh1 in hair cell regeneration. Knockdown of Atoh1a reduced hair cell formation in the zebrafish inner ear, while rescuing expression restored hair cells (Millimaki et al., 2007). However, excess Atoh1a expression did not produce ectopic or excess hair cells, as found in rodent models (Zheng and Gao, 2000). Interestingly, adjacent to the lateral line, excess Atoh1a increased ectopic hair cell placement (Millimaki et al., 2007). These results suggest that Atoh1 signaling may modulate inner ear and lateral line hair cell regeneration differently and may promote different effects in zebrafish and mammalian models. Knockdown of Atoh1 can also reduce zebrafish neuromast development; whereas, rescue or over-expression induces the activity of NeuroD, which is required for hair cell differentiation (Sarrazin et al., 2006). However, mantle and interneuromastic cells are not affected by reduction of Atoh1 protein. Activating Atoh1a signaling in the zebrafish inner ear at different time intervals can cause hair cell formation in distinct spatial regions (Sweet et al., 2011). For example, activation at 18 h post fertilization (hpf) causes formation of ectopic hair cells in the region normally occupied by the utricular and saccular maculae. At 36 hpf, activation caused two discrete and enlarged maculae to appear with an intervening region devoid of hair cells, while at 48 hpf, few hair cells develop and no ectopic cells were observed. Although increasing Atoh1 expression in mammalian models can cause hair cell regeneration, these cells typically exhibit aberrant placement and morphology (Sweet et al., 2011). Thus, future research is required to determine whether results obtained with zebrafish models can be applied to mammalian organisms.

Atoh1a can also regulate hair cell regeneration by modulating ion transport (Go et al., 2010). Specifically, knockdown and inhibition of the plasma membrane calcium transporter ATPase, Atp2b1a (Pmca1), which is controlled by Atoh1a, can affect hair cell regeneration. Knockdown of Atp2b1a blocks calcium export and increases hair cell progenitors. Thus, Atp2b1a might, under control of Atoh1a, affect progenitor cell proliferation and hair cell differentiation via a calcium signaling mechanism. Another ATPase gene, atp1b2b, which regulates Na+/K+ transport, can affect hair cell regeneration (Wang et al., 2008). Knockdown of Eya4, a transcriptional co-activator of Atp1b2b, decreased the number of hair cells in the zebrafish inner ear compartment and lateral line during development. Atp1b2b has a similar spatial and temporal expression as Eya4 and is reduced during Eya4 knockdown. Specific knockdown of Atp1b2b also reduced hair cell numbers in the inner ear compartment and lateral line while over-expression restored the normal phenotype, suggesting that Eya4 may regulate hair cell regeneration by modulating the Na+/K+-ATPase transporter.

As in zebrafish, Wnt, Notch and related signaling is involved in mammalian hair cell proliferation and transdifferentiation during development. For example, inhibition of Notch signaling causes proliferation of supporting cells in mouse cochlea by acting through the Wnt signaling pathway, however, transdifferentiation was Wnt-independent (Li et al., 2015). In the mouse utricle, inhibition of Notch signaling caused transdifferentiation of supporting cells with little mitotic proliferation (Lin et al., 2011). Transdifferentiation of supporting cells is also promoted by over-expressing Atoh1 in the guinea pig inner ear (Izumikawa et al., 2005). Over-expression in supporting cells of the downstream Wnt signaling molecule, β-catenin, caused proliferation in some cells and reduced expression of p27, a cell cycle inhibitor (Shi et al., 2013). Similarly, reducing p27 expression in mouse cochlea causes proliferation of hair and supporting cells (Chen and Segil, 1999; Ono et al., 2009). Interestingly, functional assays show no differences in hearing ability between wild type and p27 mutant animals (Walters et al., 2014). In the zebrafish lateral line, when histone deacetylases are inhibited, the numbers of hair and supporting cells decrease, neuromast cellular proliferation is reduced, and p27 mRNA levels increase (He et al., 2013). These studies suggest that p27 may regulate cellular proliferation in both zebrafish and mammalian models.

Caspase signaling may also play a role in hair cell regeneration. For example, caspase inhibition reduced hair cell death and supporting cell proliferation in zebrafish peripheral neuromasts (Williams and Holder, 2000). This suggests that caspases could be an integral part of a feedback mechanism that controls supporting cell division and entry into mitosis in response to hair cell death. Caspase activity in zebrafish may function similarly to mammalian models where caspases can modulate apoptosis (Zheng et al., 2014). However, hair cells could be continually renewed from supporting cells in the absence of cell death signaling. A study of hair cell regeneration in the oscar saccule and chicken utricle suggests that supporting cells may not require a cell death signal in the oscar in order to proliferate (Wilkins et al., 1999). In an avian study, caspase inhibition caused reduction of hair cell death and supporting cell proliferation (Matsui et al., 2002) similar to findings in the zebrafish lateral line (Williams and Holder, 2000). Teleosts could have a population of supporting cells that undergo continual renewal without a cell death signal requirement or require such a signal for some or all supporting cells. Alternatively, new hair cells might trigger the death of older cells. Further, as the oscar saccule continues to enlarge during adult life, developmental mechanisms may also be implicated in hair cell regeneration (Wilkins et al., 1999). Future research is needed to characterize the roles played by developmental and intracellular cell death signaling mechanisms in teleosts and their effects on hair cell regeneration.

Other mechanisms have been identified that can modulate teleost hair cell regeneration. The phoenix gene (pho), which is strongly expressed in supporting cells, affects zebrafish hair cell proliferation and regeneration (Behra et al., 2009). Pho mutants exhibit normal neuromast and hair cell development. However, when progenitor cells are destroyed in the mutants, supporting cell proliferation and hair cell regeneration is greatly reduced. This suggests that Pho may regulate entry into mitosis. Another mechanism involves histone methylation by lysine specific demethylase 1 (LSD1), which can regulate hair and supporting cell proliferation during development (He et al., 2013). Inhibition of LSD1 reduces the number of hair and supporting cells and suppressed neuromast cellular proliferation. Increased inhibition caused apoptosis within neuromasts. While investigating the origin of new hair cells in the zebrafish lateral line, Lin et al. (2013), found that Rb (retinoblastoma protein) and Raf-1 kinase were involved in asymmetric cell division in neuromasts. Blocking the interaction between Rb and Raf-1, and Rb phosphorylation, prevented hair cell regeneration from supporting cells. In a rat model, inhibition of phosphorylated Rb promoted proliferation of supporting cells which transdifferentiated into hair cells by activating the sonic hedgehog pathway (Lu et al., 2013).

While most of the research on hair cell regeneration has focused on protein expression at the gene level, microRNAs (miRNAs), which are small, non-coding RNAs that regulate gene expression by translation repression or mRNA destabilization (Friedman et al., 2009), have been shown to play an important role in hair cell development. For example, miRNAs can regulate hair cell proliferation in embryonic zebrafish inner ears (Wienholds et al., 2005; Li et al., 2010). Knockdown of miR-96, -182 and -183 causes a reduction in the numbers of inner ear hair cells. Conversely, over-expressing miR-96 and -182 promotes hair cell production. These miRNAs are also expressed in the mouse inner ear (Weston et al., 2006), and they have been shown to have roles in inner ear development (Sacheli et al., 2009; Soukup, 2009). Further, miR-96 can regulate differentiation of cochlear hair cells (Kuhn et al., 2011). A more in depth review of miRNAs regulated in vertebrate hair cells is provided elsewhere (Smith and Rajadinakaran, 2013).

Future Directions

Otoprotectants

One strategy for preventing damage to hair cells is to administer otoprotective drugs that counteract cellular injury from otherwise beneficial drugs (Coffin et al., 2010; Ou et al., 2010; Esterberg et al., 2013). Otoprotectants mainly work by interfering with antibiotic uptake (Hailey et al., 2012; Ou et al., 2012) or inhibiting generation of reactive oxygen species (Le Prell et al., 2007; Wu et al., 2014). The antioxidant epicatechin protects both mammalian and zebrafish hair cells against cisplatin damage and decreases reactive oxygen species generation (Kim et al., 2008). Similarly, Shin et al. (2013), demonstrated that the drug 3-amino-3-(4-fluoro-phenyl)-1H-quinoline-2, 4-dione (KR-22332) provided otoprotective benefits against cisplatin damage in zebrafish and a rat model. The utility of the zebrafish model for discovering potentially otoprotective drugs is well documented. Owens et al. (2008), investigated a library of 10,960 compounds for otoprotective effects in zebrafish larvae and found that two benzothiophene carboximides, PROTO-1 and PROTO-2, acted as otoprotectants. A recent screen in the zebrafish lateral line of 10,000 small molecule inhibitors of cisplatin-mediated hair cell death showed that two compounds, cisplatin hair cell protectant 1 and 2 (CHCP1 and 2), may respectively reduce uptake of a cisplatin analog and affect an intracellular mechanism (Thomas et al., 2015b). Quinoline drugs protective against neomycin and gentamicin mediated damage have also been identified (Ou et al., 2012). Vlasits et al. (2012), discovered 10 compounds that prevent several aminoglycosides and cisplatin from damaging hair cells in the larval zebrafish lateral line. Evidently, fish models could provide a very productive framework in the future for screening drug molecules that could offer protection against ototoxic damage, but these drugs still need to be tested in mammalian models.

Cell Cycle Mechanisms

Studies in zebrafish and mouse models demonstrate that they share key components of several hair cell proliferation pathways, e.g., Wnt, Notch and Rb (Hernández et al., 2007; Liu and Zuo, 2008; Ma et al., 2008; Moon et al., 2011; Head et al., 2013; Jacques et al., 2013; Lin et al., 2013; Mizutari et al., 2013; Wada et al., 2013). Despite this fact, hair cell proliferation does not normally occur in mammals after cells become post-mitotic (Burns and Corwin, 2013). One potential nexus for this divergent cellular behavior could involve regulation of the cell cycle (Liu and Zuo, 2008). Mammalian studies have identified a number of molecules that regulate hair cell entry into mitosis. One of these, the cell cycle inhibitor p27kip, can modulate mammalian hair cell regeneration (Chen and Segil, 1999; Löwenheim et al., 1999; Kanzaki et al., 2006; Ono et al., 2009; Oesterle et al., 2011; Liu et al., 2012; Walters et al., 2014). However, to this date, there is little information available on how cell cycle regulatory mechanisms function in fish hair cell regeneration or what environmental cues modulate them. Studies on this topic, and related signal transduction pathways, would be beneficial not only for our understanding of hair cell regenerative phenomena in fish, but could also have translational applications towards human health.

Reinnervation

Reinnervation, the reestablishing of functional nervous system connections with target cells, is a necessary concomitant of hair cell regeneration. If neurons are unable to establish appropriate communication with new hair cells, then auditory and vestibular signaling to the brain will not occur. The neuromasts and associated neurons of the embryonic zebrafish lateral line can be stained facilitating the study of neural innervation of the neuromasts using mutant models (Raible and Kruse, 2000). Hair cell polarity in the zebrafish lateral line is important for establishing an appropriate sense of equilibrium (López-Schier et al., 2004). Mutant fish lacking a planar-polarity protein (Vangl2) have improperly oriented hair cells (López-Schier and Hudspeth, 2006). Nagiel et al. (2008), and Faucherre et al. (2009), have shown that PLL afferent neurons establish synaptic connections with regenerated hair cells with a particular orientation suggesting that they target a polarity guidance cue. Zebrafish unable to transduce mechanical stimuli have afferent neurons that exhibit increased arborization, less stability and more pathfinding errors (Faucherre et al., 2010). Intact lateral line hair cells are not required for neuronal regeneration, but in their absence deviation in pathfinding occurs (Villegas et al., 2012). Also, the synaptic ribbon protein, Ribeye, is required for synaptogenesis and afferent innervation in zebrafish (Sheets et al., 2011). Mo and Nicolson (2011), have investigated the role of N-ethylmaleimide-sensitive factor (Nsf) protein in hair cell synapse maintenance. Afferent neurons retract when Nsf decreases. Reduction of Nsf also caused brain-derived neurotrophic factor, BDNF, to accumulate suggesting that Nsf is required for BDNF release. Injection of BDNF only partially restores afferent synapses indicating that other signaling molecules may be involved in promoting hair cell synaptogenesis. Studies performed in mammalian models show that various stem cell populations can develop the features of spiral ganglion neurons and that their transplantation into the inner ear can restore some auditory function (Diensthuber et al., 2014; Géléoc and Holt, 2014). Another study transplanted spiral ganglion neurons into mice where these neurons had been destroyed and found that the replaced neurons reinnervated and formed new synaptic connections with hair cells (Martinez-Monedero et al., 2006). Additional studies in zebrafish will be needed to elucidate the mechanisms that modulate neuronal reinnervation with hair cells and their relatedness to mammalian organisms.

Conclusion

Much has been learned in the last decade about hair cell death and regeneration in teleost fishes. Advances derived from studies in zebrafish and other fish species include understanding how ototoxins affect hair cells and discovering new otoprotectants that mitigate ototoxin damage, the role played by cellular proliferation and transdifferentiation during hair cell regeneration, and characterization of the cellular pathways involved in regeneration. Although the zebrafish model has the advantage of higher throughput and easier access to sensory hair cells than mammalian models, because of the different cellular and molecular characteristics of teleost and mammalian auditory cells, data obtained in zebrafish models may not apply to mammalian models. Thus, additional comparative studies involving zebrafish and mammal-based models will be needed to determine whether results obtained in teleosts can be translated into therapeutics to prevent or treat human hearing loss.
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The majority of hearing loss and balance disorders are caused by the permanent loss of mechanosensory hair cells of the inner ear. Identification of genes and compounds that modulate susceptibility to hair cell death is frequently confounded by the difficulties of assaying for such complex phenomena in mammalian models. The zebrafish has emerged as a powerful animal model for genetic and chemical screening in many contexts. Several characteristics of the zebrafish, such as its small size and external location of mechanosensory hair cells within the lateral line sensory organ, uniquely position it as an ideal model organism for the study of hair cell toxicity. We have used this model to screen for genes and compounds that affect hair cell survival during ototoxin exposure and have identified agents that would not be expected to play a role in this process based on a priori knowledge of their function. The identification of such agents yields better understanding of hair cell death and holds promise to stem hearing loss and balance disorders in the human population.
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INTRODUCTION

Hair cell death is a leading cause of hearing and balance disorders in the human population. Hair cells are sensitive to multiple insults, including aging, noise and certain therapeutic drugs (Cheng et al., 2005; Konings et al., 2009; Schacht et al., 2012; Yamasoba et al., 2013). Two major classes of drugs that cause hair cell death resulting in hearing and/or vestibular deficits are aminoglycoside antibiotics (AGs) and platinum-based chemotherapeutics. There is a large degree of variability in the effects of exposure on ototoxicity. AG-induced hearing loss has been reported in up to 22% of patients (Moore et al., 1984), and vestibular impairment has been seen in up to 11% of patients (Lerner et al., 1986). Hearing loss has been reported in up to 100% of patients who have been given the anticancer agent cisplatin (Kopelman et al., 1988; McKeage, 1995).

Since the discovery of ototoxic side effects numerous studies have been conducted in an attempt to better understand the cellular mechanisms underlying drug-induced hair cell death. These studies have found that apoptotic-like cell death pathways and reactive oxygen species (ROS) production appear to play key roles in these events (Huth et al., 2011; Tabuchi et al., 2011; Schacht et al., 2012). Due to the role of ROS in drug-induced ototoxicity, a number of drugs with antioxidant or ROS scavenging capabilities are currently in clinical trials to prevent ototoxicity (Langer et al., 2013). However, as there are currently no proven effective treatments for drug-induced toxicity, there remains a need to both better understand the mechanisms behind this process as well as to identify novel protective drugs. Recent studies from our labs and others have used the zebrafish lateral line system, a superficial sensory organ comprised of mechanosensory hair cells, to attain these goals. Hair cells of the zebrafish lateral line are morphologically, functionally, and molecularly similar to mammalian hair cells (Whitfield, 2002; Nicolson, 2005). Moreover, lateral line hair cells are sensitive to the same ototoxic insults as mammalian hair cells (Harris et al., 2003; Ton and Parng, 2005; Ou et al., 2007). Critically important is that due to their fecundity, rapid development and the superficial hair cell system, it is possible to perform large-scale chemical and genetic screens in zebrafish that would not be feasible in mammals. This superficial location of lateral line hair cells also make it possible to use the zebrafish for in vivo imaging studies aimed at understanding the pathways responsible for the progression of hair cell death and survival. In this review we will highlight some of the recent advances in both uncovering novel cellular pathways involved in drug-induced hair cell death, as well as novel potential treatments utilizing the zebrafish lateral line system.

SCREENING FOR GENES THAT PROTECT AGAINST AG TOXICITY

One advantage of using zebrafish as a model system is the ability to carry out forward genetic screens (Knapik, 2000; Patton and Zon, 2001). Such screens provide an unbiased approach to identify novel genes involved in a process of interest. They have been used to identify genes involved in a wide range of biological processes ranging from early development to behavior (Driever et al., 1996; Granato et al., 1996). The original goal of our project was to develop a screening system to identify genes that modulate hair cell susceptibility to ototoxic agents (Harris et al., 2003). Our lateral line screening to date has identified three zebrafish mutants that show resistance to neomycin-induced hair cell death. The disrupted genes in these mutants are cc2d2a, a ciliary transition zone gene (Owens et al., 2008); slc4a1b, a chloride/bicarbonate exchanger (Hailey et al., 2012); and gcm2, a transcription factor important for global pH regulation (Stawicki et al., 2014). None of these genes were previously implicated in hair cell toxicity, nor are they genes that would have been examined by a candidate approach.

Mutations in cc2d2a have been found in patients suffering from the ciliopathies Meckel and Joubert syndrome (Gorden et al., 2008; Tallila et al., 2008). While mammalian auditory hair cells lose their kinocilia after birth (Kikuchi and Hilding, 1965; Kimura, 1966), vestibular hair cells maintain theirs (Ernstson and Smith, 1986), and therefore CC2D2A may play a role in the vestibular toxicity of aminoglycosides in mammals. CC2D2A associates with a number of ciliopathy gene products at the transition zone of cilia. This protein complex is believed to function as a gate-keeper for proteins exiting and entering the cilia, therefore influencing cilia-dependent signaling pathways (Chih et al., 2011; Garcia-Gonzalo et al., 2011; Williams et al., 2011). As uptake of both FM1-43 and gentamicin-Texas Red is unaffected in the cc2d2a mutant, CC2D2A is presumably acting intracellularly in aminoglycoside toxicity (Owens et al., 2008). CC2D2A contains a C2 domain, a Ca2+ dependent membrane-binding domain (Nalefski and Falke, 1996). As a breakdown of normal Ca2+ regulation is known to play a role in AG-induced hair cell death (Hirose et al., 1999; Matsui et al., 2004; Esterberg et al., 2013, 2014) it is tempting to speculate that CC2D2A links Ca2+ signaling to other signaling pathways responsible for the ultimate death of the cell. However, as of yet there is no data to confirm this.

The other two genes identified as protective encode for proteins essential for pH regulation. gcm2, the gene mutated in merovingian mutants (Stawicki et al., 2014), encodes a transcription factor required for the generation of H+-ATPase rich ionocytes in zebrafish (Chang et al., 2009). Ionocytes are specialized cells in fresh water fish used to combat ion loss due to diffusion, and are believed to be the primary site of osmoregulation in these animals (Evans et al., 2005; Hwang and Lee, 2007). The H+-ATPase rich ionocytes that require gcm2 are also enriched in the [image: image] exchanger SLC4A1B (Lin et al., 2006; Lee et al., 2011), the gene mutated in the persephone mutant (Hailey et al., 2012). Knocking down either gcm2 or slc4a1b results in decreased H+ excretion in zebrafish (Chang et al., 2009; Lee et al., 2011). The extracellular environment of hair cells both within the inner ear and lateral line is acidified in gcm2 mutants (Stawicki et al., 2014). pH regulation has been shown to play a role in hearing. The H+-ATPase transporter and [image: image] exchangers are enriched in the mammalian inner ear (Stanković et al., 1997; Everett et al., 1999; Lang et al., 2007). Additionally, mutations in subunits of the H+-ATPase transporter lead to sensorineural hearing loss in patients with distal renal tubular acidosis (Karet et al., 1999; Smith et al., 2000; Batlle and Haque, 2012). In agreement with the role of pH regulation in hearing, both of the pH regulating neomycin-resistant mutants identified showed decreases in FM1-43 uptake suggesting a decrease in mechanotransduction (MET) activity (Hailey et al., 2012; Stawicki et al., 2014). This decrease in MET activity is likely the mechanism of protection as both AG and cisplatin uptake have been shown to be dependent on MET activity (Gale et al., 2001; Marcotti et al., 2005; Alharazneh et al., 2011; Thomas et al., 2013), and both mutants show a decrease in uptake of fluorescently conjugated ototoxins (Hailey et al., 2012; Stawicki et al., 2014). While the role of these genes in MET activity limits their usefulness as targets to prevent ototoxicity, these findings highlight the ability of genetic screens to identify genes important for hair cell function in general as well as genes specifically modulating ototoxicity.

While forward genetic screens have proven useful in identifying novel genes involved in ototoxicity, with improved techniques in genome editing zebrafish will increasingly become a powerful system for testing the importance of candidate genes through reverse genetics. Groups have previously used zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) to successfully generate targeted gene mutations in zebrafish (Doyon et al., 2008; Meng et al., 2008; Huang et al., 2011). More recently, groups have adapted the clustered regularly interspaced short palindromic repeats (CRISPR)-crispr associated protein (Cas) system for use in zebrafish (Chang et al., 2013; Hwang et al., 2013). Mutation rates using this system have been reported to be as high as 75–90% with an estimated rate of biallelic mutations at 56–81% (Jao et al., 2013), making screens in mutants in the F0 generation a possibility. This ability to rapidly generate mutants at a relative low cost make the zebrafish lateral line an ideal system for the initial testing of candidate genes and drug targets implicated in ototoxicity.

SCREENING FOR COMPOUNDS THAT MODULATE OTOTOXIN-INDUCED HAIR CELL DEATH

Many aspects of the zebrafish that make it useful for genetic screening also make it useful as a model for screening drug libraries and libraries of small drug-like molecules to identify modulators of hair cell toxicity. As lateral line hair cells are on the surface of the embryo most DMSO-solubilized compounds enter the hair cells when added to the surrounding media, allowing for easy drug delivery. Free-swimming larvae can be pretreated with compounds of interest, and then exposed to hair cell toxins like AGs or cisplatin. These exposures can be done in 96-well plates, so large libraries can be surveyed with redundant sampling to improve confidence in identified hits.

The Raible, Rubel, and Ou laboratories have screened a number of libraries looking for compounds that protect lateral line hair cells from either AGs or cisplatin. In 2008, we reported results from a screen of 10,960. We identified two compounds that robustly protect lateral line hair cells from neomycin exposure—both benzothiophene carboxamides (Owens et al., 2008). Since that initial report, we have screened other libraries, taking both unbiased and directed approaches, and have identified numerous protective compounds, a number of which are FDA approved drugs (Ou et al., 2009, 2012; Vlasits et al., 2012; Coffin et al., 2013). Hits from our unbiased screens are summarized in Table 1. While some hits in the screen protect against all ototoxins tested a number are specific to aminoglycosides (Table 1). This suggests that the two main classes of ototoxins kill hair cells through both overlapping and distinct pathways. It is generally believed that both classes of ototoxins act through ROS activation of cell death pathways (Schacht et al., 2012). In addition it has been shown that in zebrafish, MET activity is required for the uptake of both aminoglycosides and cisplatin (Wang and Steyger, 2009; Thomas et al., 2013). A further investigation into the cellular affects of drugs that either protect against both classes of ototoxins or one specific class of could provide new insight into how the uptake and toxicity of these compounds differ.

Table 1. Otoprotective compounds identified through chemical screens.

[image: image]

A central issue for all of the hits identified in these screens is whether they affect the therapeutic activity of the drug of interest (e.g., the bactericidal activity of aminoglycosides). For the AGs, we can evaluate this by comparing inhibition of bacterial growth in the presence of the aminoglycoside with and without the protectant. Ideally, protective compounds will show no effect on the minimum bactericidal concentration (MBC) and minimum inhibitory concentration (MIC) needed to block bacterial growth. The majority of the compounds we have identified do not affect AG bactericidal activity, Benzamil being one notable exception (Owens et al., 2008; Ou et al., 2009; Vlasits et al., 2012).

Compounds that protect lateral line hair cells from aminoglycoside exposure span a wide range of targets, many of which were not anticipated. In several cases, we identified protective compounds that share characterized targets. One example is the family of selective estrogen receptor modulators (SERMs). Notably, while a number of these compounds protect hair cells from neomycin exposure (afimoxifene, MPP, raloxifene, tamoxifen, toremifene), others of this class known to affect estrogen receptors show no effect (Vlasits et al., 2012). In drug screening it is difficult to know whether the protective activity of a screen hit is due to known activities of the compound, or due to off target effects. However, because screening in the zebrafish is so efficient, we can quickly analyze groups of agonists or antagonists of specific pathways and processes to see if they share protective abilities.

Whether compounds that protect hair cells in zebrafish will protect hearing in mammals depends on an array of issues. FM1-43 can be used in zebrafish to rapidly test which compounds are affecting hair cell MET activity (Seiler and Nicolson, 1999), these compounds would have less utility in protecting mammalian hearing. The zebrafish system does not address whether compounds will reach appropriate targets in the mammalian inner ear, how the compounds will be metabolized, and whether they have toxicity issues, such as effects on the hERG (ether-a-gogo) channel in cardiomyocytes. The pharmaceutical industry has established tests for many of these issues. These first pass analyses address whether a compound is appropriate for continued research in a mammalian system. Due to the ease of screening in zebrafish one could design and test structural variants of a protective compound in hopes of maximizing both the compounds protective abilities as well as its pharmacological properties.

To test if compounds found in zebrafish screens protect mammalian hair cells we have used organotypic cultures of mature mammalian utricles (Warchol et al., 1993; Yamashita and Oesterle, 1995). Two compounds identified through zebrafish screens, PROTO and tacrine, have been shown to similarly protect hair cells in cultured mouse utricles (Owens et al., 2008; Ou et al., 2009). Culture system assays address whether protection is species specific. However, they do not address whether a protective compound will function in an intact animal. This is usually done in mammals and birds by repeated testing using the auditory brainstem response (ABR) method (Galambos and Hecox, 1978). ABRs can be repeatedly followed in individual animals over time to compare the normal response prior to an ototoxic agent with the response profile after exposure. This can be used to determine the effect of treatment with the putative protective drug at various dosages and times after treatments. These experiments are ongoing in the Rubel, Raible and Simon laboratories. While results have only been published to date in abstract form, preliminary results confirm the usefulness of zebrafish small molecule screening and dose finding comparisons as an effective platform to find molecules that can robustly modify hearing deficits due to AG exposure. In summary, a number of tools are now available to allow us to efficiently screen compounds in zebrafish and determine whether protective compounds may be appropriate for eventual clinical use to protect hearing.

LIVE IMAGING OF HAIR CELL DYNAMICS USING THE ZEBRAFISH LATERAL LINE

Understanding the route of ototoxin entry and intracellular trafficking may help explain why hair cells are particularly sensitive to ototoxic drugs like AGs and cisplatin. Such studies are greatly facilitated by the ability to conjugate fluorophores with ototoxins, yielding visible, traceable toxins that are structurally and functionally similar to the original molecule (Sandoval et al., 1998; Steyger et al., 2003). Versions of this method have been used to follow the trajectory AGs take following systemic injection. Such studies have shown that AGs rapidly cross the blood labyrinth barrier and accumulate apically within hair cells via the endolymph (Dai et al., 2006; Dai and Steyger, 2008; Wang and Steyger, 2009; Wang et al., 2010). The surface location of lateral line hair cells does not recapitulate this systemic trafficking; however, fluorescently conjugated AGs “administered” in embryo medium also accumulate within the apical domain of hair cells (Wang and Steyger, 2009). Their accumulation is dependent on functional mechanotransduction, as MET-deficient myo7a (mariner) and cdh23 (sputnik) mutants, as well as larvae exposed to the pharmacological MET blockers quinine and amiloride, fail to accumulate fluorescently labeled AGs (Coffin et al., 2009; Wang and Steyger, 2009; Hailey et al., 2012; Ou et al., 2012). Similar results have been observed in mammals, both in vivo following systemic injection of fluorescent AG (Dai et al., 2006; Dai and Steyger, 2008; Wang et al., 2010) as well as in organotypic utriclular cultures (Alharazneh et al., 2011). Thus, mechanisms of AG entry appear to be conserved between zebrafish and mammals.

Using this tool to evaluate AG behavior, we can broadly categorize hits from our small molecule and genetic screens. The majority of characterized hits appear to protect lateral line hair cells from toxicity by preventing AG entry (Ou et al., 2009, 2012; Hailey et al., 2012; Vlasits et al., 2012; Stawicki et al., 2014). This is surprising, since these agents do not appear to modulate a shared cellular process or share a common drug target. That so many non-overlapping compounds and genes affect AG entry into lateral line hair cells suggest that MET properties are highly susceptible to even slight perturbation, even in seemingly unrelated intracellular pathways. We believe that results from these screens argue that potential otoprotectants be tested for their effects on toxin entry, lest they be ascribed an erroneous mechanism of action based upon their known targets. Given our results thus far, it is likely that a number of additional hits from future screens will confer protection from AGs, at least in part, by perturbing entry into hair cells.

While chemical and genetic screens performed by our labs and others take advantage of the ease with which one can assay hair cell number following toxin exposure, there are also fundamental aspects of hair cell biology and toxicity that are dynamic in nature and well-suited for zebrafish lateral line studies. Fluorescent biosensors engineered to monitor a variety of dynamic intracellular processes are constantly evolving, and the genetic malleability of the lateral line system enables rapid generation of hair cell lines expressing biosensors to uncover dynamic events central to ototoxin-induced hair cell death.

One dynamic process that is critical for hair cell function is intracellular Ca2+ homeostasis. Stimulation of MET elicits an intracellular Ca2+ response within hair cells (Ohmori, 1985; Ricci and Fettiplace, 1998; Ricci et al., 1998; Beurg et al., 2006, 2009, 2010), which contain a number of mobile Ca2+ buffers and extrusion mechanisms to tightly regulate cytoplasmic levels (Rabié et al., 1983; Baird et al., 1997; Steyger et al., 1997; Yamoah et al., 1998; Hackney et al., 2003, 2005). Longitudinal studies of AG toxicity in chick and mouse have suggested that intracellular Ca2+ is elevated during hair cell death (Hirose et al., 1999; Matsui et al., 2004). To provide a more complete picture of Ca2+ behavior during these events, we generated transgenic zebrafish larvae containing the Ca2+ biosensor GCaMP3 (Tian et al., 2009) within hair cells (Esterberg et al., 2013). We found that Ca2+ homeostasis is rapidly and dramatically disrupted within the cytoplasm following AG exposure in a manner that is completely predictive of cell death (Esterberg et al., 2013, 2014). This event follows an initial increase in mitochondrial activity and subsequent depolarization, and is consistent with mitochondrial overload phenotypes seen in AG toxicity (Ylikoski et al., 1974; De Groot et al., 1991; Lang and Liu, 1997; Dehne et al., 2002; Jensen-Smith et al., 2012). By targeting additional, and spectrally distinct, Ca2+ biosensors to the endoplasmic reticulum (ER) and mitochondria, the two largest intracellular Ca2+ stores, we pinpointed the origin of this disruption and uncovered a novel mechanism that appears to underlie AG-induced hair cell toxicity: Ca2+ is released from the ER in a manner that is highly correlative to an increase in mitochondrial Ca2+ (Esterberg et al., 2014). This is particularly compelling, as several studies have demonstrated that AGs bind directly to Ca2+ binding proteins and chaperones within in the ER (Horibe et al., 2004; Miyazaki et al., 2004; Karasawa et al., 2011). These data further suggest that a consequence of unregulated ER-mitochondrial Ca2+ transfer is mitochondrial dysfunction resulting in increase of ROS production within dying hair cells. While ROS is widely suggested as a causative factor of AG toxicity (Huth et al., 2011; Karasawa and Steyger, 2011; Schacht et al., 2012), our studies suggest that this is an obligatory event triggered by the loss of mitochondrial function. Thus, our work in the zebrafish has enabled us to identify novel AG toxicity mechanisms, and can potentially order them with other events known to regulate AG toxicity.

CONCLUSION

The zebrafish lateral line system provides a useful platform with which to discover drugs, potential drugs, and genes that affect hearing and balance in the human population. Beyond their translational aspects, agents that promote hair cell survival possess the power to provide information about the pathways involved in these processes. A better understanding of events surrounding ototoxin-induced hair cell death will maximize our ability to predictively design drugs based on their target interactions.

ACKNOWLEDGMENTS

Funding was provided by NIDCD grants DC005987, DC012881, DC004661 and a Ruth Kirschstein National Research Service Award DC012244.

REFERENCES

Alharazneh, A., Luk, L., Huth, M., Monfared, A., Steyger, P. S., Cheng, A. G., et al. (2011). Functional hair cell mechanotransducer channels are required for aminoglycoside ototoxicity. PLoS One 6:e22347. doi: 10.1371/journal.pone.0022347

Baird, R. A., Steyger, P. S., and Schuff, N. R. (1997). Intracellular distributions and putative functions of calcium-binding proteins in the bullfrog vestibular otolith organs. Hear. Res. 103, 85–100. doi: 10.1016/s0378-5955(96)00167-0

Batlle, D., and Haque, S. K. (2012). Genetic causes and mechanisms of distal renal tubular acidosis. Nephrol. Dial. Transplant. 27, 3691–3704. doi: 10.1093/ndt/gfs442

Beurg, M., Evans, M. G., Hackney, C. M., and Fettiplace, R. (2006). A large-conductance calcium-selective mechanotransducer channel in mammalian cochlear hair cells. J. Neurosci. 26, 10992–11000. doi: 10.1523/jneurosci.2188-06.2006

Beurg, M., Fettiplace, R., Nam, J. H., and Ricci, A. J. (2009). Localization of inner hair cell mechanotransducer channels using high-speed calcium imaging. Nat. Neurosci. 12, 553–558. doi: 10.1038/nn.2295

Beurg, M., Nam, J. H., Chen, Q., and Fettiplace, R. (2010). Calcium balance and mechanotransduction in rat cochlear hair cells. J. Neurophysiol. 104, 18–34. doi: 10.1152/jn.00019.2010

Chang, W. J., Horng, J. L., Yan, J. J., Hsiao, C. D., and Hwang, P. P. (2009). The transcription factor, glial cell missing 2, is involved in differentiation and functional regulation of H+-ATPase-rich cells in zebrafish (Danio rerio). Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R1192–R1201. doi: 10.1152/ajpregu.90973.2008

Chang, N., Sun, C., Gao, L., Zhu, D., Xu, X., Zhu, X., et al. (2013). Genome editing with RNA-guided Cas9 nuclease in zebrafish embryos. Cell Res. 23, 465–472. doi: 10.1038/cr.2013.45

Cheng, A. G., Cunningham, L. L., and Rubel, E. W. (2005). Mechanisms of hair cell death and protection. Curr. Opin. Otolaryngol. Head Neck Surg. 13, 343–348. doi: 10.1097/01.moo.0000186799.45377.63

Chih, B., Liu, P., Chinn, Y., Chalouni, C., Komuves, L. G., Hass, P. E., et al. (2011). A ciliopathy complex at the transition zone protects the cilia as a privileged membrane domain. Nat. Cell Biol. 14, 61–72. doi: 10.1038/ncb2410

Coffin, A. B., Reinhart, K. E., Owens, K. N., Raible, D. W., and Rubel, E. W. (2009). Extracellular divalent cations modulate aminoglycoside-induced hair cell death in the zebrafish lateral line. Hear. Res. 253, 42–51. doi: 10.1016/j.heares.2009.03.004

Coffin, A. B., Williamson, K. L., Mamiya, A., Raible, D. W., and Rubel, E. W. (2013). Profiling drug-induced cell death pathways in the zebrafish lateral line. Apoptosis 18, 393–408. doi: 10.1007/s10495-013-0816-8

Dai, C. F., Mangiardi, D., Cotanche, D. A., and Steyger, P. S. (2006). Uptake of fluorescent gentamicin by vertebrate sensory cells in vivo. Hear. Res. 213, 64–78. doi: 10.1016/j.heares.2005.11.011

Dai, C. F., and Steyger, P. S. (2008). A systemic gentamicin pathway across the stria vascularis. Hear. Res. 235, 114–124. doi: 10.1016/j.heares.2007.10.010

De Groot, J. C., Huizing, E. H., and Veldman, J. E. (1991). Early ultrastructural effects of gentamicin cochleotoxicity. Acta Otolaryngol. 111, 273–280. doi: 10.3109/00016489109137387

Dehne, N., Rauen, U., de Groot, H., and Lautermann, J. (2002). Involvement of the mitochondrial permeability transition in gentamicin ototoxicity. Hear. Res. 169, 47–55. doi: 10.1016/s0378-5955(02)00338-6

Doyon, Y., McCammon, J. M., Miller, J. C., Faraji, F., Ngo, C., Katibah, G. E., et al. (2008). Heritable targeted gene disruption in zebrafish using designed zinc-finger nucleases. Nat. Biotechnol. 26, 702–708. doi: 10.1038/nbt1409


Driever, W., Solnica-Krezel, L., Schier, A. F., Neuhauss, S. C., Malicki, J., Stemple, D. L., et al. (1996). A genetic screen for mutations affecting embryogenesis in zebrafish. Development 123, 37–46.


Ernstson, S., and Smith, C. A. (1986). Stereo-kinociliar bonds in mammalian vestibular organs. Acta Otolaryngol. 101, 395–402. doi: 10.3109/00016488609108624

Esterberg, R., Hailey, D. W., Coffin, A. B., Raible, D. W., and Rubel, E. W. (2013). Disruption of intracellular calcium regulation is integral to aminoglycoside-induced hair cell death. J. Neurosci. 33, 7513–7525. doi: 10.1523/JNEUROSCI.4559-12.2013

Esterberg, R., Hailey, D. W., Rubel, E. W., and Raible, D. W. (2014). ER-mitochondrial calcium flow underlies vulnerability of mechanosensory hair cells to damage. J. Neurosci. 34, 9703–9719. doi: 10.1523/JNEUROSCI.0281-14.2014

Evans, D. H., Piermarini, P. M., and Choe, K. P. (2005). The multifunctional fish gill: dominant site of gas exchange, osmoregulation, acid-base regulation and excretion of nitrogenous waste. Physiol. Rev. 85, 97–177. doi: 10.1152/physrev.00050.2003

Everett, L. A., Morsli, H., Wu, D. K., and Green, E. D. (1999). Expression pattern of the mouse ortholog of the Pendred’s syndrome gene (Pds) suggests a key role for pendrin in the inner ear. Proc. Natl. Acad. Sci. U S A 96, 9727–9732. doi: 10.1073/pnas.96.17.9727


Galambos, R., and Hecox, K. E. (1978). Clinical applications of the auditory brain stem response. Otolaryngol. Clin. North Am. 11, 709–722.



Gale, J. E., Marcotti, W., Kennedy, H. J., Kros, C. J., and Richardson, G. P. (2001). FM1–43 dye behaves as a permeant blocker of the hair-cell mechanotransducer channel. J. Neurosci. 21, 7013–7025.


Garcia-Gonzalo, F. R., Corbit, K. C., Sirerol-Piquer, M. S., Ramaswami, G., Otto, E. A., Noriega, T. R., et al. (2011). A transition zone complex regulates mammalian ciliogenesis and ciliary membrane composition. Nat. Genet. 43, 776–784. doi: 10.1038/ng.891

Gorden, N. T., Arts, H. H., Parisi, M. A., Coene, K. L., Letteboer, S. J., van Beersum, S. E., et al. (2008). CC2D2A is mutated in Joubert syndrome and interacts with the ciliopathy-associated basal body protein CEP290. Am. J. Hum. Genet. 83, 559–571. doi: 10.1016/j.ajhg.2008.10.002


Granato, M., Van Eeden, F. J., Schach, U., Trowe, T., Brand, M., Furutani-Seiki, M., et al. (1996). Genes controlling and mediating locomotion behavior of the zebrafish embryo and larva. Development 123, 399–413.



Hackney, C. M., Mahendrasingam, S., Jones, E. M., and Fettiplace, R. (2003). The distribution of calcium buffering proteins in the turtle cochlea. J. Neurosci. 23, 4577–4589.


Hackney, C. M., Mahendrasingam, S., Penn, A., and Fettiplace, R. (2005). The concentrations of calcium buffering proteins in mammalian cochlear hair cells. J. Neurosci. 25, 7867–7875. doi: 10.1523/jneurosci.1196-05.2005

Hailey, D. W., Roberts, B., Owens, K. N., Stewart, A. K., Linbo, T., Pujol, R., et al. (2012). Loss of Slc4a1b chloride/bicarbonate exchanger function protects mechanosensory hair cells from aminoglycoside damage in the zebrafish mutant persephone. PLoS Genet. 8:e1002971. doi: 10.1371/journal.pgen.1002971

Harris, J. A., Cheng, A. G., Cunningham, L. L., MacDonald, G., Raible, D. W., and Rubel, E. W. (2003). Neomycin-induced hair cell death and rapid regeneration in the lateral line of zebrafish (Danio rerio). J. Assoc. Res. Otolaryngol. 4, 219–234. doi: 10.1007/s10162-002-3022-x

Hirose, K., Westrum, L. E., Stone, J. S., Zirpel, L., and Rubel, E. W. (1999). Dynamic studies of ototoxicity in mature avian auditory epithelium. Ann. N Y Acad. Sci. 884, 389–409. doi: 10.1111/j.1749-6632.1999.tb08657.x

Horibe, T., Matsui, H., Tanaka, M., Nagai, H., Yamaguchi, Y., Kato, K., et al. (2004). Gentamicin binds to the lectin site of calreticulin and inhibits its chaperone activity. Biochem. Biophys. Res. Commun. 323, 281–287. doi: 10.1016/j.bbrc.2004.08.099

Huang, P., Xiao, A., Zhou, M., Zhu, Z., Lin, S., and Zhang, B. (2011). Heritable gene targeting in zebrafish using customized TALENs. Nat. Biotechnol. 29, 699–700. doi: 10.1038/nbt.1939

Huth, M. E., Ricci, A. J., and Cheng, A. G. (2011). Mechanisms of aminoglycoside ototoxicity and targets of hair cell protection. Int. J. Otolaryngol. 2011:937861. doi: 10.1155/2011/937861

Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., et al. (2013). Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat. Biotechnol. 31, 227–229. doi: 10.1038/nbt.2501

Hwang, P. P., and Lee, T. H. (2007). New insights into fish ion regulation and mitochondrion-rich cells. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 148, 479–497. doi: 10.1016/j.cbpa.2007.06.416

Jao, L. E., Wente, S. R., and Chen, W. (2013). Efficient multiplex biallelic zebrafish genome editing using a CRISPR nuclease system. Proc. Natl. Acad. Sci. U S A 110, 13904–13909. doi: 10.1073/pnas.1308335110

Jensen-Smith, H. C., Hallworth, R., and Nichols, M. G. (2012). Gentamicin rapidly inhibits mitochondrial metabolism in high-frequency cochlear outer hair cells. PLoS One 7:e38471. doi: 10.1371/journal.pone.0038471

Karasawa, T., and Steyger, P. S. (2011). Intracellular mechanisms of aminoglycoside-induced cytotoxicity. Integr. Biol. (Camb) 3, 879–886. doi: 10.1039/c1ib00034a

Karasawa, T., Wang, Q., David, L. L., and Steyger, P. S. (2011). Calreticulin binds to gentamicin and reduces drug-induced ototoxicity. Toxicol. Sci. 124, 378–387. doi: 10.1093/toxsci/kfr196

Karet, F. E., Finberg, K. E., Nelson, R. D., Nayir, A., Mocan, H., Sanjad, S. A., et al. (1999). Mutations in the gene encoding B1 subunit of H+-ATPase cause renal tubular acidosis with sensorineural deafness. Nat. Genet. 21, 84–90. doi: 10.1038/5022

Kikuchi, K., and Hilding, D. (1965). The development of the organ of Corti in the mouse. Acta Otolaryngol. 60, 207–222. doi: 10.3109/00016486509127003

Kimura, R. S. (1966). Hairs of the cochlear sensory cells and their attachment to the tectorial membrane. Acta Otolaryngol. 61, 55–72. doi: 10.3109/00016486609127043

Knapik, E. W. (2000). ENU mutagenesis in zebrafish—from genes to complex diseases. Mamm. Genome 11, 511–519. doi: 10.1007/s003350010098

Konings, A., Van Laer, L., and Van Camp, G. (2009). Genetic studies on noise-induced hearing loss: a review. Ear Hear. 30, 151–159. doi: 10.1097/AUD.0b013e3181987080

Kopelman, J., Budnick, A. S., Sessions, R. B., Kramer, M. B., and Wong, G. Y. (1988). Ototoxicity of high-dose cisplatin by bolus administration in patients with advanced cancers and normal hearing. Laryngoscope 98, 858–864. doi: 10.1288/00005537-198808000-00014

Lang, H., and Liu, C. (1997). Apoptosis and hair cell degeneration in the vestibular sensory epithelia of the guinea pig following a gentamicin insult. Hear. Res. 111, 177–184. doi: 10.1016/s0378-5955(97)00098-1

Lang, F., Vallon, V., Knipper, M., and Wangemann, P. (2007). Functional significance of channels and transporters expressed in the inner ear and kidney. Am. J. Physiol. Cell Physiol. 293, C1187–C1208. doi: 10.1152/ajpcell.00024.2007

Langer, T., am Zehnhoff-Dinnesen, A., Radtke, S., Meitert, J., and Zolk, O. (2013). Understanding platinum-induced ototoxicity. Trends Pharmacol. Sci. 34, 458–469. doi: 10.1016/j.tips.2013.05.006

Lee, Y. C., Yan, J. J., Cruz, S. A., Horng, J. L., and Hwang, P. P. (2011). Anion exchanger 1b, but not sodium-bicarbonate cotransporter 1b, plays a role in transport functions of zebrafish H+-ATPase-rich cells. Am. J. Physiol. Cell Physiol. 300, C295–C307. doi: 10.1152/ajpcell.00263.2010

Lerner, S. A., Schmitt, B. A., Seligsohn, R., and Matz, G. J. (1986). Comparative study of ototoxicity and nephrotoxicity in patients randomly assigned to treatment with amikacin or gentamicin. Am. J. Med. 80, 98–104. doi: 10.1016/0002-9343(86)90486-9

Lin, L. Y., Horng, J. L., Kunkel, J. G., and Hwang, P. P. (2006). Proton pump-rich cell secretes acid in skin of zebrafish larvae. Am. J. Physiol. Cell Physiol. 290, C371–C378. doi: 10.1152/ajpcell.00281.2005

Marcotti, W., van Netten, S. M., and Kros, C. J. (2005). The aminoglycoside antibiotic dihydrostreptomycin rapidly enters mouse outer hair cells through the mechano-electrical transducer channels. J. Physiol. 567, 505–521. doi: 10.1113/jphysiol.2005.085951

Matsui, J. I., Gale, J. E., and Warchol, M. E. (2004). Critical signaling events during the aminoglycoside-induced death of sensory hair cells in vitro. J. Neurobiol. 61, 250–266. doi: 10.1002/neu.20054

McKeage, M. J. (1995). Comparative adverse effect profiles of platinum drugs. Drug Saf. 13, 228–244. doi: 10.2165/00002018-199513040-00003

Meng, X., Noyes, M. B., Zhu, L. J., Lawson, N. D., and Wolfe, S. A. (2008). Targeted gene inactivation in zebrafish using engineered zinc-finger nucleases. Nat. Biotechnol. 26, 695–701. doi: 10.1038/nbt1398

Miyazaki, T., Sagawa, R., Honma, T., Noguchi, S., Harada, T., Komatsuda, A., et al. (2004). 73-kDa molecular chaperone HSP73 is a direct target of antibiotic gentamicin. J. Biol. Chem. 279, 17295–17300. doi: 10.1074/jbc.m312217200

Moore, R. D., Smith, C. R., and Lietman, P. S. (1984). Risk factors for the development of auditory toxicity in patients receiving aminoglycosides. J. Infect. Dis. 149, 23–30. doi: 10.1093/infdis/149.1.23

Nalefski, E. A., and Falke, J. J. (1996). The C2 domain calcium-binding motif: structural and functional diversity. Protein Sci. 5, 2375–2390. doi: 10.1002/pro.5560051201

Nicolson, T. (2005). The genetics of hearing and balance in zebrafish. Annu. Rev. Genet. 39, 9–22. doi: 10.1146/annurev.genet.39.073003.105049

Ohmori, H. (1985). Mechano-electrical transduction currents in isolated vestibular hair cells of the chick. J. Physiol. 359, 189–217. doi: 10.1113/jphysiol.1985.sp015581

Ou, H. C., Cunningham, L. L., Francis, S. P., Brandon, C. S., Simon, J. A., Raible, D. W., et al. (2009). Identification of FDA-approved drugs and bioactives that protect hair cells in the zebrafish (Danio rerio) lateral line and mouse (Mus musculus) utricle. J. Assoc. Res. Otolaryngol. 10, 191–203. doi: 10.1007/s10162-009-0158-y

Ou, H. C., Keating, S., Wu, P., Simon, J. A., Raible, D. W., and Rubel, E. W. (2012). Quinoline ring derivatives protect against aminoglycoside-induced hair cell death in the zebrafish lateral line. J. Assoc. Res. Otolaryngol. 13, 759–770. doi: 10.1007/s10162-012-0353-0

Ou, H. C., Raible, D. W., and Rubel, E. W. (2007). Cisplatin-induced hair cell loss in zebrafish (Danio rerio) lateral line. Hear. Res. 233, 46–53. doi: 10.1016/j.heares.2007.07.003

Owens, K. N., Santos, F., Roberts, B., Linbo, T., Coffin, A. B., Knisely, A. J., et al. (2008). Identification of genetic and chemical modulators of zebrafish mechanosensory hair cell death. PLoS Genet. 4:e1000020. doi: 10.1371/journal.pgen.1000020

Patton, E. E., and Zon, L. I. (2001). The art and design of genetic screens: zebrafish. Nat. Rev. Genet. 2, 956–966. doi: 10.1038/35103567

Rabié, A., Thomasset, M., and Legrand, C. (1983). Immunocytochemical detection of calcium-binding protein in the cochlear and vestibular hair cells of the rat. Cell Tissue Res. 232, 691–696. doi: 10.1007/bf00216440

Ricci, A. J., and Fettiplace, R. (1998). Calcium permeation of the turtle hair cell mechanotransducer channel and its relation to the composition of endolymph. J. Physiol. 506(Pt. 1), 159–173. doi: 10.1111/j.1469-7793.1998.159bx.x


Ricci, A. J., Wu, Y. C., and Fettiplace, R. (1998). The endogenous calcium buffer and the time course of transducer adaptation in auditory hair cells. J. Neurosci. 18, 8261–8277.



Sandoval, R., Leiser, J., and Molitoris, B. A. (1998). Aminoglycoside antibiotics traffic to the Golgi complex in LLC-PK1 cells. J. Am. Soc. Nephrol. 9, 167–174.


Schacht, J., Talaska, A. E., and Rybak, L. P. (2012). Cisplatin and aminoglycoside antibiotics: hearing loss and its prevention. Anat. Rec. (Hoboken) 295, 1837–1850. doi: 10.1002/ar.22578

Seiler, C., and Nicolson, T. (1999). Defective calmodulin-dependent rapid apical endocytosis in zebrafish sensory hair cell mutants. J. Neurobiol. 41, 424–434. doi: 10.1002/(sici)1097-4695(19991115)41:3<424::aid-neu10>3.3.co;2-7

Smith, A. N., Skaug, J., Choate, K. A., Nayir, A., Bakkaloglu, A., Ozen, S., et al. (2000). Mutations in ATP6N1B, encoding a new kidney vacuolar proton pump 116-kD subunit, cause recessive distal renal tubular acidosis with preserved hearing. Nat. Genet. 26, 71–75. doi: 10.1038/79208

Stanković, K. M., Brown, D., Alper, S. L., and Adams, J. C. (1997). Localization of pH regulating proteins H+ATPase and Cl-/HCO3- exchanger in the guinea pig inner ear. Hear. Res. 114, 21–34. doi: 10.1016/s0378-5955(97)00072-5

Stawicki, T. M., Owens, K. N., Linbo, T., Reinhart, K. E., Rubel, E. W., and Raible, D. W. (2014). The zebrafish merovingian mutant reveals a role for pH regulation in hair cell toxicity and function. Dis. Model. Mech. 7, 847–856. doi: 10.1242/dmm.016576

Steyger, P. S., Burton, M., Hawkins, J. R., Schuff, N. R., and Baird, R. A. (1997). Calbindin and parvalbumin are early markers of non-mitotically regenerating hair cells in the bullfrog vestibular otolith organs. Int. J. Dev. Neurosci. 15, 417–432. doi: 10.1016/s0736-5748(96)00101-3

Steyger, P. S., Peters, S. L., Rehling, J., Hordichok, A., and Dai, C. F. (2003). Uptake of gentamicin by bullfrog saccular hair cells in vitro. J. Assoc. Res. Otolaryngol. 4, 565–578. doi: 10.1007/s10162-003-4002-5

Tabuchi, K., Nishimura, B., Nakamagoe, M., Hayashi, K., Nakayama, M., and Hara, A. (2011). Ototoxicity: mechanisms of cochlear impairment and its prevention. Curr. Med. Chem. 18, 4866–4871. doi: 10.2174/092986711797535254

Tallila, J., Jakkula, E., Peltonen, L., Salonen, R., and Kestilä, M. (2008). Identification of CC2D2A as a Meckel syndrome gene adds an important piece to the ciliopathy puzzle. Am. J. Hum. Genet. 82, 1361–1367. doi: 10.1016/j.ajhg.2008.05.004

Thomas, A. J., Hailey, D. W., Stawicki, T. M., Wu, P., Coffin, A. B., Rubel, E. W., et al. (2013). Functional mechanotransduction is required for cisplatin-induced hair cell death in the zebrafish lateral line. J. Neurosci. 33, 4405–4414. doi: 10.1523/JNEUROSCI.3940-12.2013

Tian, L., Hires, S. A., Mao, T., Huber, D., Chiappe, M. E., Chalasani, S. H., et al. (2009). Imaging neural activity in worms, flies and mice with improved GCaMP calcium indicators. Nat. Methods 6, 875–881. doi: 10.1038/nmeth.1398

Ton, C., and Parng, C. (2005). The use of zebrafish for assessing ototoxic and otoprotective agents. Hear. Res. 208, 79–88. doi: 10.1016/j.heares.2005.05.005

Vlasits, A. L., Simon, J. A., Raible, D. W., Rubel, E. W., and Owens, K. N. (2012). Screen of FDA-approved drug library reveals compounds that protect hair cells from aminoglycosides and cisplatin. Hear. Res. 294, 153–165. doi: 10.1016/j.heares.2012.08.002

Wang, Q., Kachelmeier, A., and Steyger, P. S. (2010). Competitive antagonism of fluorescent gentamicin uptake in the cochlea. Hear. Res. 268, 250–259. doi: 10.1016/j.heares.2010.06.008

Wang, Q., and Steyger, P. S. (2009). Trafficking of systemic fluorescent gentamicin into the cochlea and hair cells. J. Assoc. Res. Otolaryngol. 10, 205–219. doi: 10.1007/s10162-009-0160-4

Warchol, M. E., Lambert, P. R., Goldstein, B. J., Forge, A., and Corwin, J. T. (1993). Regenerative proliferation in inner ear sensory epithelia from adult guinea pigs and humans. Science 259, 1619–1622. doi: 10.1126/science.8456285

Whitfield, T. T. (2002). Zebrafish as a model for hearing and deafness. J. Neurobiol. 53, 157–171. doi: 10.1002/neu.10123

Williams, C. L., Li, C., Kida, K., Inglis, P. N., Mohan, S., Semenec, L., et al. (2011). MKS and NPHP modules cooperate to establish basal body/transition zone membrane associations and ciliary gate function during ciliogenesis. J. Cell Biol. 192, 1023–1041. doi: 10.1083/jcb.201012116

Yamashita, H., and Oesterle, E. C. (1995). Induction of cell proliferation in mammalian inner-ear sensory epithelia by transforming growth factor alpha and epidermal growth factor. Proc. Natl. Acad. Sci. U S A 92, 3152–3155. doi: 10.1073/pnas.92.8.3152

Yamasoba, T., Lin, F. R., Someya, S., Kashio, A., Sakamoto, T., and Kondo, K. (2013). Current concepts in age-related hearing loss: epidemiology and mechanistic pathways. Hear. Res. 303, 30–38. doi: 10.1016/j.heares.2013.01.021


Yamoah, E. N., Lumpkin, E. A., Dumont, R. A., Smith, P. J., Hudspeth, A. J., and Gillespie, P. G. (1998). Plasma membrane Ca2+-ATPase extrudes Ca2+ from hair cell stereocilia. J. Neurosci. 18, 610–624.


Ylikoski, J., Wersäll, J., and Björkroth, B. (1974). Degeneration of neural elements in the cochlea of the guinea-pig after damage to the organ of corti by ototoxic antibiotics. Acta Otolaryngol. Suppl. 326, 23–41. doi: 10.3109/00016487409129730

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Received: 04 December 2014; Accepted: 30 January 2015; Published online: 18 February 2015.

Citation: Stawicki TM, Esterberg R, Hailey DW, Raible DW and Rubel EW (2015) Using the zebrafish lateral line to uncover novel mechanisms of action and prevention in drug-induced hair cell death. Front. Cell. Neurosci. 9:46. doi: 10.3389/fncel.2015.00046

This article was submitted to the journal Frontiers in Cellular Neuroscience.

Copyright © 2015 Stawicki, Esterberg, Hailey, Raible and Rubel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








	 
	ORIGINAL RESEARCH ARTICLE
published: 23 February 2015
doi: 10.3389/fncel.2015.00052
	[image: image1]





Generation of a Retinoblastoma (Rb)1-inducible dominant-negative (DN) mouse model

Shikha Tarang1, Songila M. S. R. Doi1, Channabasavaiah B. Gurumurthy2, Donald Harms2, Rolen Quadros2 and Sonia M. Rocha-Sanchez1*

1Department of Oral Biology, Creighton University School of Dentistry, Omaha, NE, USA

2Mouse Genome Engineering Core Facility, Department of Genetics Cell Biology and Anatomy, University of Nebraska Medical Center, Omaha, NE, USA

*Correspondence:

Sonia M. Rocha-Sanchez, Department of Oral Biology, Creighton University School of Dentistry, Boyne Building, Room 320, 2500 California Plaza, Omaha, NE 68178, USA
 e-mail: ssanchez@creighton.edu

Edited by:
Andy Groves, Baylor College of Medicine, USA

Reviewed by:
Jian Zuo, St. Jude Children’s Research Hospital, USA
Lin Gan, University of Rochester, USA

Retinoblastoma 1 (Rb1) is an essential gene regulating cellular proliferation, differentiation, and homeostasis. To exert these functions, Rb1 is recruited and physically interacts with a growing variety of signaling pathways. While Rb1 does not appear to be ubiquitously expressed, its expression has been confirmed in a variety of hematopoietic and neuronal-derived cells, including the inner ear hair cells (HCs). Studies in transgenic mice demonstrate that complete germline or conditional Rb1 deletion leads to abnormal cell proliferation, followed by massive apoptosis; making it difficult to fully address Rb1’s biochemical activities. To overcome these limitations, we developed a tetracycline-inducible TetO-CB-myc6-Rb1 (CBRb) mouse model to achieve transient and inducible dominant-negative (DN) inhibition of the endogenous RB1 protein. Our strategy involved fusing the Rb1 gene to the lysosomal protease pre-procathepsin B (CB), thus allowing for further routing of the DN-CBRb fusion protein and its interacting complexes for proteolytic degradation. Moreover, reversibility of the system is achieved upon suppression of doxycycline (Dox) administration. Preliminary characterization of DN-CBRb mice bred to a ubiquitous rtTA mouse line demonstrated a significant inhibition of the endogenous RB1 protein in the inner ear and in a number of other organs where RB1 is expressed. Examination of the postnatal (P) DN-CBRb mice inner ear at P10 and P28 showed the presence of supernumerary inner HCs (IHCs) in the lower turns of the cochleae, which corresponds to the described expression domain of the endogenous Rb1 gene. Selective and reversible suppression of gene expression is both an experimental tool for defining function and a potential means to medical therapy. Given the limitations associated with Rb1-null mice lethality, this model provides a valuable resource for understanding RB1 activity, relative contribution to HC regeneration and its potential therapeutic application.
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INTRODUCTION

Retinoblastoma 1 is the founding member of the pocket proteins family, which also includes p107/Rbl1 and p130/Rbl2 genes (Cobrinik, 2005). Rb1 has well-established roles in a wide variety of tissues for the regulation of cell proliferation, differentiation, and apoptosis through interactions with a growing number of molecules, including the E2F family of transcription factors that regulates the cell cycle (Korenjak and Brehm, 2005; Sun et al., 2006). Association of un- or hypophosphorylated “active” RB1 with different members of the E2F family prevents entry into the S phase of the cell cycle (Korenjak and Brehm, 2005; Sun et al., 2006). During the G1 phase of a normal cell cycle, RB1 is progressively phosphorylated by the complex formed by cyclin D1 and members of the cyclin D-dependent kinases (CDKs; Adams, 2001). Phosphorylated RB1 becomes “inactive,” releasing its associated E2F transcription factor, thereby allowing for transition into the S phase (Korenjak and Brehm, 2005; Sun et al., 2006). For more than two decades, it has been known that inactivation of the Rb1 pathway is a common feature in virtually all human tumors (Sherr, 1996; Classon and Harlow, 2002; Sherr and McCormick, 2002). Such noteworthy findings suggest that it is nearly impossible for a human cell to undergo proliferation without inactivating Rb1 (Sherr, 1996). Nevertheless, most of the mechanisms underlying Rb1 activity in quiescent and proliferating cells remain to be addressed.

Consistent with RB1’s nodal role in multiple pathways, experimental attempts to conventionally delete RB1 in transgenic mice have led to abnormalities in the hematopoietic and nervous system (Lee et al., 1992), as well as in bones (Thomas et al., 2001), kidneys (Zhu et al., 2009), teeth (Andreeva et al., 2012), skin (Wang et al., 2014), the digestive tract (Guo et al., 2009), cochlea (Mantela et al., 2005; Weber et al., 2008), and retina (Knudson, 1971; Lohmann and Gallie, 2004), followed by massive cell death and embryonic lethality at midgestation (Lee et al., 1992; Wu et al., 2003). While conditional Rb1 deletion through the Cre-Lox recombination system helps overcome problems with early embryonic lethality, it still leads to massive cell death, as expected from the permanent deletion of such a key cell survival and homeostasis regulator (Chau and Wang, 2003; Mantela et al., 2005; Weber et al., 2008).

During the past decade, there has been a growing interest in exploring the potential therapeutic application of Rb1 inactivation in tissue regeneration (Bakay et al., 2006; Goodrich, 2006; Du and Searle, 2009; Knudsen and Wang, 2010; Wang et al., 2013) and, in particular, in HC regeneration (Mantela et al., 2005; Sage et al., 2005, 2006; Weber et al., 2008). Nevertheless, to this date there are no models available that would allow for reversible inactivation of Rb1 and its associated factors. Such studies would be greatly facilitated by using mice harboring Rb1 conditional null alleles. We report here the generation and characterization of the TetO-DN-CB-myc6-Rb1 (DN-CBRb) mouse model, which combines the inducible nature of the tetracycline-controlled transcriptional activation (TetO) system, the lysosomal fusion protease pre-procathepsin B (CB), and part of the Rb1 coding sequence to generate a dominant-negative (DN) mutant RB1. As with any other protein destined to the lysosome, CB is synthesized by endoplasmic reticulum (ER)-bound ribosomes, post-translationally modified in the Golgi, and eventually routed to the lysosome (Kominami et al., 1991; Li et al., 1996). On the other hand, RB1 physically interacts with and modulates the activity of many different cellular proteins (Morris and Dyson, 2001; Goodrich, 2006). Hence, the combination of the fusion protease CB with the Rb1 gene results in a transgene that can exert a DN effect upon the endogenous RB1 protein, as well as any other protein that associates with RB1 (Li et al., 1996, 2000). DN mutations are most easily described in proteins that function as dimers or multimers. To date, there is no evidence of RB1 homodimerization. Nonetheless, the inherent nature of its activity allows for the presence of multiple molecules associated with RB1 at any given time (Goodrich, 2006). Whenever the RB1-interacting complex has more than one RB1 binding site, which is occupied by a DN-CBRb protein, it will elicit DN inhibition of the endogenous RB1 protein and result on an RB1-null phenotype. Moreover, if at least one RB1 molecule in the RB1 interacting complex is a DN-CBRb, it will prevent the entire complex from fulfilling its normal role, diverting it to the lysosome for degradation.

We describe here the generation of a DN RB1 transgene and provide evidence of its functionality in vitro and in vivo. Breeding of this mouse to tissue-specific promoters driving either tTA or rtTA lines, in the absence or presence of doxycycline (Dox), respectively, will result in the expression of the DN-CBRb fusion protein, which can bind to RB1-interacting molecules, promoting its lysosomal degradation. Initial characterization of the DN-CBRb mouse model supports DN inhibition of the RB1 protein in a number of different systems where Rb1 expression is known, including the inner ear. Consistent with RB1’s expression profile in the postnatal (P) organ of Corti (OC; Mantela et al., 2005), supernumerary inner HCs (IHCs) were observed along the length of the cochlea at P10 and P28, particularly concentrated in the middle and basal turns of the cochlea. The intrinsic property of the CB fusion protein, associated with RB1-mediated protein–protein interaction and combined with the reversible inducibility of the TetO system, makes this an interesting mouse model to assess the potential for transient and reversible Rb1 inactivation to regenerate lost HCs.

MATERIALS AND METHODS

ANIMALS

The DN-CBRb transgenic developed in this study is viable and exhibits no developmental abnormalities. Genomic DNA from wild-type and DN-CBRb positive (DN-CBRb+) mice were submitted to standard PCR as described below. PCR products from both genotypes were purified and sequenced using an ABI Prism® 3100 genetic analyzer to confirm the mutation site. The rtTA (B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2)Jae/J: Jaxmice stock number 006965) mouse line was purchased from the Jackson Laboratories. Double positive mice carrying both the DN-CBRb transgene and rtTA inducer allele (DN-CBRb+/ROSA-CAG-rtTA+) were used for experiments. Experimental negative control groups consisted of mice negative for CBRb and positive for rtTA (DN-CBRb-/ROSA-CAG-rtTA+), as well as mice positive for CBRb and negative for rtTA (DN-CBRb+/ROSA-CAG-rtTA-). Generation of the DN-CBRb transgenic line and all animal care and experiments associated with this study were approved by the Creighton University Institutional Animal Care and Use Committee (IACUC).

GENERATION OF CB-Myc6-Rb1 TRANSGENIC CONSTRUCT

To test the possibility of using fusion with a lysosomal protease as an effective means of causing DN inhibition of RB1, we amplified a 1583bp-long Rb1 cDNA fragment corresponding to the amino acid region 369–896 of the RB1 protein (528 amino acids). This fragment was cloned between the EcoR1 and XbaI restriction sites of the pCS2+CB-Myc6 vector (a gift from Dr. Marshal Horwitz, University of Washington; Li et al., 1996, 2000), to fuse it with the 1012bp long CB-Myc6 construct (337 amino acids; Figure 1A). The fusion product resulted in a peptide of 865 amino acids with CB- Myc6 at the N-terminus and Rb1 at the C-terminus. The fusion product has an approximate size of 108 kDa, which is slightly smaller than the endogenous RB1 protein (∼110 kDa). The CB- Myc6-RB fusion fragment was PCR amplified and cloned into a pTet-splice vector between the SalI and EcoRV restriction sites to obtain the Tet(O)-DN-CBRB under tetracycline promoter (Figure 1B).
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FIGURE 1. Generation of the CB-Myc6-Rb1 construct. (A) cloning of the Rb1 fragment into the pCS2-CB-Myc6 vector. A 1583bp Rb1 gene product was PCR amplified using Forward and Reverse primers. The resulting Rb1 fragment was cloned between EcoRI and Xbal restriction sites of pCS2 vector containing CB-Myc6 construct (a 1012bp CB gene fragment and a hexameric Myc6 sequence tag), as described previously (Li et al., 1996, 2000). (B) The CB-Myc6-Rb1 fragment was cloned into the pTetSplice vector between the SalI and EcoRV restriction sites.



IN VITRO TESTING OF THE DN-CBRb TRANSGENE AND GENERATION OF THE TRANSGENIC MOUSE

To stimulate in vitro overexpression and test the reversibility of the transgene, purified pTet-Splice plasmid containing the DN-CBRb cassette was co-transfected into HEK293 cells, with both DN-CBRb and the tetracycline-controlled transactivator pCMV-Tet3G vector (Clonetech Laboratories, Inc.), for 24 h. After that period, Dox media was removed and a subset of cells were washed from two to three times with PBS and incubated in Dox-free media for an additional 24 h to allow for inactivation of the transgene. Control samples consisted of co-transfected cells not treated with Dox, as well as HEK293 cells transfected only with the transactivator pCMV-Tet3G vector and treated with Dox for a 24-h period. Upon confirmation of effective Dox regulation of the DN-CBRb transgene, the entire cassette from the promoter up to the end of the SV40 polyA terminator element was excised out of the vector, gel purified, and used for the generation of the transgenic founder mice. The founder mice were generated using standard techniques at the Mouse Genome Engineering Core facility, University of Nebraska Medical Center. Pups were genotyped using a primer set specific to the CB-Rb1 fusion region, consisting of forward primer 5′ CTGTGGCATTGAATCAGAAATTGTGGCTGG 3′ and reverse primer 5′ GTACTTCTGCTATATGTGGCCATTACAACC 3′ (Figure 1B), which amplified a product approximately 401 bp (60 bp CB region + 341 Rb1 region; Figure 2). Several independent DN-CBRb founder lines were identified. Five of these lines were confirmed for germline transmission of the transgene. Two of those lines were further bred to establish breeding colonies and to test the transgene expression (i.e., lines 7 and 14). However, the results herein presented correspond to data collected from line 14 only. Reproductive problems with line 7 have precluded us from fully analyzing that line.
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FIGURE 2. Genotyping of the DN-CBRb mouse model. PCR with primers specific for the CB-Rb1 fusion transgene resulted in a 401 bp band in the DN-CBRb-positive animals (lanes 2, 4, and 5), but not in those lacking the transgene (lanes 1 and 3). rtTA genotype was carried following the protocol available at the Jackson Laboratories website (http://jaxmice.jax.org/strain/006965.html). (+) = Control DNA showing the transgene. (-) = Control PCR not containing DNA. M = 100 bp DNA ladder.



TRANSFECTION OF THE DN-CBRb TRANSGENE IN HEI-OC1 CELLS

HEI-OC1 cells, kindly provided by Dr. Fedrico Kalinec (David Geffen School of Medicine, UCLA, Los Angeles, CA, USA), were maintained at 33°C with 10% CO2 (at permissive conditions) with 10% DMEM (#11965-084, GIBCO-BRL). 10,000 cells were plated on a 96-well plate and allowed to incubate overnight. On the following day transient transfection of DN-CBRB and rtTA construct was done using lipid based transfection reagent DharmaFECT Duo (T-2010-03). HEI-OC1 transfection rate was calculated based with pmR-ZsGreen1 (Clontech), wherein the transfected cells exhibited green fluorescence. 2 ug of pmR-ZsGreen1 was transfected in parallel, in a separate well. 1 ug/mL Dox was provided for experimental samples. Plasmid expression was measured 24 h after transfection and transfection rate was calculated by counting the number of GFP positive cells over the total cells labeled with Hoechst. A transfection rate of ∼70% was estimated. Of note, the treatment of untransfected HEI-OC1 cells with Dox did not affect RB1 protein expression or cell proliferation. Cell proliferation was assessed by CyQuant NF cell proliferation kit (Invitrogen, C35007). Cell proliferation assay was performed 48 h after transfection, according to manufacturer’s protocol. Briefly, the cell culture media was removed and 100 μl of 1X dye binding solution was added into each microplate well. The microplate was incubated for additional 1 h at 37°C. The fluorescence intensity for each sample was measured using fluorescence microplate reader (FLUOstar OPTIMA, BMG Labtech), with excitation at 485 nm and emission detection at 530 nm. To quantify any potential cell death following transfection, HEI-OC1 cells were trypsinized and counted. 0.1 × 106 cells were plated on a coverglass in a 12-well plate and incubated overnight at 37°C. On the following day, cells were transfected with the DN-CBRb and rtTA constructs using DharmaFECT Duo (T-2010-03), lipid based transfection reagent. Positive control samples consisted of untransfected HEI-OC1 cells treated with 1 μM Staurosporine for 4 h. After 48 h of incubation, HEI-OC1 cells were analyzed for detection of active caspases according to the manfacturer’s protocol (Millipore, APT523). Briefly, 1X CaspaTag reagent solution was added and the cells were incubated at 37°C for 1 h. 5 ug/ml DAPI was used to label the nuclei of the dying cells for 10 min at room temperature. The cells were washed twice with 1X wash buffer and fixed using the supplier provided fixative. Thereafter, the coverslips were mounted and observed under the epifluorescence microscope (Nikon Eclipse 80i).

IN SITU HYBRIDIZATION (ISH)

Whole-mount ISH detecting DN-CBRb mRNA was performed on Dox-treated (experimental) and untreated (control) P21 DN-CBRb+/ROSA-CAG-rtTA+ mice cochleae as previously described (Barritt et al., 2012). An approximately 600 nucleotides long riboprobe was generated by in vitro transcription of PCR products derived from DN-CBRb cDNA using primer 5′GGCTGGCAGCCAACTCTTGGAACCTTGACTGG. Reacted tissues were whole mounted in glycerol to be observed under the microscope or embedded on OTC media prior to frozen sectioning on a microtome cryostat. Whole mount and sections were imaged by differential interference contrast microscopy on a Nikon Eclipse 80i microscope. Sections of the cochlea and spiral ganglion neurons were counterstained with Nuclear Fast Red (Vector Laboratories, H3403).

RNA EXTRACTION AND QUANTITATIVE RT-PCR ANALYSIS

Total RNA was isolated from dissected cochleae using RNeasy kit (Qiagen) according to the of the manufacturer’s instructions. Up to 20 μg of total RNA were treated with RNase-free DNase (Turbo DNfree; Ambion), and RNA concentration and quality were assessed on a Nanodrop spectrophotometer and Agilent Bioanalyzer, respectively. 250 ng of RNA were reverse transcribed using MultiScribe reverse transcriptase and random primers (Applied Biosystems). Semi-quantitative PCR assay was done in triplicate for each sample using SYBR green (Applied Biosystems, StepOne plus system). A corresponding amplification for each sample was performed with template without reverse transcriptase enzyme and used as control to rule out any possible genomic contamination. Amplification was performed using primers set specific to the CB-Rb1 fusion region, consisting of forward primer: 5′ CTGTGGCATTGAATCAGAAATTGTGGCTGG-3′ and reverse primer 5′TACTTCTGCTATATGTGGCCATTACAACC-3′, for 40 cycles. The relative quantitation of mRNA abundance was normalized to endogenous β-Actin using StepOne Software (Applied Biosystems; version 2.1). T-tests were performed on the normalized gene expression values to determine whether differences were statistically significant. P < 0.05 was considered significant.

REGULATION OF THE DN-CBRb TRANSGENE IN VIVO

To enable transgene expression, the DN-CBRb mice were bred to the ROSA-CAG-rtTA tetracycline inducer line. Genotyping of the rtTA construct was performed as described at the Jackson Laboratories website (http://jaxmice.jax.org/strain/006965.html). Double-positive (DN-CBRb+/ROSA-CAG-rtTA+) and negative controls (DN-CBRb-/ROSA-CAG-rtTA+, DN-CBRb+/ROSA-CAG-rtTA-) mice were treated with 2 mg/ml Dox in drinking water (post-weaning) or through their lactating mothers (pre-weaning). Alternative Dox doses have been tested (e.g., lower or higher than 2 mg/ml). However, as the method relies on the volume of water consumed by the animals, lower doses proved to be less efficient, resulting on a high variability on the phenotype. Such variability was attributed to a decrease on the volume of water consumed by some animals, and consequently smaller Dox absorption. When higher than 2 mg/ml was used, animals tended to drink less water (and absorb less Dox) due to Dox’s bitter taste. Further experiments with injectable Dox at concentrations higher than 2 mg/mL showed no differences from what we normally observe when providing 2 mg/mL Dox in the drinking water. Hence, we proceeded with Dox in drinking water. At the end of the Dox-treatment, several tissues were harvested (e.g., cochlea, eye, liver, heart, lung, and kidney) from DN-CBRb+/ROSA-CAG-rtTA+ and DN-CBRb+/ROSA-CAG-rtTA- control mice and either stored in RNAlater® stabilization solution (Ambion) for subsequent RNA or protein extraction or kept in 4% paraformaldehyde (PFA) for histological analysis.

WESTERN BLOT

The tissues collected in RNA later and stored at -80°C were homogenized in Ripa lysis buffer (Thermo scientific #89901) with protease inhibitor (Thermo scientific #88664). Homogenization was done using Omni Homogenizers. Lysates obtained from tissues or cells were centrifuged at 14,000 rpm for 20 min at 4°C. The supernatant was used for protein estimation using the Lowrey method (BioRad DC protein assay kit #500–0112). Thereafter, 20 μg of protein was resolved on 10% SDS-PAGE and proteins were then transferred to PVDF membranes in a Bio-Rad TransBlot apparatus according to the manufacturer’s instructions at 100 V for 90 min. The proteins were transferred to PVDF membrane (Millipore Immobilon-P IPVH304FO) at 100 V for 90 min using a Biorad wet-tank apparatus. After incubation in blocking solution, the PVDF membrane was blocked in 5% blocking solution for 2 h at room temperature and probed overnight at 4°C with anti-RB1 (antibody against total RB1 protein; Abcam, ab6075), anti- active caspase 3 (Millipore, AB3623), anti -c-myc (Sigma, c3956) and anti β-actin (Santa Cruz, sc-69879) overnight at 4°C. The membranes were then washed and incubated in appropriate HRP-conjugated secondary antibodies, anti-rabbit (Santa Cruz, sc-2054) and anti-mouse (Santa Cruz, sc-358923) for 1 h at RT. After washing, peroxidase-bound protein bands were visualized by chemiluminescence using ECL substrate (Pierce, Rockford, IL, USA).

HISTOLOGICAL ANALYSIS

Whole mount immunohistochemistry was performed as previously described (Rocha-Sanchez et al., 2011). Immunohistological staining of Myosin VIIa (M7a; Proteus Biosciences) and active capsase 3 (Millipore, AB3623) was performed on DN-CBRb+/ROSA-CAG-rtTA+ and DN-CBRb-/ROSA-CAG-rtTA+ formalin-fixed whole-mount preparations of dissected cochlear neurosensory epithelia. Tissue pieces (apex, middle, and base) were block/permeabilized with 5% NGS/0.1% Tween 20 at room temperature for 2–3 h, incubated with a primary antibody for 48 h in blocking buffer, and washed three times with PBS. Samples were then labeled with Alexa 568-conjugated secondary antibodies (1:500; Invitrogen), washed with PBS, counterstained with DAPI (5 ug/ml) for 2 h at room temperature. The cochleae were then mounted using Prolong anti-fade (Invitrogen) and imaged using a Leica TCS SP8 MP confocal microscope. Cell counting was performed on 200X images obtained from three different regions (apex, middle, and base) of the DN-CBRb+/ROSA-CAG-rtTA+ and DN-CBRb-/ROSA-CAG-rtTA+ (control) cochleae. Statistical analysis between the two groups was done using paired t-test. Values are represented as ±SEM. P < 0.05 was considered significant.

PHALLOIDIN LABELING

F-actin was stained with Alexa 488 conjugated phalloidin. Briefly, formalin-fixed cochleae were washed with PBS three times and permeabilized with 0.25% Triton X-100 for 10 min. Thereafter, the cochlear tissue was labeled with Alexa 488-phalloidin (1: 200; Sigma–Aldrich) for 30 min. After three washes with PBS, the specimens were counterstained with DAPI, and imaged using Leica TCS SP8 MP confocal microscope.

PROLIFERATION ASSAY

To label mitotically active cells, a single, subcutaneous injection of the thymidine analog 5-ethynyl-2′-deoxyuridine (EdU; 50 mg/kg) in DMSO was administered to DN-CBRb+/ROSA-CAG-rtTA+ and DN-CBRb+/ROSA-CAG-rtTA- mice 4 h before tissue harvesting. EdU incorporation into DNA of whole-mount cochlea was detected using the Click-iT EdU Alexa 488 Fluor Imaging kit (Invitrogen) and double stained with DAPI following the manufacturer’s instructions and experimental procedures previously described (Kaiser et al., 2009; Rocha-Sanchez et al., 2011). Samples were imaged using a Leica TCS SP8 MP confocal microscope.

RESULTS

GENERATION OF THE TEMPORALLY AND CONDITIONALLY INDUCIBLE DN-CBRb TRANSGENE

To overcome the inherent problems associated with complete and permanent Rb1 deletion in mice, we sought to develop a DN version of the RB1 protein that would not only inhibit RB1 activity, regardless of the presence of functional endogenous RB1, but also bind to and trigger proteasome-mediated degradation of the protein complexes that normally associate with RB1. To this end, we modified a previously published system (Li et al., 1996, 2000) consisting of the fusion of the preprocathepsin B protease associated with most of the entire pocket domain and C-terminal region of Rb1. The resultant CB-myc6-RBf1ΔC (DN-CBRb) cassette has a carboxyl-terminal deletion between residues 369 and 896 (Li et al., 1996, 2000). To avoid the complications associated with constitutive Rb1 elimination, the DN-CBRb cassette was cloned under the tetracycline inducer Tet(O) promoter as described in materials and methods (Figures 1A,B). In vitro testing of the construct was performed in OC derived HEI-OC1 cells by transient transfection. Expression of the fusion protein was detected by Western blot with anti-RB1 antibody, as described below.

IN VITRO ASSESSMENT OF THE CB-Myc6-Rb1 CONSTRUCT

To test the effectiveness of Dox-regulated DN-CBRb activation and the reversibility of the system, HEK 293 cells were co-transfected with purified pTet-Splice plasmid containing the CB-Myc6-Rb1 construct and the pCMV-Tet3G vector. Addition of Dox to the culture media significantly inhibited the expression of the endogenous RB1 protein (Figure 3). Following a 24-h period, Dox treatment was withdrawn and a subset of those Dox-treated HEK 293 cells was provided with a Dox-free media for an additional 24 h. Consistent with the reversible nature of the system, RB1 expression was restored in those cells after Dox removal from the culture media (Figure 3). Noteworthy, no changes in RB1 expression were observed on co-transfected HEK 293 cells not treated with Dox or on Dox-treated HEK 293 cells transfected with the pCMV-Tet3G vector only (Figure 3).


[image: image]

FIGURE 3. TetO-driven, Dox-activated expression of the DN-CBRb transgene leads to downregulation of the endogenous RB1 in vitro. HEK293 cells, which endogenously express RB1 (Chano et al., 2006), were co-transfected with TetO-DN-CB-myc6-Rb1, and the pCMV-Tet3G transactivator vector. In the absence of Dox, co-transfected HEK293 cells stably expressed RB1 (lane 1). Addition of Dox to the system for a 24-h period led to TetO-DN-CB-myc6-Rb1 activation and RB1 downregulation (lane 2). Culturing a subset of those Dox-treated cells in a Dox-free media for an additional 24 h allowed for RB1 expression to be resumed (lane 3). C = Control HEK293 cells transfected with pCMV-Tet3G only, treated with Dox.



To investigate whether the inhibition in RB1 expression leads to increase in cell proliferation, HEI-OC1 cells were co-transfected with pTet-Splice-DN-CBRb and pCMV-Tet3G vectors and submitted or not (control group) to Dox treatment, as described above. Increase in proliferation was quantified by measuring the DNA content in both experimental and control groups, as well as in untransfected HEI-OC1 cells. Consistent with the activation of the DN-CBRb construct, the results demonstrated that co-transfection with pTet-Splice-DN-CBRb and pCMV-Tet3G vectors, followed by Dox-induced gene expression, led to a modest, but significant increase in DNA content compared to the control groups, which is an indirect measure of increase in cell number (Figure 4). In contrast, no significant changes in DNA content were observed between transfect HEI-OC1 cells not treated with Dox and untransfected HEI-OC1 (Figure 4). Next, to assess the possibility of cell death following activation of the DN-CBRb construct, the protein levels of active caspase 3 were measured by immunoblotting. Positive control consisted of HEI-OC1 cells treated with 1 μM Staurosporine. Overall, no significant changes in active caspase 3 protein levels were observed between untransfected control (treated and untreated with Dox) and experimental (transfected/Dox-untreated and transfected/Dox-treated) cells even after 48 h of transfection (Figure 5A). These results were recapitulated by in situ caspase detection on untransfected controls and experimental HEI-OC1 cells (Figures 5B,C). In sharp contrast, significant cell death was observed on the Staurosporine-treated untransfected HEI-OC1 cells (positive control; Figure 5D).
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FIGURE 4. Dox-mediated DN-CBRb transgene activation increases cell proliferation. HEI-OC1 cells co-transfected with purified pTet-Splice-DN-CBRB and the pCMV-Tet3G vectors were cultured in the absence (-) or presence (+) of Dox. Cell proliferation was determined 48 h after transfection using CYQUANT NF Proliferation Assay. Percentage change in proliferation was calculated using change in fluorescence values with untransfected cells as control. A modest, but significant increase in cell number was observed on transfected cells following Dox treatment. In contrast, no significant changes were observed between transfected HEI-OC1 cells not treated with (-Dox) and the untransfected control. *P < 0.05.
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FIGURE 5. Dox-mediated DN-CBRb transgene activation has no effect on active caspase 3 activation. HEI-OCI cells co-transfected with TetO-DN-CB-myc6-Rb1 and the pCMV-Tet3G transactivator vector were cultured in the absence (-) or presence (+) of Dox. (A) Protein expression of active caspase 3 in the absence or presence of Dox for 24 and 48 h. (B–D) Immunohistochemical analysis of apoptotic cell death by CaspaTag assay. (B) Untransfected cells. (C) Transfected cells treated with Dox. (D) Untransfected cells treated with Staurosporine (positive control). Arrows point to apoptotic cells. S = Untransfected cells treated with Staurosporine for 4 h ; U = Untransfected cells; 1 = Transfected cells treated with Dox only for 48 h; 2 = Transfected cells not treated with Dox for 24 h; 3 = Transfected cells treated with Dox for 24 h; 4 = Transfected cells not treated with Dox for 48 h; 5 = Transfected cells treated with Dox for 48 h. Bar = 10 μm.



IN VIVO ASSESSMENT OF THE CB-myc6-Rb1 CONSTRUCT ACTIVATION

To investigate the functionality of the CB-myc6-Rb1 construct in vivo, the pTet-splice vector containing the DN-CBRb cassette was digested with the NotI enzyme to release the transgenic cassette, including the promoter and terminator elements. Gel-purified DNA was used to generate the transgenic mice using standard pronuclear injection techniques. DN-CBRb transgenic lines were further bred to the ROSA-CAG-rtTA tetracycline inducer line, which enables ubiquitous expression of DN-CBRb upon Dox administration. Litters from mating of DN-CBRb to ROSA-CAG-rtTA mice were genotyped as described in material and methods. DN-CBRb+/ROSA-CAG-rtTA+ and DN-CBRb-/ROSA-CAG-rtTA+ were Dox-induced and analyzed for transgene expression. Ten independent DN-CBRb founder lines were identified. Five of these lines were confirmed for germline transmission of the transgene and used as founders for further breeding. Currently four of those lines are cryopreserved. The results presented here correspond to one single line of DN-CBRb mouse. To examine the in vivo feasibility of the method, we bred the DN-CBRb line with the tetracycline inducer ROSA-CAG-rtTA mice. DN-CBRb+/ROSA-CAG-rtTA+ mice did not exhibit any deficits and were further used for transgene induction experiments. Furthermore, to test for any potential leaky expression of the DN-CBRb transgene, we measured RB1 protein expression in DN-CBRb+/ROSA-CAG-rtTA+ mice in the absence or presence of Dox. Supporting a tight regulation of the transgene by Dox, a significant decrease in RB1 protein expression was observed in DN-CBRb+/ROSA-CAG-rtTA+ mice fed with Dox, but not in the untreated DN-CBRb+/ROSA-CAG-rtTA+ mice (Figure 6). Given the evidences of specific Dox regulation of DN-CBRb+/ROSA-CAG-rtTA+, added to the fact that no leaky transgene expression was observed on any other genotype combination, either in the presence or absence of Dox, we chose to use DN-CBRb-/ROSA-CAG-rtTA+ (western blotting and histology) and DN-CBRb+/ROSA-CAG-rtTA- (RT-PCR) as negative controls.
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FIGURE 6. Dox-mediated DN-CBRb activation is tightly regulated by Dox administration. Cochleae of Dox treated (lanes 1–3) and untreated (lanes 4–6) P10 DN-CBRb+/ROSA-CAG-rtTA+ mice were submitted to Western blot analysis with anti-RB1 antibody. Consistent with a tight regulation of the DN-CBRb expression by Dox administration, no endogenous RB1 expression was observed on DN-CBRb+/ROSA-CAG-rtTA+ mice cochleae in the presence of Dox.



To determine the length of time needed to activate the ROSA-CAG-rtTA inducer line and elicit the DN-CBRb activation, DN-CBRb+/ROSA-CAG-rtTA+ mice and DN-CBRb-/ROSA-CAG-rtTA+ mice were divided into three different groups and administered Dox in drinking water for 3 (Group 1), 7 (Group 2), and 10 (Group 3) consecutive days. Immediately after treatment, protein was extracted from postnatal (P) day 36 mice cochleae and analyzed by western blot using mouse anti-RB1 and c-myc hexameric antibodies (Figures 7A–C). Consistent with an initial accumulation of RB1 protein, quantification of RB1-Dox dose kinetics revealed a more than 20-fold increase in RB1 protein in cochleae of double-positive mice compared to the negative control samples (Figures 7A,D). Such accumulation may reflect the detection of both DN-CBRb and native RB1 subunits, prior to their association and lysosomal degradation. This notion was further supported by the observation that DN-CBRb+/ROSA-CAG-rtTA+ cochleae from groups 2 and 3 displayed steadily less RB protein than the control samples (Figures 7B–D). Analyses of liver and heart biopsies confirmed the pattern of RB1-Dox dose kinetics described above (data not shown). Of note, no significant differences in RB1 expression were observed in mice treated with Dox for periods longer than 10 consecutive days (data not shown). Hence, all treatments in subsequent experiments were performed on a 10-day Dox treatment.
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FIGURE 7. DN-CBRb transgene activation in the inner ear of postnatal (P) 36 DN-CBRb+/ROSA-CAG-rtTA+ (CBRb+) and DN-CBRb-/ROSA-CAG-rtTA+ (CBRb-) mice after 3 (group 1), 7 (group 2), and 10 (group 3) days of Dox treatment. (A–C) Anti-RB1, which reacts with both hyperphosphorylated and hypophosphorylated forms of RB1, as well as anti-c-myc antibodies were used for detection. Densitometric analysis was done using ImageJ software (http://imagej.nih.gov/ij/). The corresponding values obtained were normalized to the negative control CBRb (-) and then to β-actin. The relative RB1 expression levels are shown underneath each blot. (D) Graphic representation of normalized RB1 expression levels plotted against the different treatments highlights a consistently lower RB1 detection in CBRb+ samples. Each lane on the Western blot gel (A–C) and each column on the graphic (D) correspond to a different individual and sample. (-) = CBRb-; *P < 0.05.



To investigate the reversibility of the DN-CBRb transgene in vivo, P10 DN-CBRb+/ROSA-CAG-rtTA+ mice were fed with Dox in drinking water for 10 consecutive days. Controls consisted of untreated DN-CBRb+/ROSA-CAG-rtTA+ mice (Group 1; -Dox). Following that period, animals were euthanized either immediately (Group 2; +Dox) or 5 days after Dox withdraw (Group 3; ±Dox). Cochleae were dissected and analyzed for RB1 expression (Figure 8). Compared to the control untreated group, RB1 expression was visibly downregulated on group 1 (Figure 8). On another hand, supporting the reversibility of the system, RB1 expression on group 3 was increased compared to group 2. These results are in agreement with previously shown in vitro analysis (Figure 3).
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FIGURE 8. Reversible in vivo DN-CBRb transgene regulation. P10 DN-CBRb+/ROSA-CAG-rtTA+ mice were fed with Dox in drinking water for 10 consecutive days. Untreated animals of the same genotype were used as control group (Group 1; -Dox). At the end of Dox treatment animals were euthanized either immediately (Group 2; +Dox) or 5 days after Dox withdraw (Group 3; ±Dox). Supporting the reversibility of the system, RB1 levels were visibly decreased on group 2. Nevertheless, cochleae collected 5 days after Dox withdraw showed RB1 levels, which were comparable to those of the control group.



To assess any potential tissue-specific variation on the efficiency of the Dox-mediated DN-CBRb activation, DN-CBRb+/ROSA-CAG-rtTA+ and age-matched DN-CBRb+/ROSA-CAG-rtTA- mice were treated with Dox for 10 consecutive days. Cochleae, lungs, heart, and eye biopsies were dissected from experimental and control groups at P18 and subjected to western blotting with antibody against RB1 (Figure 9A). As expected, an inter-tissue variation on RB1 expression levels was observed in the DN-CBRb+/ROSA-CAG-rtTA- group, with retina and cochleae showing higher RB1 concentrations (Figure 9A). Consistent with the notion of a possible interaction between the wild-type RB1 and the DN-CBRb transgene, endogenous RB1 expression was consistently decreased in every one of the DN-CBRb+/ROSA-CAG-rtTA+ mice tissues analyzed (Figure 8A). In spite of some inter-individual variations on the residual amount of RB1 protein after transgene activation, RB1 expression was visibly and significantly downregulated compared to the control animals (Figures 8A,B). These results were in agreement with our quantitative RT-PCR analyses in eye, heart and cochleae of Dox-treated DN-CBRb+/ROSA-CAG-rtTA+ and age-matched Dox-treated DN-CBRb+/ROSA-CAG-rtTA- mice, which showed significant upregulation of the DN-CBRb transcript in DN-CBRb+/ROSA-CAG-rtTA+ tissues, but not in DN-CBRb+/ROSA-CAG-rtTA- (Figure 9C). Moreover, RT-PCR analyses not only confirmed the inducibility of the system, by showing no transgene upregulation in the DN-CBRb+/ROSA-CAG-rtTA- mice, but also demonstrated an increased concentration of the transgene in CBRb+/ROSA-CAG- rtTA+ animals.
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FIGURE 9. Spatial analyses of the DN-CBRb transgene activation in P18 DN-CBRb+/ROSA-CAG-rtTA+ and DN-CBRb+/ROSA-CAG-rtTA- mice heart, eye, lungs, and cochlea. (A) Confirming efficiency of Dox-mediated transgene activation, expression of the endogenous RB1 was downregulated in the CBRb+/ROSA-CAG-rtTA+ (+) tissues, but not in the CBRb-/ROSA-CAG-rtTA+ (-) control mice tissues. Densitometric analysis was performed as described in Figure 4. The relative RB1 expression levels are shown underneath each blot. (B) Graphic representation of normalized RB1 expression levels plotted against the different tissues. Inter-individual variation on endogenous RB1 levels may explain differences in individual responses to transgene activation and RB1 downregulation. (C) RT-PCR analyses in eye, heart and cochleae revealed significant upregulation of the DN-CBRb transcript in dox-treated DN-CBRb+/ROSA-CAG-rtTA+ tissues, but not in DN-CBRb+/ROSA-CAG-rtTA-. CBRb+/rtTA+ = DN-CBRb+/ROSA-CAG-rtTA+; CBRb-/rtTA+ = DN-CBRb-/ROSA-CAG-rtTA+; CBRb+/rtTA- = DN-CBRb+/ROSA-CAG-rtTA-. *P < 0.05.



Endogenous Rb1 expression is subjected to temporal and spatial variations (Hamel et al., 1993; Moore et al., 1996; Mantela et al., 2005). The present results collected from four different tissues from P18 mice combined with our previous set of experiments (Figures 7A–D) on P36 mice cochleae, support both the temporal and spatial efficiency of the DN-CBRb transgene activation, as well as the utilization of the DN-CBRb mouse model in a variety of studies looking into manipulating RB1 at different postnatal time points.

DN-CBRb EXPRESSION IN THE MOUSE COCHLEA

To investigate cell-specific expression of the DN-CBRb transgene, Dox-treated and untreated (control) P21 DN-CBRb+/ROSA-CAG-rtTA+ mice cochleae were submitted to ISH with transgene-specific riboprobes. Supporting efficient activation and tight regulation of the transgene, strong cytoplasmic and nuclear signal was detected at the IHCs region, including inner pillar cells and border cells, throughout the length of the cochlea (Figures 10A–E). Likewise, hybridization signal was observed on supernumerary cells along the length of the cochlea (Figures 10B,C–E), suggesting efficient transmission of the transgene to the daughter cells. No hybridization signal was observed on the control samples (data not shown). Light hybridization signal was also observed in the cytoplasma of outer HCs, Deiters’ cells, outer pillar cells, and spiral ganglion neurons (Figures 10D,F). Cytoplasmic detection of the transgene further evidences efficient transport of the DN-CBRb mRNA from the cells’ nuclei to be translated into active proteins. Noteworthy, mosaic transgene expression, which is part of the intrinsic nature of transgenic constructs, was also observed on DN-CBRb expression (Figures 10A–F). Such phenomenon is likely the result of incomplete recombination, a common occurrence associated with transgenic constructs. Therefore, incomplete recombination associated with the inherent mosaic expression of rtTA inducible systems may explain, at least in part, the patchy pattern of supernumerary cells observed on DN-CBRb+/ROSA-CAG-rtTA+ mouse.
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FIGURE 10. DN-CBRb transgene expression in a P21 DN-CBRb+/ROSA-CAG-rtTA+ mouse cochlea. (A–F) Strong cytoplasmic and nuclear ISH signal was observed at the inner hair cells (IHCs), region of Dox-treated DN-CBRb+/ROSA-CAG-rtTA+ mouse cochlea. (A–D) Transgene expression was detected throughout the length of the cochlea, but visibly stronger at the middle and basal regions compared to the apex of the cochlea. Mosaic DN-CBRb expression was observed (arrows) and may indicate incomplete recombination in those cells. Likewise, supernumerary cells (asterisk) showed strong hybridization signal, suggesting efficient transgene transmission to the newly formed cells. (E) Sections of the cochlea counterstained with Nuclear Fast Red, confirmed our observations on whole mount preparations and allowed for a better appreciation of a supernumerary IHC (asterisk), as well as some light transgene expression in the spiral ganglion neurons (F). SGN , spiral ganglion neurons; Bar = 10 μm.



TEMPORARY Rb1 DOWNREGULATION IN THE DN-CBRb+/ROSA-CAG-rtTA+ MOUSE RESULTS IN SUPERNUMERARY INNER HAIR CELLS

To better understand the possible consequences of temporally regulated RB1 inhibition in the inner ear, cochleae of DN-CBRb+/ROSA-CAG-rtTA+ and DN-CBRb-/ROSA-CAG-rtTA+ mice at P10 and P28 were dissected and submitted to immunohistochemistry with antibody against the HC marker Myosin VIIa (M7a). To date, a total of 40 ears (five mice per genotype × 2 time points) have been analyzed. While no changes have been observed in the cochleae of DN-CBRb-/ROSA-CAG-rtTA+ mice, supernumerary M7a-positive cells were observed at the IHCs’ region of DN-CBRb+/ROSA-CAG-rtTA+ cochleae at the two time points analyzed (Figures 11A–K). Counting of those supernumerary cells was performed and the results compared between the different turns of the cochlea (i.e., apex, middle, and base) and time points by t-test (Figure 11L). No statistical differences were observed on the concentration of supernumerary cells between the middle and basal turns at either time points. Nevertheless, comparison between the numbers of supernumerary cells within the combined middle and basal turns and the apical turn was found to be significant (p < 0.05). Likewise, DN-CBRb+/ROSA-CAG-rtTA+ mouse at P10 showed significantly more supernumerary cells (p < 0.05) than at P28. These results are in agreement with the expression pattern of the endogenous Rb1 gene in the mouse cochlea (Mantela et al., 2005), showing a base-to-apex expression gradient, which is downregulated during postnatal development. Of note, no significant changes were observed in OHCs. Next, to start gathering information on the morphology of those supernumerary cells, we looked for the presence and morphology of stereocilia by using phalloidin labeling on DN-CBRb+/ROSA-CAG-rtTA+ cochlea at P10. As whole, no visible differences were observed on stereocilia morphology, density, and orientation between supernumerary and regular IHCs at P10 (Figures 12A–C). Additional analyses are currently underway to assess functionality and maturation of those newly generated HCs.
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FIGURE 11. Immunohistochemical detection of myosin VIIa (M7a)-positive supernumerary cells in the cochleae of DN-CBRb+/ROSA-CAG-rtTA+ (CBRb) at postnatal (P) day 10 and P28. Compared to the DN-CBRb+/ROSA-CAG-rtTA- (WT) control, which show a single line of cells at the IHCs’ region throughout the length of the cochlea (A,D,G), P10 (B,E,H–J) and P28 (C,F,K) CBRb mutants exhibited extra M7a-positive cells (arrows and boxed regions), which were more concentrated in the basal and middle turns of the cochlea. Of note, the density of supernumerary cells was higher in P10 ears compared to P28. A close up of boxed areas in (B,E) are shown in (I) and (J), respectively. Boxed area in (J) highlights an area where IHCs are seen in as a double row. The blue background in all figures corresponds to DAPI staining. Bar = 10 μm. (L) Counting of Myosin VIIa-positive cells at the IHCs’ region of CBRb mice cochleae at P10 revealed a significant increase in cells, particularly at the middle and basal turns, when compared to DN-CBRb-/ROSA-CAG-rtTA+ mice. Error bars show SEM. *P < 0.05.
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FIGURE 12. Immunohistochemical localization of stereocilia and proliferating cells on DN-CBRb+/ROSA-CAG-rtTA+ mouse cochleae. (A–C) Phalloidin (green) staining of P10 CBRb+/ROSA-CAG-rtTA+ mouse cochlea revealed the presence of F-actin-positive stereocilia-like structures (arrows). Due to the peculiar cochleae anatomy, (B,C) were rotated to facilitate visualization of the stereocilia. (D) EdU (green) labeling in DN-CBRb+/ROSA-CAG-rtTA+ (CBRb) at P10 showed no proliferation within the OC; however, a few EdU-positive cells were observed at the greater epithelial ridge. Asterisks indicate supernumerary cells. DAPI = Blue; Myosin VIIa = Red. Bar = 10 μm.



Unscheduled proliferation of inner ear cells upon complete or conditional RB1 deletion generally leads to massive cell death (Mantela et al., 2005; Sage et al., 2005, 2006). In the absence of any detectable apoptotic-like features in Dox-treated DN-CBRb+/ROSA-CAG-rtTA+ cochlea, we performed immunohistochemical analysis using antibody specific to detect any potential active caspase 3 activity in those mice cochleae at P10. Cochleae treated with Staurosporine were used as a positive control. No positive caspase 3 labeling was observed, except for a single positive nucleus at the basal turn of one of the ten cochleae analyzed (data not shown). Likewise, EdU labeling of DN-CBRb+/ROSA-CAG-rtTA+ cochlea did not reveal any detectable signs of proliferation within the OC (Figure 12D). However EdU-positive cells were still observed in the greater epithelial ridge (Figure 12D), suggesting that proliferation of the cells giving rise to the supernumerary HCs took place earlier during the 10 days of Dox treatments. Additional analyses of DN-CBRb+/ROSA-CAG-rtTA+ mice cochleae submitted to shorter periods of Dox treatment is likely to shed light on the timing when proliferation is taking place. No EdU-positive cells were observed in the control DN-CBRb-/ROSA-CAG-rtTA+ mice ears (data not shown).

DISCUSSION

While the use of Rb1 knockout (KO) mice has highlighted Rb1’s potential role in HC regeneration, early embryonic lethality of Rb1 KO mice poses serious limitations to undertaking any further regeneration studies in vivo, particularly in the late embryonic and postnatal stages (Lee et al., 1992; Wu et al., 2003; Mantela et al., 2005; Sage et al., 2005, 2006). Moreover, conditional Rb1 deletion in specific tissues using the Cre/lox system is not always straightforward (Weber et al., 2008; Turlo et al., 2010). To circumvent the problems associated with such approaches, we sought to generate a mouse model in which RB1 can be conditionally inactivated by overexpressing a DN mutant RB1 in a spatiotemporal manner. To abolish the function of endogenous RB1, a number of options have been proposed (Dick, 2007; Macpherson, 2008). The best alternative would be the one that results not only in the inactivation of the endogenous RB1, but also its proteolytic degradation. Such a transgenic construct has been previously described elsewhere (Higashitsuji et al., 2000; Li et al., 2000). However, while elegant, it lacked a mechanism to control transgene activation, response, or tissue specificity. We have generated an inducible RB1 DN transgenic mouse model that combines the straightforward strategy of the Dox-dependent transcriptional system to the fusion of the lysosomal protease CB with Rb1 to generate a temporally regulated Dox-mediated DN-RB1 mouse model. Unlike other methods for designing a DN mutation, the proposed method requires minimal knowledge of the gene’s structure and function and can be potentially applied to any gene of interest (Li et al., 2000). Moreover, perhaps the most exciting aspect of this method is the reversibility of the inducible expression of the transgene, in vitro and in vivo, after Dox withdrawn.

Rb1 is a classical tumor suppressor gene with a variety of functions, ranging from DNA replication to mitosis, DNA repair, DNA damage checkpoint control, cellular senescence, differentiation, to apoptosis (Korenjak and Brehm, 2005). In addition to canonical binding with E2F during the G1 phase and regulating proliferation, RB1 binds to a number of transcription factors via protein–protein interactions to regulate tissue-specific functions (Welch and Wang, 1993; Dick and Dyson, 2003). To our knowledge, there is no evidence of direct physical interaction between RB1 molecules. Nevertheless, we hypothesize that some of the numerous RB1-binding molecules will have multiple RB1 sites, thus allowing for the presence of multiple RB1 molecules at a given time. Consistent with our hypothesis, BRCA1 has been shown to have RB1-binding sites in both the C- and N-terminus (Aprelikova et al., 1999; Yarden and Brody, 1999). In this light, if one of the RB1 molecules is a DN mutant, it will prevent RB1-containing complex from fulfilling their normal role, decreasing the endogenous RB1 levels and eliciting an RB1-null phenotype (Kominami et al., 1991). While the full biochemical mechanisms underlying the DN-CBRb activity are yet to be unveiled, in vivo and in vitro downregulation of the endogenous RB1 protein following Dox treatment suggests that, like the BRCA1 protein, more members of the RB1 interactome may have multiple RB1-binding sites.

In addition to its well-established importance in development and cancer research, special attention has been paid to the role of Rb1 in tissue regeneration (Bakay et al., 2006; Wang et al., 2013), particularly auditory HC regeneration (Mantela et al., 2005; Sage et al., 2005, 2006; Weber et al., 2008). During the past 8 years, using the auditory system as a model, we and others have shown that manipulation of the Rb1 gene or specific components of the Rb1 pathway trigger unscheduled proliferation of the otherwise mitotically quiescent neurosensory HCs and their clonally related supporting cells (Mantela et al., 2005; Sage et al., 2005; Weber et al., 2008; Rocha-Sanchez et al., 2011, 2013). Although a growing repertoire of molecular techniques has substantially contributed to our understanding of the multifaceted role of Rb1, no approach to date has been effective in allowing for the understanding of RB1 activity without permanently eliminating its activity, which, given Rb1’s broad spectrum of interactions, generally results in either impaired viability or morbidity (Lee et al., 1992; Wu et al., 2003). In regard to tissue regeneration, induced and reversible temporary inactivation of RB1 and its associating factors may lead to the expansion of targeted cells without triggering cell death, because RB1 function will be restored once Dox induction is withdrawn.

We have generated a mouse model that allows for inducible, reversible, and temporal control of the RB1 protein inhibition at various postnatal ages. Initial studies on DN-CBRb mice demonstrate proof of concept for the inducible and reversible inhibition of endogenous RB1 expression. In the present study, we have utilized a generic ROSA-CAG-rtTA tetracycline inducer line to trigger DN-CBRb expression. In vivo and in vitro analyses support the effectiveness of this model to induce cell proliferation at rather moderate levels, compared to the conventional Rb1-KO mouse model, without trigering apoptosis (Mantela et al., 2005; Sage et al., 2005, 2006; Weber et al., 2008). Contrasting with the previously described Rb1 mouse models, residual RB1 protein expression is still observed in the DN-CBRb+/ROSA-CAG-rtTA+. Such RB1 expression levels seem to be low enough to release those quiescent cells from their postmitotic arrest, but not to trigger apoptosis, as assumed from our present results. At this point of our study, we have no experimental evidences of apoptotic cell death following Dox-mediated DN-CBRb activation either in vitro or in vivo. An equally significant finding was the observation of supernumerary M7a cells in the DN-CBRb+/ROSA-CAG-rtTA+ mouse cochleae at two different postnatal time points. While the number of supernumerary cells was higher at P10 than at P28, it is well established in the auditory field that cell proliferation does not naturally occur once the cells have exit the cell cycle, which happens during embryonic development. Hence, even the smaller number of supernumerary cells at P28 is still a positive finding. Moreover, attesting to the specificity of the transgene activity and consistent with the Rb1 expression pattern in the postnatal cochlea (Mantela et al., 2005), transgene expression and the resultant supernumerary cells seems to follow a base-to-apex gradient of concentration, which is most noticeable at the IHCs’ region, where Rb1 expression has been previously described (Mantela et al., 2005). As a matter of fact, all evidences collected so far, suggest that supernumerary cells in the DN-CBRb+/ROSA-CAG-rtTA+ mouse cochleae may have been originated from proliferation of those cells showing upregulation of the DN-CBRb transgene, particularly the inner IHCs’ associated supporting cells.

The selective suppression of gene expression is both an experimental tool for defining function and a potential means to medical therapy. Although our research is focused in the auditory system, in view of the central role played by RB1 in various disease process and lack of available animal models to modulate its activity, the DN-CBRb model should be a valuable resource to researchers across various fields of study. While the molecular etiology of the retinoblastoma eye tumor is one of the simplest among all human cancers (Goodrich, 2006), the significance of RB1 functional complexity and interactions, as well as its relevance in normal development and malignancies, is a work in progress. For example, germline mutations in RB1 predispose an individual to a very limited set of cancers (Kovesdi et al., 1987; Roarty et al., 1988). In contrast, somatic mutations in RB1 or in members of its interactome appear to contribute to malignancy in a wide variety of tissues. This apparent time-dependency on Rb1 function only widens the current gap between molecular studies of Rb1-mediated gene regulation and the resultant phenotypes in vivo. While Rb1 is inactivated in the majority of the malignancies, some types of cancers, such as colon cancer, require constitutive RB1 expression to maintain proliferation and prevent apoptosis (Ali et al., 1993; Du and Searle, 2009; Collard et al., 2012). In such scenarios, temporary inhibition of the RB1 function can potentially lead to the killing of cancer cells or an increase in their sensitivity to radio- or chemotherapeutic agents (Knudsen and Knudsen, 2008; Du and Searle, 2009). On the other hand, in the auditory system, transiently controlled RB1 downregulation may offer an alternative to drive mitotically quiescent cells back into the cell cycle as a mean to regenerate lost sensory HCs.

In summary, we have generated a novel inducible, regulated, and reversible DN-CBRb mouse model, which is the first animal model to achieving a DN inhibition of RB1 protein. To test the efficiency of the construct and potential of the DN-CBRb mouse model we bred it to a generic rtTA mouse line. However, to achieve tissue-specific RB1 inhibition, the DN-CBRb mice can be bred to any other inducer line, making it a suitable model for a variety of different studies in the auditory system and elsewhere.
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Vertebrate embryogenesis gives rise to all cell types of an organism through the development of many unique lineages derived from the three primordial germ layers. The otic sensory lineage arises from the otic vesicle, a structure formed through invagination of placodal non-neural ectoderm. This developmental lineage possesses unique differentiation potential, giving rise to otic sensory cell populations including hair cells, supporting cells, and ganglion neurons of the auditory and vestibular organs. Here we present a systematic approach to identify transcriptional features that distinguish the otic sensory lineage (from early otic progenitors to otic sensory populations) from other major lineages of vertebrate development. We used a microarray approach to analyze otic sensory lineage populations including microdissected otic vesicles (embryonic day 10.5) as well as isolated neonatal cochlear hair cells and supporting cells at postnatal day 3. Non-otic tissue samples including periotic tissues and whole embryos with otic regions removed were used as reference populations to evaluate otic specificity. Otic populations shared transcriptome-wide correlations in expression profiles that distinguish members of this lineage from non-otic populations. We further analyzed the microarray data using comparative and dimension reduction methods to identify individual genes that are specifically expressed in the otic sensory lineage. This analysis identified and ranked top otic sensory lineage-specific transcripts including Fbxo2, Col9a2, and Oc90, and additional novel otic lineage markers. To validate these results we performed expression analysis on select genes using immunohistochemistry and in situ hybridization. Fbxo2 showed the most striking pattern of specificity to the otic sensory lineage, including robust expression in the early otic vesicle and sustained expression in prosensory progenitors and auditory and vestibular hair cells and supporting cells.
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Introduction

The sensory and neuronal cells of the vertebrate inner ear arise from the otic vesicle (OV), a spheroid epithelial structure formed during midgestation embryogenesis through invagination of the otic placode. Of all the developmental lineages of the vertebrate embryo, the otic sensory lineage has the unique capacity to give rise to auditory and vestibular hair cells, supporting cells, and neurons, all of which are essential for hearing and balance function (Figure 1A). The otic placode is derived from posterior preplacodal non-neural ectoderm, specifically within the otic-epibranchial domain (Chen and Streit, 2013). The process of otic induction from preplacodal ectoderm is initiated around embryonic day 8 (E8) in mouse. By E10.5 otic vesicle invagination has encapsulated the otic placode epithelia into a vesicle where subsequent processes of morphogenesis and differentiation give rise to cell fates of the inner ear, including neural, sensory (hair cells and supporting cells) and non-sensory fates (Figures 1B,C). A progressive lineage bifurcation model of otic differentiation is consistent with experimental observations and illustrates how pan-otic progenitor cells of the otic vesicle could give rise to non-sensory, neural, supporting cell, and hair cell populations (Figure 1C). Several signaling pathways including Fgf, Notch, and Wnt have been shown to be involved in specification of the otic placode as well as subsequent specifications of neuronal and prosensory populations (Liu et al., 2003; Jayasena et al., 2008; Dominguez-Frutos et al., 2009; Hartman et al., 2010; Hammond and Whitfield, 2011; Chen and Streit, 2013; Vendrell et al., 2013; Schlosser, 2014). Evolutionarily conserved transcription factors such as Eya1, Six1, Gata3, and Pax2/8 are expressed in the early otic sensory lineage and have been implicated in its specification and development (Xu et al., 1999; Zheng et al., 2003; Hans et al., 2004; Lillevali et al., 2006; Zou et al., 2006; Barrionuevo et al., 2008; Freter et al., 2012). Despite the unique nature of the otic sensory lineage, there are no known markers that unambiguously discriminate this lineage from others persistently through the course of development. The goal of this study was to apply a transcriptome-wide comparison to find such markers. Systematic transcriptome-wide identification of otic lineage distinguishing genes would contribute to our understanding of transcriptional states and gene regulation in inner ear development and function. Furthermore, classification of genes that enable rigorous identification of otic sensory lineage cells would greatly benefit in vitro studies of inner ear development and regeneration, which currently rely on combinatorial expression of transient non-specific markers (Oshima et al., 2010; Koehler et al., 2013).


[image: image]

FIGURE 1. Otic sensory development and project rationale. (A) Schematic of the major developmental lineages of the vertebrate embryo. The otic sensory lineage is derived from the non-neural preplacodal domain of the ectodermal germ lineage (green). The otic-epibranchial domain (OEPD) gives rise to the otic placode, which invaginates to form the epithelium of the otic vesicle, from which the otic sensory populations differentiate. (B) The locations of early otic lineage populations of the mouse embryo are depicted at the placode and vesicle stages with corresponding embryonic ages indicated. (C) Model of otic lineage differentiation. Through progressive lineage bifurcations, cells of the otic vesicle give rise to hair cells, supporting cells and neurons, as well as non-sensory epithelial cells of the inner ear.



Here we compare transcriptional states in three branches of the otic sensory lineage (early otic progenitors, sensory hair cells and supporting cells) to those of tissues broadly representing non-otic lineages of vertebrate development. We used multivariate analysis methods to identify correlations across ~25,000 probe sets that distinguish the otic sensory lineage from non-otic populations. Otic consensus genes were identified based on differential expression between otic (otic vesicle, hair cell, and supporting cell) and non-otic groups (whole embryos with otic regions removed and periotic tissues). Otic consensus scores and rankings for each probe were devised as a reduction of enrichment values in each of the three otic categories to further aid in identification of lineage specific genes. Our analyses ranked top otic lineage-specific transcripts and identified many novel genes expressed in early otic progenitors as well as sensory hair cells and supporting cells. We performed additional expression analyses on select genes using immunohistochemistry and in situ hybridization, which revealed patterns that concurred with the array data. Fbxo2 showed the most striking pattern of specificity to the otic sensory lineage, including robust expression in the early otic vesicle and sustained expression in prosensory progenitors, and subsequently in auditory and vestibular hair cells and supporting cells.

Materials and Methods

Mice

Embryos were collected from timed pregnant CD-1 dams (Charles River). Noon on the day of the vaginal plug was considered to be E0.5 and embryo ages were confirmed according to Theiler (Theiler, 1989). For postnatal mice, postnatal day 0 (P0) was defined as the day of birth. Mice were housed with the Stanford Department of Comparative Medicine and the Stanford University Administrative Panel on Laboratory Animal Care (APLAC) approved all procedures.

RNA Isolation from Otic and Non-Otic Tissue populations from E10.5 Embryos

Three separate litters of E10.5 CD-1 embryos (Theiler Stage 16–17) were dissected in cold phosphate buffered saline (PBS) using fine forceps and separated into triplicate pools consisting of (1) 20 otic vesicles (OVs), (2) periotic tissue including mesenchyme and hindbrain, and (3) whole embryos minus the greater otic region (Figures 2A,B). RNA was isolated using the Nucleospin RNA XS Kit (Machery Nagel). RNA quality and concentrations were verified with Agilent BioAnalyzer RNA and Nanodrop spectrophotometer assays.
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FIGURE 2. Comparative early stage otic microarray. (A) E10.5 mouse embryos were dissected into OV, periotic, and the whole embryo minus greater otic region. (B) Dissected tissues were collected as indicated and nine samples were processed for microarray. (C) Score plot of principal component analysis. Individual replicates for each of the three populations (OV, periotic tissue, embryo minus greater otic region) are projected onto the first two principal components. Color-code corresponds to tissue origin. (D) Correlation analysis between samples using Spearman's correlation coefficients as a measure of similarity. Replicates within one group of samples show higher correlation with each other than with samples of other tissue populations. (E) Volcano plots display corrected p-values (q-values) for each probe set as a function of associated fold change values between OV and each non-otic group. Fold change values calculated based on log2-normalized probe intensity values. Horizontal dashed lines indicate statistical significance level of q = 0.001. Vertical dashed lines indicate fold change = 4.



Gene Array Hybridization

Each of the nine RNA samples was amplified using the Ambion Illumina RNA amplification kit with biotin UTP labeling. The Ambion Illumina RNA amplification kit uses T7 oligo(dT) primer to generate single stranded cDNA followed by a second strand synthesis to generate double-stranded cDNA, which is then column purified. In vitro transcription was done to synthesize biotin-labeled cRNA using T7 RNA polymerase. The cRNA was then column purified and a total of 750 ng was hybridized for each array using standard Illumina protocols with streptavidin-Cy3 used for detection. The MouseRef-8 v2.0 Illumina beadchip targets ~25,600 annotated RefSeq transcripts, over 19,000 unique genes, and enables the interrogation of eight samples in parallel. For practical purposes we will refer to the transcriptome-wide scope of data from this assay, although technically it is limited because some transcripts are not represented and some probe sets will perform better than others. Slides were scanned on an Illumina Beadstation and analyzed using GenomeStudio (Illumina, Inc.). The data discussed in this publication were deposited in NCBI's Gene Expression Omnibus, accession number GSE65843 (accessible at http://www.ncbi.nlm.nih.gov/geo/).

Microarray Data Analysis

Differential microarray analysis was performed with the goal to identify genes enriched in early otic lineage cells as compared broadly to other developmental lineages. At E10.5 the mouse otic vesicle has fully invaginated from the head ectoderm and can be microdissected intact from the surrounding tissues (Figure 2A). Mouse embryos at E10.5 were dissected into three tissue groups, one otic and two non-otic. 20 otic vesicles were pooled for each OV sample and the remaining tissue of the embryos were dissected into two non-otic groups consisting of: (1) pooled periotic tissues including mesenchyme and dorsal neural tissue, and (2) whole embryos minus the greater otic regions (Figures 2A,B). We analyzed gene expression in triplicate samples for each group using MouseRef-8 v2.0 Expression Beadchip Microarrays (Illumina). To initially assess the quality of the data we performed principal component analysis (PCA) on all nine samples (Figure 2C). PCA reduces the high dimensionality of microarray data into a set of linearly uncorrelated variables called principal components, which are defined so that the first principal component retains the largest possible variance (Jollife, 2010). Projections on the first two principal components positioned samples of the same tissue origin in closer proximity with each other than samples from different origins (Figure 2C). As expected, transcriptome-wide expression profiles were more similar between replicates of each group. We also analyzed transcriptome-wide correlation between using Spearman's coefficients, which revealed intra-sample similarities and inter-sample differences (Figure 2D). Correlation coefficients and the structure of the associated dendrogram indicate that transcriptional profiles of otic vesicle cells are distinct from the two non-otic sample populations.

To compare gene expression in multiple otic sensory populations to non-otic populations, the data for the nine samples from E10.5 embryos described above were analyzed alongside equivalently generated array datasets for FACS-sorted neonatal cochlear hair cells and supporting cells generated in an earlier study (Sinkkonen et al., 2011). These included Illumina MouseRef-8 v2.0 datasets from P3 cochlear hair cells (HCs, n = 4, Atoh1-GFP+) and supporting cells (SCs, n = 2, Atoh1-GFP-/CD271L/CD146L/CD326+); NCBI Gene Expression Omnibus accession number GSE62582. GeneSpring 12.6 software and R 3.1.1 software packages (RStudio) were used for multivariate microarray data analysis. Data values were log2-transformed and quantile normalization was applied. Quantile normalization removes non-biological variance between arrays by making the distribution of probe intensities the same for each sample based on a normalization distribution chosen by averaging each quantile across all samples (Bolstad et al., 2003). Group means of expression and standard deviation (SD) were calculated for the five groups: E10.5 otic vesicle (OV), E10.5 periotic tissue, E10.5 embryo-minus-otic, and P3 hair cells (HCs) and supporting cells (SCs). Means of expression levels were compared between the otic groups and each of the two non-otic sample groups and fold change (fold Δ) values were calculated as the ratio of normalized mean intensities (for log2-transformed data, fold Δ = 2∧(A−B), where A and B represent log2-transformed normalized intensity values for two different samples). All probes were ranked in three categories based on fold Δ in expression value in the OV, HC, and SC groups vs. the maximum expressing non-otic group (periotic or embryo-minus-otic) for the given probe. Calculated p-values (moderated t-test, Smyth, 2004) were corrected for multiple comparisons using Benjamini and Hochberg's false discovery rate algorithm (termed q-values, Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2005). The R packages FactoMinerR and gplots were used to perform principal component analysis and visualize correlation and expression data in heat map format.

To identify otic vesicle specific genes we compared expression values between the E10.5 OV and the two non-otic populations individually (periotic, and embryo-minus-otic groups). Use of different non-otic reference populations affects the fold change values for some genes more than others. This is illustrated by the differences in probes with high fold change (fold Δ > 4) and high significance (q < 0.001) between comparisons (Figure 2E). For the OV vs. embryo-minus-otic comparison, 54 probes meet this cutoff, while 71 probes are found for the OV vs. periotic tissue. The probes with highest fold change in each category also change between comparisons, but some probes have high fold change in both, such as Fbxo2 and Oc90, which are found in the top 5 probes for both comparisons. To rank genes based on the most conservative assessment of otic specificity, OV fold change values were determined using the highest non-otic intensity value for each probe (either the embryo-minus-otic, or the periotic tissue) (Supplemental File 1).

Whole Mount Fluorescent Immunohistochemistry

Whole embryos (E10.5–E12.5) or dissected neonatal cochlea tissues were fixed overnight at 4°C in either 4% paraformaldehyde (PFA) in phosphate-buffered saline at pH 7.4 (PBS), or Glyofixx (Thermo Fisher Scientific, Waltham, MA). Samples were washed in PBS then permeabilized with 2% TritonX100 in PBS for 1 h at room temperature. Samples were incubated in blocking solution (10% fetal bovine serum, 0.5% TritonX100, in PBS) overnight at 4°C. Primary antibodies were diluted in blocking solution and samples were incubated for three nights at 4°C with rocking. Samples were washed 4x in blocking solution for 1 h at room temperature, then overnight at 4°C, all with rocking. Species-specific Alexafluor 488-/568-/ or 633-conjugated secondary antibodies (Life Technologies) were diluted in blocking solution and samples were incubated for 2 nights at 4°C with rocking. Samples were washed twice at room temperature for 1 h in blocking solution, twice for 1 h in PBS, then overnight in PBS at 4°C, all with rocking. For optical clearing of whole embryos, samples were incubated at 4°C with rocking in Scale/A2 (Hama et al., 2011) for at least 5 days, with 2–3 changes of the Scale/A2 solution. For imaging, whole embryos were mounted in Scale/A2 between glass coverslips in imaging chambers consisting of 2–3 stacked 0.5 mm adhesive silicone spacers, modified from SecureSeal Hybridization Chambers (Grace Biolabs). Optically cleared embryos were imaged with a Zeiss LSM700 confocal microscope using a 10X or 20X objective to generate multiple z-stacks for coverage of the whole specimen. Maximum intensity z-projections were stitched together in Adobe Photoshop CS6 using the auto blend layers function.

Cryosection Fluorescent Immunohistochemistry

Embryonic heads or neonatal inner ears were fixed overnight at 4°C in 4% PFA in PBS. Samples were washed in PBS, then cryoprotected through graded sucrose in PBS (10% sucrose, 20% sucrose, 30% sucrose), then embedded in OCT (Tissue Tek), frozen in a bath of ethanol and dry ice, sectioned at 12 μm, and mounted on Superfrost+ slides (Fisher Scientific). Slides with cryosections were then washed briefly in PBS and incubated with blocking solution (10% fetal bovine serum, 0.5% TritonX100, in PBS). Primary antibodies were diluted in blocking solution and incubated overnight at 4°C. Slides were then washed in PBS 3 × 10 min and incubated in species-specific Alexafluor 488-/568-/ or 633-conjugated secondary antibodies (Life Technologies). After immunostaining, slides were coverslipped in Fluoromount G (Southern Biotechnology, Birmingham, AL, USA) and imaged on a Zeiss LSM700 confocal microscope.

Antibodies

The following primary antibodies were used for section and whole mount immunohistochemistry, at the dilutions indicated: rabbit anti-Fbx2 (1:300, Kato et al., 2005, gift of A. Kato and D. Bredt), goat anti-Sox2 (1:300, Santa Cruz Biotechnology, Sox2 Y-17, cat. no. SC-17320); goat anti-Sox10 (1:100, Santa Cruz Biotechnology, Sox10 N-20, SC-17342); mouse anti-Tuj1 (1:2000, Millipore, Ms X beta III tubulin, MAB5564); goat anti-Jag1 (1:300 Santa Cruz Biotechnology, Jag1 C-20, SC-6011); rabbit anti-COL9A2 (1:100, Atlas Antibodies, HPA056316), and rabbit anti-Pax2 (1:100, Covance).

Paraffin Section in Situ Hybridization

Digoxigenin-labeled probe was in vitro transcribed from a linearized complementary DNA clone corresponding to Oc90 (MGC:59513 IMAGE:6334417). In situ hybridization was performed as previously described (Hartman et al., 2007). Briefly, whole embryos (E10.5 and E12.5) or half heads (E14.5 and older) were fixed overnight at 4°C in modified Carnoy's solution (60% ethanol, 11.1% formaldehyde (30% of 37% stock), 10% glacial acetic acid), dehydrated though an ethanol series, prepared for paraffin embedding, and sectioned at 10 μm. Slides were baked overnight at 68°C, dewaxed in xylene, rinsed in ethanol, and air-dried at room temperature. Overnight hybridization and subsequent washes were carried out at 68°C. Hybridized probe was detected using anti-digoxygenin alkaline phosphatase conjugated antibody (1:2000 dilution, Roche Biochemical, Indianapolis, IN, USA) and visualized with NBT/BCIP for a blue precipitate. After in situ hybridization, sections were postfixed in 4% PFA and coverslipped with Fluoromount G.

Results

Identification of Genes Distinguishing the Otic Vesicle from other Lineages of the Midgestation Embryo

OV fold Δ values (see Methods) for the top 100 OV probes range from about 15- to 3-fold, and 47 probes had OV fold Δ values greater than 4 (Supplemental File 1). Low q-values indicated high statistical significance (q < 0.05) for the vast majority of the probes that ranked in the top 200 based on OV fold Δ (Table 1 and Supplemental File 1). Sensitivity and dynamic range are highly dependent on probe design and differ greatly between probes. This is reflected in the broad range of average OV intensity values among the top 30 OV probes (Table 1) and illustrates the necessity for differential comparison to reference populations. The MouseRef-8 Beadchip represents most genes with only a single probe (identified by Probe_ID, Supplemental File 1), however some genes are represented by more than one probe. The inclusion of two non-otic reference populations is useful for assessing dynamic range, estimating limit of detection and in some cases identification of the presence of non-otic expression sites. If an OV specific gene were not substantially expressed in other tissues then we would not expect to see differential expression between the two non-otic populations. Thus, periotic vs. embryo fold Δ values and statistical comparisons are included in Table 1 and Supplemental File 1.

Table 1. Top 30 probes ranked by OV fold Δ vs. maximum non-otic population.
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The top-ranking OV probe was for the Oc90 gene, with an OV fold Δ of 15.32 (q = 2.08E-09), while the probe for Fbxo2 had an OV fold Δ value of 14.62 (q = 1.74E–12) (Figure 2E, Table 1, and Supplemental File 1). Both probes exhibited low non-otic group intensity values without significant differences between periotic and embryo-minus-otic samples (Oc90 fold Δ = 1.13, q = 0.506; Fbxo2 fold Δ = 1.02, q = 0.946, Supplemental File 1), suggesting that these two genes are otic-specific. Both of these genes were initially discovered based on high expression of RNA or protein in screens of rodent cochlea (Thalmann et al., 1997, 2003; Verpy et al., 1999). A probe for Col9a2 (OV rank 9, OV fold Δ = 6.89, q = 1.49E-09) also had nearly identical intensities between the two non-otic populations (periotic vs. embryo fold Δ = 1.01, q = 0.981) suggestive of very low or undetectable expression in other lineages. Further discussion and analysis of expression patterns for Oc90, Fbxo2, and Col9a2 are found below.

A difference in probe intensities between the two non-otic populations can be an indication of other regions of gene expression. For example, some probes had higher intensity in the periotic tissue group, which can indicate expression domains in the dorsal mesenchyme or neural tube. A probe for Lmx1a had a fold change in the OV vs. the rest of the embryo slightly higher than that of Fbxo2, however relatively high periotic tissue intensity put this probe in 3rd for the OV rankings (OV fold Δ = 11.06, q = 3.38E-04). The difference between the periotic group and embryo-minus-otic group intensities for the Lmx1a probe (fold Δ = 1.45, q = 0.005, Supplemental File 1) is consistent with the described expression of Lmx1a in OV as well as the dorsal midline (roof plate) of the developing neural tube (Failli et al., 2002; Nichols et al., 2008). Elevated probe intensity in the embryo-minus-otic group as compared to the periotic group was relatively common and is suggestive of gene expression in other ectodermal, endodermal, or mesodermal cell populations of the embryo. For example, Cldn6, Wfdc2, and Rbm35a (OV ranks: 6, 7, and 11, respectively), all have described expression patterns in the otic vesicle as well as endodermal tissues such as the branchial arches and pronephros (Kollmar et al., 2001; Anderson et al., 2008; Tamplin et al., 2008; Ohazama et al., 2010). Expression in these domains is reflected as significantly elevated intensities in the embryo-minus-otic group vs. the periotic group for all of these probes (Table 1 and Supplemental File 1). Two probes for Fgf10 (OV ranks 24 and 37) were also elevated in the embryo-minus-otic group compared to the periotic group, reflective of Fgf10 expression in the OV as well as limb bud mesoderm (Ohuchi et al., 1997; Mailleux et al., 2005). Espn (OV rank 22) was upregulated in the embryo compared to the periotic group, which is consistent with a well described pattern of Espin expression in early otic epithelia as well as brachial clefts, pharyngeal pouches and other embryonic epithelial tissues (Sekerkova et al., 2006).

Comparison to Neonatal Hair Cell and Supporting Cell Gene Array Data and Identification of Otic Consensus Genes

We next wanted to identify transcriptional features and individual genes that distinguish the otic sensory lineage from non-otic lineages throughout developmental time. To address this, we added two more otic populations to our comparative array analysis: hair cell (HC) and supporting cell (SC) RNA samples isolated from P3 mouse cochlea by dissociation and flow cytometry in an earlier study (Sinkkonen et al., 2011) (Figure 3A). We combined and normalized these P3 sample probe intensities [HC (n = 4) and SC (n = 2)] with those of our nine samples from E10.5 embryos described above (Supplemental File 1). We then performed principal component analysis to assess the transcriptome-wide similarities and differences between all of the samples (Figure 3B). Projection of the samples onto the first two principal components illustrates the inter-group relationship of otic sensory lineage populations and their segregation from non-otic samples.
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FIGURE 3. Comparison to neonatal hair cell and supporting cell microarray data. (A) Differential comparison was extended to an existing microarray dataset (GSE62582, Sinkkonen et al., 2011) consisting of flow-sorted hair cell and supporting cell populations from P3 cochlea. (B) Principal component analysis score plot of all samples, color-coded as indicated on the right. (C) Probe intensity heat map of top 30 OV ranked probes in all samples, indicated by group color in the top bar. Genes are ordered according to Table 1. (D) Otic consensus score plotted against OV rank for all probes, with an enlargement of the top 100 OV probes in the inset. The top three probes are indicated in red.



To identify the most differentially expressed genes in the P3 hair cell and supporting cell populations, we compared individual probe intensity levels vs. the non-otic samples. The heat map of probe intensity values for the top 30 probes by OV rank across all samples shown in Figure 3C illustrates the diversity of gene expression profiles in these populations. As with the OV comparisons, HC fold Δ and SC fold Δ values were determined for each probe based on relative intensities between the HC or SC groups and the highest expressing non-otic group for a given probe (Table 2 and Supplemental File 1). In general, probe intensities and fold Δ values for the HC and SC groups showed a much wider range than the OV samples. This is expected due to the more differentiated state of neonatal HCs and SCs as compared to OV progenitors, as well as the more homogeneous makeup of the FACS purified P3 samples (Sinkkonen et al., 2011). Both HC and SC fold Δ values across all probes ranged from about 300 fold up regulated to about 300 fold down regulated (0.003 fold Δ). 684 probes had HC fold Δ values greater than 4, while 565 probes had SC fold Δ values greater than 4 (Supplemental File 1).

Table 2. Comparison of P3 hair cell and supporting cell expression intensities to non-otic populations.
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We next sought to identify genes with consensus of specific expression in the OV as well as SC and HC groups. Probes were evaluated for otic consensus expression based on fold change and rankings in the three otic categories. As an initial approach, a fold change threshold was used to assign otic consensus expression groups, based on a minimum change vs. max non-otic of 4-fold (Table 2 and Supplemental File 1). This analysis highlights the correlation of gene expression between the three otic populations and, in particular, shows that many genes strongly expressed in HCs and/or SCs are initially expressed quite early in otic development, showing elevated probe intensity in the OV. When we examined all probes ranked by OV fold Δ (Supplemental File 1) there is a notably high prevalence of probes with HC and/or SC consensus among the higher-ranked OV probes. Indeed, 17.4% of HC consensus probes and 25.5% of SC consensus probes (119/684 and 144/565 probes > 4-fold, respectively) are found within the top 500 probes by OV rank (Supplemental File 1). About half of the top 30-ranked OV probes shown in Table 2 are designated as having consensus expression above the threshold in all three otic populations (OV/HC/SC). Other probes are designated as consensus only for one or two otic groups (i.e., OV, OV/HC, or OV/SC). For example, Lmx1a, Spp1, Car4, and Col6a1 are enriched greater than 4-fold in OV, but not in HCs or SCs, suggesting down regulation of these genes in both HC and SC branches of the otic sensory lineage during development. Probes with OV/HC consensus expression are also indicated in Table 2, and include Tbx2, Bdnf, Espn, and Myo7a. OV/SC consensus probes include Krt1-23, Cldn6, Wfdc2, and Vwa2. This analysis shows how assignment of expression groups based on fold change and q-value cutoffs can be useful in identify genes with expression in the different branches of the otic sensory lineage. However, outcomes from this type of analysis are highly modulated by fold change and statistical cutoffs (Dalman et al., 2012) so interpretations will vary and multiple methods of comparison are necessary.

To address this, we calculated otic consensus scores for each probe as the sum of the three otic ranks. All probe sets were ranked by otic consensus score values, which ranged from 9 to 77,083 (Supplemental File 1). Otic consensus scores and ranks illustrate the relative differences between total otic vs. non-otic expression of genes. Lower otic consensus scores represent more “otic lineage-specific” genes. A representation of all probes positioned by OV rank vs. otic consensus score illustrates their distribution across the dataset and highlights top otic consensus genes Fbxo2, Col9a2, and Oc90 (Figure 3D). The broad range of otic consensus ranks among the 30 top OV genes shown in Table 2 is an indication of the diverse expression behavior of these genes in the later otic sensory lineages (HCs and SCs). The top 30 probes by OV consensus rank are listed in Table 3, with Fbxo2, Col9a2, and Oc90 topping the list; all three with an OV rank less than 10 and OV consensus score below 50. Several of the probes in Table 3 represent well-known otic genes and some are listed more than once due to having multiple probe sets similarly ranked. This analysis also highlights genes that are likely expressed in the OV but were not particularly noted earlier due to the relatively low range of fold change values across all probes in OV vs. non-otic samples. For example, probes for Btbd14a, Otolin, Kai1, Gjb2, and Ush1c, have OV rankings from about 100–380 and OV fold changes from 2.5 to 1.5-fold, but all ranked well by otic consensus due to high fold changes in HC and SC groups combined with a reasonably high OV rank.

Table 3. Top 30 probes by otic consensus rank.
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Analysis of Fbxo2/Fbx2 Expression in the Developing Mouse

Fbxo2 was the highest-ranking gene based on otic consensus score and was in the top five probes for each of the otic rankings (rank 2 in OVs, 3 in SCs, and 4 in HCs). Fbxo2 encodes the F-box ubiquitin ligase F-Box 2 (Fbx2) and previous studies have shown that this protein is strongly expressed in juvenile and adult mouse and guinea pig cochlea (Thalmann et al., 1997; Henzl et al., 2001, 2004; Nelson et al., 2007). Mice with targeted deletion of Fbxo2 exhibit age-related cochlear degeneration with hearing loss beginning at 2 months, and the only deficiency observed is the inner ear phenotype, suggesting specificity (Nelson et al., 2007). These studies indicate that Fbx2 functions to ensure protein quality control required for cochlear homeostasis. While expression of Fbx2 was described in the mature cochlea in the above studies, the developmental expression pattern has not been reported. Thus, we used an antibody against mouse Fbx2 to assess expression in the developing mouse, with whole mount preparations as well as tissue sections. We labeled whole embryos at early stages of otic development with anti-Fbx2 and anti-Sox2, optically cleared samples with the Scale method (Hama et al., 2011), and generated confocal z-stacks to assess expression in toto (Figures 4, 5). At E10.5, Fbx2 expression was robust throughout the OV including the Sox2+ prosensory and neurogenic domains and was undetectable in nearly all non-otic tissues (Figures 4A–C″). Sox2, which was not upregulated in the OV compared to the rest of the embryo based on the microarray, is broadly expressed in the developing central nervous system. An E11 otic vesicle stained for Fbx2 and Sox10 shows strong Fbx2 expression in the OV and lower levels of expression in delaminating cochleovestibular neuroblasts as well as the ninth cranial nerve ganglia (Figures 4D–E″). At E12.5, Fbx2 was detected only in the developing inner ear, where it was expressed throughout the membranous labyrinth (Figures 5A,B″), including prosensory epithelial regions that express Sox2 and contain Tuj1-labeled neurites (Figures 5C–C″). We stained for Fbx2 in tissue sections of embryos at E16.5 and E18.5 and co-labeled with antibodies to the prosensory/sensory domain markers Sox2 and Jag1 (Figure 6). Similar to earlier stages, expression of Fbx2 was strongly restricted to the otocyst-derived epithelium when compared broadly to the rest of the embryo in sagittal sections at E16.5 (Figure 6A). In the cochlea, Fbx2 was localized to the floor of the duct, including and flanking the sensory region marked by expression of Sox2 (Figure 6B) and Jag1 (Figures 6C–C″) and clearly expressed in both the young hair cells and supporting cells. In the vestibular epithelia including the saccule and crista, Fbx2 was also expressed in sensory regions, including hair cells and supporting cells (Figures 6D–E″).
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FIGURE 4. Fbxo2/Fbx2 expression in whole embryos at E10.5–E11. Whole mount immunohistochemistry was performed with the antibodies indicated and embryos were imaged with confocal microscopy. Fbx2 expression is shown in red, with Sox2 at E10.5 (A–C″) and Sox10 at E11 (D–E″) in green. Fbx2 expression is strong in the otic vesicle epithelia and less intense expression is also noted (asterisks) in the neurons delaminating to the cochleovestibular and ninth cranial ganglia (VII/VIIIcg and IXcg).
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FIGURE 5. Fbxo2/Fbx2 expression in whole embryos at E12.5. Whole mount immunohistochemistry was performed with the antibodies indicated and embryos were imaged with confocal microscopy. Fbx2 expression is shown in red, with Sox2 in green, and Tuj1 in white. (A–A″) Merged montages of maximum intensity z projections of confocal image stacks of a whole E12.5 embryo. (B–B″) show a projected stack of images through the otocyst region of the embryo shown in (A). Sox2 expression is seen in two bright vestibular prosensory patches in the anterior region of the vestibule, while Sox2 expression in other prosensory domains (such as posterior vestibule or cochlea areas) are not visible in this projection due to lower intensity signal and attenuation from optical density of the tissue. (C–C″) Single optical sections through the anterior vestibular prosensory patches showing Fbx2-positive epithelia contain prosensory domains expressing bright Sox2 and containing Tuj1-labeled neurites.
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FIGURE 6. Fbxo2/Fbx2 expression in tissue sections at E16.5–E18.5. Immunohistochemistry was performed with the antibodies indicated and embryos were imaged with confocal microscopy. Fbx2 expression is shown in red and additional antibodies or counter stains are shown in the colors indicated. (A) E16.5 sagittal head section immunolabeled for Fbx2 with anti-mouse IgG (blue) as a background stain. E16.5 cochlea (B–C″), saccule (D,D′), and E18.5 crista (E–E″) stained as indicated.



Analysis of Col9a2/Col9a2 Expression in the Developing Mouse

Col9a2 held the second otic consensus rank, with OV/HC/SC ranks of 9, 16, and 13, respectively. Col9a2 encodes collagen alpha-2(IX), one of the three essential alpha chains of the collagen IX protein. A loss of function mutation in Col9a2 was identified as a causative locus in autosomal recessive Stickler syndrome, characterized by hearing loss and ocular, skeletal, and orofacial abnormalities (Baker et al., 2011). Type IX collagen loss in mice (caused by absence of Col9a1, which leads to functional knockout of the entire collagen IX protein, Hagg et al., 1997), causes progressive hearing loss associated with abnormal integrity of collagen fibers in the tectorial membrane (Suzuki et al., 2005). The Col9a1/2/3 genes were detected in adult mouse cochlea by RT-PCR and immunohistochemical analysis with a polyclonal antibody against type IX collagen indicated possible expression in the tectorial membrane (Asamura et al., 2005). Developmental expression of type IX collagen has not been investigated in the inner ear so we performed immunohistochemical analysis using a Col9a2-specific antibody to evaluate embryo-wide expression patterns (Figure 7). At E10.5, in a whole embryo preparation, Col9a2 immunofluorescence is prominent in the OV and is also visible in the branchial epithelia and pronephros (Figures 7A–B′). The signal is broad throughout most of the OV with reduced expression in the dorsal region (Figures 7C,C′). In P6 cochlea sections Col9a2 immunoreactivity is strong in the greater epithelial ridge (GER)/spiral limbus, tectorial membrane, organ of Corti, and spiral ligament (Figures 7D–E″). A closer look at the organ of Corti shows a strong signal in the basilar membrane as well as tunnel of Corti/pillar cell region and a less intense signal in hair cells (Figures 7E–E″).
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FIGURE 7. Col9a2 expression in whole E10.5 embryo and neonatal cochlea. Col9a2 immunoreactivity is shown in red in E10.5 whole embryo (A). Higher magnification views show the pattern of reactivity in the OV and surrounding tissues (B–C′). (D,D′) A cochlea cryosection at P6 shows Col9a2 immunoreactivity in the tectorial membrane, greater epithelial ridge/spiral limbus, organ of Corti, and spiral ligament. (E–E″) A higher magnification view of a similar section of the organ of Corti with the tectorial membrane removed (to better image the lower intensity signal in the organ of Corti) shows the Col9a2 signal in the basilar membrane, pillar cells and the developing tunnel of Corti, and inner and outer hair cells. Abbreviations: ger, greater epithelial ridge; tm, tectorial membrane; oc, organ of Corti; sl, spiral ligament; bm, basilar membrane.



Analysis of Oc90 Expression in the Developing Mouse

Oc90 was the highest ranked probe by OV fold Δ and the third ranked by otic consensus score. Oc90 (Ocn-95, PLA2L) encodes a 95-kDa secreted glycoprotein initially identified due to its abundant expression in the developing and adult inner ear and shown to be an essential organizer of the otoconial matrix (Wang et al., 1998; Verpy et al., 1999; Zhao et al., 2007, 2008). Consistent with earlier reports (Verpy et al., 1999), our in situ hybridization expression analysis indicated that Oc90 is highly specific to the otic vesicle at E10.5 (Figures 8A,B). At E12.5 Oc90 expression was present throughout most of the otocyst with a strong signal in the dorsal regions and less intense signal noted in the ventral domains (Figures 8C,D). In the cochlear duct at E16.5 and E18.5 we observed a wide dynamic range of Oc90 expression, with very intense signal in the roof of the cochlear duct (developing Reissner's membrane and stria vascularis) as well as weaker signal in the developing organ of Corti (Figures 8E,F). In situ hybridization is limited in capacity to evaluate expression signals across a wide dynamic range in regions of close proximity due to signal overdevelopment and saturation. Taken together with previous studies, our data suggest that expression of Oc90 is high in the otic sensory lineage as compared to most genes. Within the inner ear, Oc90 has a markedly higher expression in non-sensory otic cells, particularly in domains possibly derived from dorsal OV regions. The otic-specific expression and wide dynamic range of Oc90 in the inner ear makes this an interesting gene for regulatory studies but its dominant expression is in otic non-sensory domains, making it less useful for otic sensory lineage studies.
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FIGURE 8. Oc90 expression in tissue sections at E10.5–E18.5. In situ hybridization was performed on paraffin sections at the indicated ages with antisense probe against Oc90 (blue). E10.5 embryo specimens are shown in sagittal (A) and transverse views (B) and illustrate the dorsal and posterior expression domain of Oc90 in the OV. At E12.5 the region of Oc90 expression is expanded through most of the otic epithelium, save the most ventral region, as shown in sagittal (C) and transverse views (D). (E) At E16.5 in a mid-modiolar section of the cochlea Oc90 expression is strongest in the roof of the cochlear duct but is also present at lower signal levels in the thickened epithelium of the floor, as shown in higher magnification view in (E′). (F) At E18.5 Oc90 is strong in Reissner's membrane the stria vascularis and a lower level signal is also present in the organ of Corti and some non-sensory epithelial cells. In (E′,F), inner hair cells are indicated with arrowheads and outer hair cells are indicated with brackets.



Discussion

We sought to systematically identify transcriptional features that distinguish the otic sensory lineage from other lineages of vertebrate development by employing a microarray approach to compare OV, HC, and SC populations with developmental non-otic tissues. Whole E10.5 embryos with the greater otic regions removed were used to represent a wide range of non-otic lineages from all three germ layers, and periotic tissues represented non-otic tissues proximally associated with the OV, such as dorsal neural tissues and periotic mesenchyme. The inclusion of two non-otic populations was effective for gauging dynamic range of probe intensity and identifying probes with expression domains outside of the inner ear. Multivariate analyses including PCA and Spearman's correlation demonstrated that samples from the three otic populations shared transcriptome-wide correlations in expression profiles that distinguish this lineage from non-otic populations. We further analyzed the microarray data to identify individual genes that are specifically expressed in the otic sensory lineage. Fold change comparisons of otic samples to the maximum expressing non-otic populations for each probe provided a conservative assessment of specificity and enabled ranking of probes across the dataset. Comparison of OV, HC, and SC fold changes for each probe allowed identification of otic consensus genes based on fold change thresholds. We developed otic consensus scores and rankings based on expression in individual otic categories to reduce the data to a single dimension to aid in identification of lineage-specific genes. The entire dataset is assembled in Supplemental File 1 as a searchable spreadsheet than can be sorted and further interrogated to suit the needs of individual readers.

A major motivation for this study was the previous lack of unambiguous otic sensory lineage markers, which has hindered advancement of regenerative and developmental studies. In vitro experiments aimed at producing otic progenitors and sensory epithelial cells from stem cells have had to rely on combinations of less specific markers to assay cell identities (Oshima et al., 2010; Koehler et al., 2013). Most current markers used to label potential early otic progenitor cells (i.e., Pax2/8, Gata3, Jag1, Sox2/9/10) are themselves transcription factors or signaling molecules involved in otic development. These highly conserved factors tend to be expressed in multiple embryonic lineages so coexpression of multiple markers has been used as an indication of otic identity. For example, Pax2 is expressed strongly in the otic vesicle at E10.5, but is also very abundant in the developing central nervous system and pronephros (Supplemental Figure 1A). On the other hand, Sox10 is expressed strongly in neural crest progenitors of the peripheral nervous system, but overlaps with Pax2 in the otic vesicle (Supplemental Figures 1A–A″). While coexpression of these two markers appears to be specific to the otic vesicle at this stage, this is a transient feature since Pax2 becomes downregulated in the otic sensory lineage soon after (Burton et al., 2004). Gata3 is one transcription factor that showed a high specificity to the otic sensory lineage based on our microarray analyses. This is consistent with the relatively restricted pattern of Gata3 expression observed in E10.5 mouse embryos (Supplemental Figure 1B). While the non-otic expression of Gata3 is not as prominent as with Pax2 or Sox10, domains of varying intensities are present in the central nervous system and pronephros, though generally weaker than in the otic vesicle. Coexpression of Gata3 and Fbx2 occurs exclusively in the otic vesicle at E10.5 (Supplemental Figures 1B–B″) and these markers both persist in the otic sensory lineage through later stages of development (Figure 6 and Luo et al., 2013).

Our study differs from most earlier microarray studies of the inner ear in its design as a comparative analysis of specific otic sensory lineage populations to a broad representation of non-otic lineages. Most of earlier analyses were conducted without comparative populations to other tissues. Many were designed to compare expression between wild type and mutant animals or between different tissues of the inner ear, such as at different ages or between the base and apex of the cochlea, or after insult (for review see Hertzano and Elkon, 2012). The most highly comprehensive microarray analysis of mouse inner ear morphogenesis included a total of 29 finely dissected inner ear samples in duplicate from E9 to E15 (Sajan et al., 2007). This study also included three samples designated as non-inner ear collected from areas in close proximity to the inner ear tissues pooled at E9, E9.5–10.5, and E11–15. These included neural tissue as well as mesenchyme, similar to the periotic tissue group used in this report. In another study aimed at identification of early otic-specific transcripts, cDNA subtractions of mouse otic vesicle against adult liver cDNA were used to identify candidate genes (Powles et al., 2004). Our use of whole embryos with the greater otic regions removed provided an inclusive representation of non-otic developmental lineages. While our findings indicate whole embryo-minus-otic tissue is an effective general non-otic reference population it has limitations in identifying genes expressed in smaller subsets of cells. We included periotic tissues as a separate non-otic population, which enabled us to gauge dynamic range of probes and evaluate the likelihood of non-otic expression domains based on differential expression between non-otic groups. Future studies may improve sensitivity of non-otic reference samples through further division of embryo tissue into a larger set of non-otic sample groups from smaller domains as well as from different stages of development.

Another feature distinguishing the current study is our use of data representing purified populations of HCs and SCs in combination with data from OV tissues to evaluate expression in distinct branches of the lineage before and after bifurcation of HC and SC fates. As the goal of this study was not to specifically search for genes that are exclusive for distinct otic lineages, we succeeded in the identification of markers that are much more restricted to the developing inner ear than those previously identified. The conditions that we chose for the top ranking genes were guided by restriction to the otic lineage at E10.5 and further by enrichment in hair cells and supporting cells in the neonatal cochlea.

Our analysis identified and ranked top otic sensory lineage-specific transcripts including Fbxo2, Col9a2, and Oc90. We verified otic-specific expression of these genes using immunohistochemistry and in situ hybridization, which revealed novel expression patterns and concurred with the array data. Fbxo2/Fbx2 showed the most striking pattern of specificity to the otic sensory lineage. Although Fbx2 expression has been reported in neuronal populations of the CNS (Eom et al., 2004) our analysis identified very few regions of expression outside of the inner ear and none with the robust intensity found in otic tissues. A likely explanation is that Fbxo2 is expressed in some non-otic cell types, but at a very low level compared to the otic vesicle. The lack of any phenotype in Fbxo2 null mice besides selective cochlear degeneration is evidence that this gene is functionally specific to the inner ear (Nelson et al., 2007). From our study it is clear that both at the transcript level and the protein level Fbxo2 stands out from all other genes as a highly specific and robust marker of the otic sensory lineage. This feature elevates Fbxo2 to an important gene for future studies of otic sensory lineage development and gene regulation. Col9a2 also showed highly specific expression in the otic sensory lineage at both the transcript and protein levels. Compared to Fbxo2 and Oc90, Col9a2 is not as highly restricted to the otic sensory lineage as it is also expressed in branchial epithelia and pronephros (Figures 7A–B′). Col9a2 expression is initially robust in the OV epithelial cells and in the neonatal cochlea becomes organized largely in extracellular domains, including the tectorial and basilar membranes and the tunnel of Corti. We were unable to achieve adequate performance from a Col9a2 probe for in situ hybridization in order to evaluate transcript levels in the organ of Corti, but this gene would be an interesting choice for future studies with a reporter mouse model. Oc90 expression is highly specific to the inner ear and includes the sensory lineage populations but is actually expressed at even higher levels in non-sensory otic cells. The array data show Oc90 at robust levels in the OV as well as HCs and SCs as compared to the non-otic samples. In situ hybridization also confirms highly specific expression of Oc90 in the OV and, although expression is detectable in sensory progenitors of the organ of Corti, the strongest region of Oc90 expression is found in non-sensory otic cells. This could be reflective of a very broad dynamic range of Oc90 expression in the neonatal cochlea combined with a highly sensitive microarray probe, detecting the gene robustly in P3 HCs and SCs, and very low expression in the non-otic tissue groups resulting in a high rank for Oc90 in HCs and SCs despite even higher expression of this gene in other cells. Beside Fbxo2, Col9a2, and Oc90, our analysis has revealed additional candidate novel otic sensory lineage genes and provided comparative expression data for quite a few well-known otic genes. Novel genes that show high-ranking consensus expression in the otic sensory lineage populations, such as Plekhb1, Btbd14a, Ap1m2, Kai1, and Faah, would be excellent candidates for further studies of gene expression and function in this lineage. Additionally the results of this study will aid in the design of experiments that require carefully selected lists of genes to assay for cell identity. For example, we used these data to inform the design of the 96-gene expression assay applied in recent work using single cell analysis of individual OV cells to reconstruct the otocyst and early neuroblast lineages in silico (Durruthy-Durruthy et al., 2014).
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Wnt signaling is a highly conserved pathway crucial for development and homeostasis of multicellular organisms. Secreted Wnt ligands bind Frizzled receptors to regulate diverse processes such as axis patterning, cell division, and cell fate specification. They also serve to govern self-renewal of somatic stem cells in several adult tissues. The complexity of the pathway can be attributed to the myriad of Wnt and Frizzled combinations as well as its diverse context-dependent functions. In the developing mouse inner ear, Wnt signaling plays diverse roles, including specification of the otic placode and patterning of the otic vesicle. At later stages, its activity governs sensory hair cell specification, cell cycle regulation, and hair cell orientation. In regenerating sensory organs from non-mammalian species, Wnt signaling can also regulate the extent of proliferative hair cell regeneration. This review describes the current knowledge of the roles of Wnt signaling and Wnt-responsive cells in hair cell development and regeneration. We also discuss possible future directions and the potential application and limitation of Wnt signaling in augmenting hair cell regeneration.
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THE WNT SIGNALING PATHWAY

Wnts (Wingless-related integration site) are a set of secreted factors that together with the Frizzled receptors make up the basis of the Wnt signaling pathway. Components of the pathway were discovered 30 years ago by different researchers working simultaneously in mouse and Drosophila models (Nusse et al., 1984; Cabrera et al., 1987; Rijsewijk et al., 1987), and these seminal discoveries have since sparked multiple lines of research to further elucidate the many branches and functions of this signaling pathway. Today, Wnt signaling is known to regulate stem cell pluripotency as well as many processes during development such as segmentation, polarization, cell proliferation, specification and differentiation (Logan and Nusse, 2004).

Wnts are glycosylated proteins that usually act locally on neighboring cells or on the Wnt-secreting cells themselves. There are 19 separate Wnt genes in the human and murine genome, 15 in the zebrafish and 8 in Drosophila (Miller et al., 1999). The target cell expresses a Frizzled receptor as well as the co-receptor LRP5/6. Upon Wnt ligand binding, LRP5/6 is brought in complex with the Wnt-bound Frizzled receptor. This triggers the activation of Disheveled (Dvl) and the dismantling of a complex consisting of glycogen synthase kinase 3β (GSK3β), adenomatosis polyposis coli (APC) and Axin (Figure 1). In a model where the pathway is simplified in “on-off” states, the transcriptional co-regulator β-catenin is continually targeted for proteasomal degradation by the GSK3β/APC/Axin complex when Wnt ligands are absent and the pathway is inactive. In the presence of bound Wnt ligands, degradation is prevented and β-catenin is free to translocate to the nucleus and combine with transcription factors TCF/LEF to initiate the transcription of Wnt target genes (Logan and Nusse, 2004).
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FIGURE 1. Active and inactive Wnt/β-catenin signaling. In the absence of Wnt ligands, the destruction complex consisting of Axin, APC, GSK3β, and Dvl (Adenomatous polyposis coli, Glycogen synthase kinase 3β, and Disheveled) resides in the cytoplasm where it binds to and phosphorylates β-catenin (β-cat), leading to its degradation. In this “off” state, T cell factor/lymphoid enhancer-binding factor (TCF/LEF) is inactive due to its interaction with the repressor Groucho. The pathway is activated upon binding of Wnt ligands to the Frizzled receptors and the co-receptor lipoprotein receptor-related protein (LRP) 5/6, resulting in the sequestration of Axin, recruitment of Disheveled, and the disintegration of the destruction complex. Binding of R-spondins (R-spo) to Lgr4/5/6 receptor stabilizes Frizzled. Accumulation of cytoplasmic β-catenin allows it to translocate into the nucleus and bind the TCF/LEF family of transcription factors to upregulate Wnt target genes, including Axin2 and Lgr5.



Wnt signaling is known to regulate a wide range of developmental processes such as body axis and segment polarity, mesoderm and endoderm differentiation, hair follicle and nephron development, and epithelial-mesenchymal transition (Logan and Nusse, 2004). As with many other pathways that are important for rapid cell division and cell migration during development, Wnt signaling is associated with cancer formation and several components of the pathway are known oncogenes and tumor suppressors (Ring et al., 2014). Similarly, many of the pro-proliferative genes involved in development have also been revealed to govern stem cell pluripotency (Karamboulas and Ailles, 2013; Sui et al., 2013). Thus, it is not surprising that an emerging body of work links Wnt signaling to stem cell potency and regeneration in several adult tissues.

In the inner ear, the auditory organ houses mechanosensitive hair cells required for translating sound vibration to electric impulses. The vestibular organs, comprised of the semicircular canals (SSCs), the utricle, and the saccule, also contain sensory hair cells in order to detect head position and motion. Both auditory and vestibular signals are in turn relayed centrally via the spiral and vestibular ganglion neurons, allowing for sound and balance perception. Although the mature mammalian cochlea is a terminally differentiated, non-regenerating organ, regeneration has been described in the auditory systems of lower vertebrates and additionally to a limited extent in the mammalian vestibular organs. Numerous studies have characterized the multiple roles of the Wnt signaling during cochlear development. Moreover, recent studies have highlighted potential applications of Wnt signaling in promoting hair cell regeneration. We will begin by summarizing the work done on Wnt signaling in inner ear development.

OTOCYST AND VESTIBULAR DEVELOPMENT

The inner ear derives from the otic placode. Shortly after gastrulation, molecular cues including fibroblast growth factor (FGF) signaling originating from the mesendoderm and the hindbrain instruct the preplacodal field surrounding the neural plate to form a patch of Pax2-expressing ectoderm, which constitutes the otic-epibranchial placodes (Noramly and Grainger, 2002; Brown et al., 2003; Ladher et al., 2010; Padanad and Riley, 2011). Subsequently, the attenuation of FGF signaling along with high levels of Wnt signaling from the hindbrain coordinate the specification of otic fate in the medial Pax2-expressing area. Conversely, low levels of Wnt signaling, coupled with FGF signaling, promote epibranchial fate laterally (Freter et al., 2008). Ohyama et al. showed that Wnt signaling is active within the otic placode and that Wnt inhibition via β-catenin deletion leads to an expansion of the epibranchial domains at the expense of the otic placodal cells. When β-catenin is instead stabilized to increase canonical Wnt signaling activity, otic ectoderm expands at the expense of epibranchial cells (Ohyama et al., 2006). Therefore, Wnt/β-catenin signaling is required for the specification of the otic placode size by restricting the otic lineage to a subset of Pax2-positive placodal cells that will go on to form the otocyst (Jayasena et al., 2008; Freyer and Morrow, 2010; Mahoney Rogers et al., 2011).

Initial work on the developing chicken otic placode implicated the involvement of Wnt8c (mouse Wnt8a) in otic ectoderm specification (Ladher et al., 2000; Urness et al., 2010). However, deletion of Wnt8c in the developing otic placode in zebrafish only delayed, but did not prevent, otic placode development (Phillips et al., 2004). Redundancy among Wnt ligands is well established in numerous developing systems and mapping of gene expression show that most components of the pathway, including the Wnt ligands, are expressed in a strict spatio-temporal manner during chicken inner ear development (Sienknecht and Fekete, 2009; Figure 2) suggesting that the partial overlap in expression of Wnts may account for such redundancy (Logan and Nusse, 2004; Gleason et al., 2006; Sienknecht and Fekete, 2009). For example, although individual gene deletions of Wnt1 or Wnt8a result in normal inner ear development, mice deficient in both Wnt1 and Wnt8a exhibit disruption of the dorsal patterning of the otocyst. This results in an underdeveloped endolymphatic sac while the formation of the otic placode and cochlear and vestibular sensory organs are unaffected (Vendrell et al., 2013). In addition, Wnt1 and Wnt3a have been shown to work redundantly in regulating the patterning of the dorsal otocyst. Riccomagno et al. determined that although the placode develops normally in Wnt1−/−; Wnt3a−/− double knockout mice, absence of these Wnt members from the dorsal neural tube during later stages of otocyst development results in severe vestibular defects, including a complete lack of utricle and saccule. Intriguingly, in addition to the dorsal vestibular defects, the double mutant also displays a ventral phenotype with a hypoplastic cochlea (Riccomagno et al., 2005). The authors also found that Wnt signaling is both sufficient and necessary for inducing the expression of dorsal otic genes (Dlx5, Gbx2). Lastly, Wnt-responsive cells in the early otic epithelium was found to contribute to several different parts of the inner ear, including the majority of the vestibular system and parts of the cochlea. A similar finding on the effect of Wnt3a in dorsal-ventral patterning of the inner ear was recently described in the zebrafish (Forristall et al., 2014).
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FIGURE 2. Wnt expression in developing inner ear in chicken and mice. Overview of Wnt gene expression in the developing inner ear (Riccomagno et al., 2005; Noda et al., 2012; Vendrell et al., 2013). Dark shaded columns on the left represent epithelium of otic cyst and lighter shaded columns on the right periotic mesenchymal tissues. In later developmental states, dark shaded columns on the left represent pro-sensory and sensory areas whereas lighter shaded columns on the right represent non-sensory areas (Dabdoub et al., 2003; Wang et al., 2005; Qian et al., 2007; Etheridge et al., 2008; Sienknecht and Fekete, 2008, 2009; Rida and Chen, 2009; Chai et al., 2011; Bohnenpoll et al., 2014). *determined by PCR, specific cell type expression unknown.



In subsequent stages of vestibular inner ear development, the endolymphatic sac and two additional evaginations, the canal pouches, extend from the dorsal otocyst. The two canal pouches generate the three SSCs through a coordinated yet complex process of fusion and resorption (Chang et al., 2004). Using whole embryo culture and defined modulators of the Wnt pathway, Noda et al. discovered that canonical Wnt signaling is required for the formation of the fusion plate where the two evaginated pouches join (Noda et al., 2012). They further showed the existence of a stepwise restriction of Wnt activity in the early SSCs and that the canonical Wnt pathway promotes an increase in cell number in the dorsal otocyst through both proliferation and inhibition of apoptosis.

Similarly, the mouse model where ß-catenin was selectively deleted in Wnt-responsive cells in the dorsal part of the otocyst shortly before canal pouch evagination displayed the failure of formation of two of the SSCs. In addition, vestibular hair cells and supporting cells were absent (Rakowiecki and Epstein, 2013). Conversely, elevating β-catenin levels resulted in an expansion of canal epithelium, a loss of the fusion plate, and block in resorption. Moreover, these investigators also found a dual role for canonical Wnt signaling that corresponded with the previously described sequential restriction of the Wnt-responsive area in the developing SSCs. Whereas Wnt signaling is required for the expansion and maintenance of the pouch epithelium during early SSC formation, cells in the epithelium are no longer responsive to Wnt signaling after fusion plate formation. Instead, cells located in the fusion plate require active Wnt signaling for the proper resorption and ultimately the formation of the fluid-filled SSCs (Rakowiecki and Epstein, 2013). While these gain- and loss-of-function experiments have helped reveal the myriad of roles of Wnt/β-catenin signaling during development of the vestibular organs, it is important to point out that the levels of Wnt signaling also critically regulate morphogenesis as both inhibiting and activating modulators lead to a malformed vestibular system (Stevens et al., 2003).

COCHLEAR DEVELOPMENT

Active canonical Wnt signaling is mediated by the nuclear translocation of the key player, β-catenin, which complexes with transcription factors of the TCF/LEF family to initiate transcription (Figure 1). Several reporter mouse strains have been created to report on active Wnt/β-catenin signaling. These employ one or several TCF binding sites followed by either a fluorescent reporter or the enzyme beta-galactosidase to detect Wnt-responsive cells (DasGupta and Fuchs, 1999; Maretto et al., 2003; Ferrer-Vaquer et al., 2010; also reviewed in Barolo, 2006). Using a fluorescent Wnt reporter mouse, Jacques et al. showed that Wnt/β-catenin signaling is active in cochlear prosensory cells during early stages of cochlear development (Jacques et al., 2012). Reporter activity gradually diminishes until late embryonic ages when expression becomes restricted to a subset of supporting cells in the cochlear duct (Hensen’s cells, pillar cells, inner phalangeal cells and inner border cells).

To determine the functional significance of canonical Wnt signaling in prosensory cells, these authors first used small molecule inhibitors of Wnt signaling in organotypic cultures of the embryonic (E12.5) cochlea and found that inhibition of Wnt signaling results in decreased proliferation of prosensory cells (Jacques et al., 2012). Conversely, application of LiCl to activate Wnt signaling causes an expansion of the Sox2-expressing prosensory domain and an increase in hair cell number. Recently, Shi et al. used a transgenic approach to carry out similar gain- and loss-of-function experiments in the developing mouse cochlea in vivo (Shi et al., 2014). Employing an inducible mouse model to manipulate the Sox2-expressing prosensory domain, they found that β-catenin deletion prevented differentiation of both hair cells and pillar cells. When β-catenin deletion instead occurred after the initiation of hair cell differentiation (after the onset of early hair cell markers Atoh1 and Gfi1), using a hair cell specific Cre driver, hair cell maturation appeared unaffected, suggesting that Wnt/β-catenin signaling is required for proliferation of prosensory cells and for differentiation of hair cells but not for their subsequent maintenance. In support of the previous in vitro results, stabilization of β-catenin before the onset of hair cell differentiation increased cell divisions in the prosensory domain and induced the formation of supernumerary hair cells in a disorganized cochlea (Shi et al., 2014). Similarly, prior work using a retroviral approach to deliver β-catenin to the developing chicken otocyst found ectopic hair cell formation (Stevens et al., 2003). On the other hand, Wnt/β-catenin activation in neonatal cochlear supporting cells led to a primarily mitogenic response and did not perturb hair cell maturation (Chai et al., 2012; Shi et al., 2013).

Another reporter of active Wnt/β-catenin signaling is Axin2 expression, which acts as a negative feedback inhibitor of the pathway (Lustig et al., 2002). In the developing cochlea, Axin2 is highly expressed in the periotic mesenchymal cells that surround the cochlear duct in a spatiotemporal pattern remarkably different from that of Lgr5 and TCF/LEF reporters (Chai et al., 2011; Jacques et al., 2012). Using conditional knockout mice, Bohnenpoll et al. found that deletion of β-catenin in Tbx1-expressing periotic mesenchymal cells led to loss of Axin2 expression, reduction in the overall cell number and subsequent differentiation into fibrocytes (Bohnenpoll et al., 2014). Similar to cells inside the cochlear duct, stabilized β-catenin in Tbx1-expressing cells induced a mitogenic response. This study suggests that Wnt signaling is required for correct differentiation of periotic mesenchymal cells. Our group has found Axin2 expression in tympanic border cells, which are derivatives of periotic mesenchymal cells, in the neonatal cochlea and have shown that they can behave as hair cell progenitors (Jan et al., 2013). The exact roles of Axin2-expressing periotic mesenchymal cells and tympanic border cells during cochlear development are unclear.

NON-CANONICAL WNT SIGNALING: FOCUS ON PCP

In addition to canonical Wnt signaling, Wnt proteins can exert cellular responses in a β-catenin-independent manner via two separate non-canonical pathways (Figure 3). First, the planar-cell-polarity (PCP) pathway signals through Frizzled receptors and Disheveled to primarily rearrange the cytoskeleton, change cell morphology, and affect gene expression. Secondly, the Wnt/calcium pathway signals through phospholipase C to release intracellular calcium stores to ultimately affect genes involved in migration and cell fate (Gómez-Orte et al., 2013).
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FIGURE 3. Canonical and non-canonical Wnt signaling pathways. The Wnt pathway can be classified broadly as canonical and non-canonical. Both pathways are activated by a Wnt ligand to the Frizzled receptor. The active canonical pathway is mediated by β-catenin, which translocates into the nucleus and it acts as a co-activator of the TCF/LEF transcription factor, leading to the upregulation of Wnt target genes. The two major non-canonical pathways are Wnt/calcium and Planar Cell Polarity (PCP) pathways. In the Wnt/calcium pathway, Wnt binding to Frizzled activates Dvl, which stimulates calcium release from the endoplasmic reticulum, activating calcium-binding proteins including protein kinase C (PKC) and calmodulin-dependent kinase II (CamKII), and in turn, the transcription factor NFAT. The Wnt/calcium pathway has been shown to regulate cell movement and axis formation during embryogenesis. The Wnt/PCP pathway is mediated by the GTPases RhoA and Ras, which, via the activation of the RhoA-Rho-associated kinase (ROCK) axis or JNK, can exert effects on the cytoskeleton.



The mammalian organ of Corti represents one of the most organized epithelial structures. Nonsensory supporting cells and sensory hair cells are interlaced in a precise pattern to form the organ of Corti (OC), which in turn is strictly organized along a basal-apical axis (Wu and Kelley, 2012). Additionally, the stereocilia on the apical surface of hair cells consists of orderly rows of actin-based projections arranged in a linear and V-shaped pattern on inner and outer hair cells (Peng et al., 2011). On the outer hair cells, each row of stereocilia increases in height, forming a distinct staircase pattern, ending with the lone kinocilium at the tip of the V-shape that is responsible for directing the PCP of hair cells during development. This precise patterning of hair bundles is repeated along the cochlea and disorganization results in perturbation of sound perception (Yoshida and Liberman, 1999; Ezan and Montcouquiol, 2013).

Dabdoub et al. demonstrated that disruption of overall Wnt activity through either directly inhibiting ligand binding or halting Wnt ligand diffusion results in a disorientation of hair cell bundles, indicating that secreted Wnt proteins are required for correct PCP in the cochlea (Dabdoub et al., 2003). The authors also found that Wnt7a is expressed in the developing cochlear duct and cochlear explants cultured in Wnt7a conditioned medium resulted in misalignment of hair cell bundles. However, Wnt7a deficient mice revealed no anomaly in bundle orientation. This indicates that Wnt7a is not required for correct bundle orientation and suggests that other Wnt members may compensate for Wnt7a or independently mediate the Wnt/PCP pathway in the developing cochlea (Dabdoub et al., 2003). Another candidate mediator of the Wnt/PCP protein is Wnt5a, which is expressed in the Kölliker’s organ medial to the organ of Corti (Qian et al., 2007). A Wnt antagonist, Frzb (also known as SFRP3), is expressed on the opposite side of the developing organ of Corti, possibly creating a gradient of active Wnt5a signaling across the sensory domain. In contrast to Wnt7a deficient mice, Wnt5a null mice display clear PCP defects with a slightly shortened and broader cochlea consisting of additional rows of hair cells along its entire length, especially towards the apical end. However, this phenotype is only observed in about one third of the mutant animals (Lewis and Davies, 2002; Qian et al., 2007). Subsequent studies on Frizzled receptors have complemented the findings in Wnt5a null mice. Both the Wnt receptor Frizzled3 and Frizzled6 are expressed in cochlear and vestibular hair cells in the inner ear, and double knockout mice for both receptors display PCP defects more penetrant in the cochlear than vestibular organs (Wang et al., 2006). Specifically, hair bundles on cochlear hair cells are overtly disoriented while bundles on hair cells in the cristae are unevenly disoriented and those in the utricle and saccule are unaffected (Wang et al., 2006). This may be attributed to different sets of Frizzled receptors mediating the Wnt/PCP pathway in the cochlear vs. vestibular organs. In the cochlea, all three members of Dvls have been implicated to mediate the Wnt/PCP pathway (Figure 3). While mutant mice deficient in Dvl1 or Dvl2 alone were normal, double knockouts of both Dvl1 and Dvl2 exhibit PCP defects (Wang et al., 2005), suggesting a functional redundancy between these 2 members. These findings contrast those of Dvl3 null mice, which displayed PCP defects in addition to loss of outer hair cells (Etheridge et al., 2008). Dvl3 null mice with one functional allele of Dvl2 exhibits more severe PCP defects than Dvl3 null animals alone, again suggesting Dvl members may complement each others. A comprehensive review of Wnt/PCP can be found in a recent review by Ezan and Montcouquiol (Ezan and Montcouquiol, 2013).

R-SPONDINS AND Lgr RECEPTORS

An important group of ligands and receptors in stem cell biology and regeneration, the R-spondin family of ligands and leucine rich repeat (Lgr) G-coupled family of receptors, was recently linked to Wnt signaling (Jin and Yoon, 2012). R-spondins can bind to three members of Lgr receptors to regulate the strength of Wnt signaling (de Lau et al., 2011). Specifically, R-spondins are ligands for Lgr4, 5 and 6, which represent a phylogenetic subgroup of Lgr receptors (de Lau et al., 2012). In most tissues where R-spondin and Lgr’s have been studied with regards to Wnt signaling, it has been found that they act to potentiate downstream Wnt signaling (Schuijers and Clevers, 2012). It is therefore quite intriguing that the only study on R-spondins in the developing inner ear postulates a negative regulatory function on Wnt signaling. Mulvaney et al. found that R-spondin 2, as the only member of the family (R-spondin 1–4) present during cochlear development, is expressed in the greater epithelial ridge cells (Mulvaney et al., 2013). Studying mice with targeted mutations in R-spondin 2, they discovered that loss of R-spondin 2 resulted in a continuous extra row of outer hair cells in the cochlea without causing PCP defects (Mulvaney et al., 2013). When R-spondin 2 was added to explant cultures from wildtype mice, the number of outer hair cells decreased modestly, further indicating that R-spondin 2 has the opposite effect of β-catenin activation in the developing cochlea and do not appear to potentiate canonical Wnt signaling to increase the number of hair cells (Jacques et al., 2012; Shi et al., 2014). One may speculate that either there is crosstalk between R-spondin 2 and other pathways or that Wnt signaling has a putative negative effect on outer hair cell formation in the developing cochlea, possibly through a non-canonical Wnt signaling pathway.

Out of the possible Wnt-associated R-spondin receptors, Lgr5 is the best studied in inner ear development. Chai et al. found that Lgr5 is expressed in the cochlear duct epithelium and lateral wall during development and that the expression becomes progressively more restricted to a subset of supporting cells (Chai et al., 2011). Mice deficient in Lgr5 die perinatally. However, morphological studies have demonstrated that cochlear development proceeds normally, and the gross morphology of the organ of Corti is normal, indicating that Lgr5 is dispensable for hair cell formation (Chai et al., 2011). Instead, it is Lgr5-positive cells in the postmitotic neonatal cochlea that have garnered attention recently as a possible source of hair cell progenitors.

WNT SIGNALING IN STEM CELL REGULATION AND TISSUE REGENERATION

In contrast to the Wnt/Frizzled/β-catenin axis, which is evolutionarily conserved from early multicellular animals and onward, the R-spondin/Lgr gene families are primarily a vertebrate specific evolutionary addition. One theory put forward by Clevers et al. is that they have evolved as a result of a need for a higher regulatory input in Wnt signaling in the adult tissue stem cells frequently seen in long-lived vertebrates (Clevers et al., 2014). Using R-spondin/Lgr signaling to fine-tune the Wnt pathway output would potentially strike the fine balance between stem cell proliferation and malignant cell transformation required to sustain tissue regeneration. Whether true or not, there is a striking association between the R-spondin/Lgr axis and several types of somatic stem cells. Lgr5 especially, has garnered much attention the last few years as a high fidelity marker of stem cells in several regenerating tissues (Schuijers and Clevers, 2012). For instance, Lgr5 marks a subset of cells in the highly proliferative intestinal epithelium (Barker et al., 2007). As the fastest proliferating organ in adult mammals, intestinal cells are completely replaced about every 4 to 5 days (Leblond and Stevens, 1948). Using genetic lineage tracing, researchers found that Lgr5-positive cells could give rise to all differentiated cell types in the intestine and identified them as a type of intestinal stem cell (Barker et al., 2007). This supports a model where abrogated Wnt signaling, including depletion of co-regulator β-catenin and transcription factor TCF, results in a loss of stem cells and self-renewal in the intestine (Korinek et al., 1998; Fevr et al., 2007).

Lgr5-positive cells exhibiting varying degree of stem cell properties have also been found in the stomach (Barker et al., 2010), hair follicle (Jaks et al., 2008) and mammary gland (de Visser et al., 2012). In the skin, where Lgr5-positive cells continuously give rise to new hair follicle cells, another Lgr family receptor Lgr6, marks a different, Wnt-independent, stem cell population that replenishes the epidermis and sebaceous glands (Barker et al., 2010). Both Lgr5- and Lgr6-expressing cells also contribute to wound healing in the skin, while Lgr6-positive progeny alone are responsible for establishing long-term repair of all components in the skin. In the liver, Lgr5-positive cells only appear after damage when they regenerate hepatocytes and bile ducts (Huch et al., 2013b). Similarly in the pancreas, Lgr5-positive progenitors cells also appear after damage (Huch et al., 2013a). A common trait of these cells is the ability to generate ever-expanding cultures of Lgr5 progenitor cells responsive to Wnt proteins and R-spondins in vitro. The manifestation of Lgr5-positive cells with more limited proliferative performance has also been seen in isolated cultures of cochlear cells (Chai et al., 2012; Shi et al., 2012). These cells respond to Wnt stimulation and can act as in vitro hair cell progenitors.

Another member of the Wnt pathway and direct Wnt target gene frequently associated with stem cells is the negative regulator Axin2 (Figure 1; Jho et al., 2002; Lustig et al., 2002; Zeng and Nusse, 2010). Bowman et al. showed that Axin2-positive cells could give rise to multiple restricted neural stem cell populations during development and that these Wnt/β-catenin-responsive stem cells persisted in the adult mouse (Bowman et al., 2013). Axin2 tracing likewise labels several distinct stem cell populations in the developing and adult mammary gland (van Amerongen et al., 2012). Similar to Lgr5 and Lgr6, Axin2 also marks a population of stem cells in the skin. Axin2-positive interfollicular epidermal stem cells contribute to epidermal regeneration in a Wnt/β-catenin dependent manner (Lim et al., 2013). Axin2-marked tympanic border cells in the neonatal cochlea have been shown to exhibit Wnt-responsive progenitor cell characteristics (Jan et al., 2013), yet their roles during the homeostasis and regeneration of the neonatal and mature cochlea are currently unknown.

REGENERATION IN FISH AND BIRDS

A rich body of literature describes the temporal events during the regeneration of hair cells in non-mammalian species including birds and zebrafish (Corwin and Cotanche, 1988; Ryals and Rubel, 1988; Warchol and Corwin, 1996; Brignull et al., 2009). More recently the molecular switches during these events have begun to be unveiled. In the avian utricle and the zebrafish lateral line, hair cells are turned over, and new hair cells are produced on a continuous basis (Williams and Holder, 2000). After hair cell damage in these organs, the rate of hair cell production increases (Matsui et al., 2000; Harris et al., 2003; Ma et al., 2008). Although no steady-state hair cell turnover has been observed in the chicken auditory organ, the basilar papilla, noise or aminoglycoside damage results in robust supporting cell proliferation and hair cell replacement (Corwin and Cotanche, 1988; Ryals and Rubel, 1988). In the avian inner ear and zebrafish lateral line, the predominant mode of regeneration involves supporting cell division prior to conversion of one daughter cell to a sensory hair cell. When hair cell regeneration occurs without an antecedent mitotic event, a phenomenon termed direct transdifferentiation can be observed in the regenerating basilar papilla (Roberson et al., 2004; Duncan et al., 2006; Shang et al., 2010). Based on these studies, the process of hair cell regeneration can be categorized into two modes in the basilar papilla: mitotic regeneration and direct transdifferentiation. As direct transdifferentiation is also the primary mode of regeneration in the mammalian vestibular system, its mechanism will be discussed in a later section.

Because canonical Wnt signaling has been shown to be critical for the development of posterior lateral line neuromasts (Gamba et al., 2010; Aman et al., 2011; McGraw et al., 2011; Valdivia et al., 2011), its role during the regeneration of hair cells in the neuromasts was recently examined (Head et al., 2013; Jacques et al., 2014). Using a TOP;GFP reporter transgene (Dorsky et al., 2002), Head et al. reported a low level of active Wnt/β-catenin signaling in the homeostatic neuromasts, where proliferation and hair cell renewal are present at low levels. This is in contrast with results obtained using a different reporter of active Wnt signaling, where no Wnt activity was observed during homeostasis (Jiang et al., 2014). Overexpression of dickkopf1b (dkk1b), a secreted Wnt inhibitor, further reduced this baseline level of proliferation. Conversely, pharmacologic inhibition of GSK3β (using 1-azakenpaullone) increased supporting cell proliferation in a β-catenin dependent manner, indicating that the effects are mediated by canonical Wnt signaling. After neomycin-induced hair cell loss, Wnt activity as indicated by the TOP;GFP reporter transgene increases, and this rise coincides with the increase in proliferation observed in supporting cells in the neuromasts (Head et al., 2013). As in the homeostatic neuromasts, overexpression of dkk1b dampened the proliferative response to hair cell damage, suggesting that Wnt signaling was required at least for the mitotic phase of regeneration. Likewise, the Wnt activators 1-azakenpaullone and LiCl, which are both GSK3β inhibitors, promoted supporting cell proliferation and increased the number of hair cells formed and the overall size of the neuromasts exceeding the level of natural regeneration (Head et al., 2013; Jacques et al., 2014). In regenerating neuromasts, both supporting cells and mantle cells proliferate in response to hair cell damage with only the former contributing to hair cell regeneration (Jones and Corwin, 1993; Harris et al., 2003; Hernandez et al., 2007; Ma et al., 2008). After drug-induced Wnt activation in both damaged and undamaged tissues, cells located in the center and the periphery of the neuromasts (where supporting cells and mantle cells reside) are competent to respond by increasing mitotic events, ultimately resulting in enhanced hair cell regeneration (Head et al., 2013; Jacques et al., 2014). Yet, the functional significance of this augmented regeneration is unclear. While these studies suggest that canonical Wnt signaling is required for the proliferative response to hair cell loss and that activating Wnt/β-catenin signaling can enhance mitotic hair cell regeneration, recent insights into putative hair cell progenitors in the zebrafish posterior lateral line and chicken utricle draw a more complex picture.

Two recent studies (Jiang et al., 2014; Steiner et al., 2014) examined the temporal expression of Wnt target genes and other components of the Wnt pathway in supporting cells and mantle cells in response to hair cell damage. Jiang et al. found that changes in expression of cell cycle genes in supporting cells and mantle cells precede those of canonical Wnt signaling. Specifically, they found that both the components of the Wnt pathway (tcf4, fzd7b, fzd8a, Wnt10a) and its overall activity as measured by a TCF/LEF-GFP reporter were downregulated during the early post-damage period. Subsequently, an increase in these components precedes active Wnt signaling (also by TCF/LEF-GFP reporter) in the late phase of regeneration. In parallel, microarray data generated by Steiner et al., who isolated mantle cells after having used copper to lesion hair cells, showed a complicated damage response consisting of upregulation of a subset of the Wnt pathway components and target genes (Wnt3, Wnt7a, Wnt9a) but downregulation of others (Wnt9a, Axin2, Tcf4, Sfrp2) immediately after damage (Steiner et al., 2014). Interestingly, cell cycle gene expression changes immediately following hair cell degeneration coincided with a decrease in Notch and FGF signaling (Jiang et al., 2014). These results suggest that pathways other than Wnt signaling may be responsible for initiating the regenerative response of supporting cells after hair cell loss but that active Wnt signaling is both necessary and sufficient for proliferation in later stages of hair cell regeneration.

The molecular mechanisms of supporting cell proliferation in the chick utricle have received much attention. In the regenerating chick cochlea and utricle, proliferation peaks at 48 h after ototoxic injury (Alvarado et al., 2011). When the sensory epithelium from either organ was profiled, ß-catenin was down-regulated at both the 0 and 24 h time points after damage before being significantly upregulated at 48 h when the peak of proliferation occurred. Furthermore, RNAi knockdown of ß-catenin and Wnt4 prevented supporting cell proliferation, suggesting that Wnt/β-catenin signaling is required for at least the mitotic phase of regeneration (Alvarado et al., 2011) similar to what has been described in the zebrafish neuromasts. Addition of exogenous Wnt proteins (Wnt4 and 5a) further enhanced proliferation of supporting cells, providing additional support that Wnt/β-catenin signaling also modulates the proliferative response after hair cell injury. Using the peaks of proliferation and hair cell formation (at 48 h and 168 h post hair cell injury) as references, Ku et al. examined the dynamics of gene expression, including Wnt target genes, during hair cell regeneration in the chicken utricle in vitro (Ku et al., 2014). Several of the examined Wnt target genes (Lgr5, Axin2, Klf5, Lef1) did not exhibit significant changes prior to proliferation. As was performed in the zebrafish lateral line, an examination of the timing of mRNA expression reveals a much more complex picture of Wnt signaling during regeneration. This complexity is likely attributed to the dynamic interplay of several major pathways with canonical Wnt signaling to stepwise regulate the initiation of regeneration, proliferation, and conversion of progenitor cells towards a hair cell fate. In particular, Notch signaling has been demonstrated to limit both proliferation and hair cell differentiation via the process of lateral inhibition in zebrafish lateral line (Ma et al., 2008). Direct crosstalk between Wnt and Notch signaling is also known to occur in numerous systems during development (Hayward et al., 2008). Understanding the complex weave of pathway interactions as well as the level of activity of individual pathway will likely be necessary to make additional progress towards elucidating the complete picture, depicting the mechanisms of hair cell regeneration. While more challenging, a combinatorial approach will also likely yield a more robust degree of regeneration in the mammalian inner ear.

WNT SIGNALING AND MAMMALIAN HAIR CELL REGENERATION

In stark contrast to the avian inner ear and the zebrafish lateral line, the mature mammalian auditory and vestibular organs do not spontaneously mount a proliferative response after hair cell degeneration. While no regeneration of cochlear hair cells have been observed, the vestibular organs non-mitotically regenerate lost hair cells to a limited extent (Forge et al., 1993; Oesterle and Campbell, 2009; Lin et al., 2011). Although the roles of canonical Wnt signaling during mammalian inner ear development have been more thoroughly examined, only recently have studies begun to shed light on its possible involvement during regeneration.

As described previously, during embryonic mouse cochlear development, active Wnt/β-catenin signaling is required for initial hair cell differentiation but not subsequent maturation and maintenance (Shi et al., 2014). Overactive Wnt signaling promotes both proliferation and ectopic hair cell formation during early embryonic development as opposed to a primarily proliferative response during late embryonic development (Jacques et al., 2012). This suggests that the effects of Wnt/β-catenin signaling shift as the cochlea matures, emphasizing its context-dependent role. In the neonatal, immature cochlea, Lgr5 is expressed in a subset of supporting cells. When isolated and cultured in vitro, Lgr5-positive supporting cells can behave as hair cell progenitors, as defined by their limited self-renewal and ability to generate new hair cells (Chai et al., 2012; Shi et al., 2012). Indeed, the acquired proliferative behavior of isolated Lgr5-positive supporting cells require secreted Wnts and become more robust in the presence of Wnt agonists, similarly to what has been described in other organs. In a transgenic model of hair cell ablation in neonatal mice, Lgr5-positive cells can, to a limited degree, proliferate and regenerate hair cells after damage (Cox et al., 2014), although regenerated hair cells later degenerated, likely due to a lack of survival factors.

In addition to the mitogenic effect exerted by Wnt/β-catenin signaling, studies on cochlear development in both mice and chicken suggest that overexpression of β-catenin can induce ectopic hair cell formation (Stevens et al., 2003; Jacques et al., 2012; Shi et al., 2014). When β-catenin was stabilized in supporting cells in the neonatal cochlea, a subset of supporting cells proliferated. In addition to the proliferation, a subset of supporting cells was also found to acquire a hair cell fate as demonstrated by Atoh1 expression (Chai et al., 2012; Shi et al., 2012, 2013). Unfortunately, in the undamaged adult mouse cochlea, β-catenin stabilization fails to induce either supporting cell proliferation or hair cell formation (Shi et al., 2013). Hence, both the ability to mount a proliferative response and the capacity to acquire a hair cell fate in response to Wnt overactivation decreases and becomes spatially more restricted in the neonatal cochlea compared to its embryonic counterpart.

In contrast to the mature mammalian cochlea, the adult vestibular utricle retains a limited capacity for hair cell regeneration (Forge et al., 1993; Warchol et al., 1993). Using a transgenic hair cell ablation model in adult mice, Golub et al. estimated the extent of hair cell regeneration to be 17% over a 6 month period (Golub et al., 2012). The mode of regeneration is assumed to be direct transdifferentiation as almost no mitotic events were detected. While the function of canonical Wnt signaling has not been thoroughly examined in the mature utricle, select studies have instead examined the neonatal utricle, where supporting cells can proliferate and regenerate lost hair cells after damage (Burns et al., 2012). Without damage, pharmacologic inhibition of GSK3β enhanced supporting cell proliferation in vitro (Lu and Corwin, 2008).

Unlike in the cochlea, recent work from our laboratory show that Lgr5 expression is not detected in the neonatal utricle. However, hair cell damage at that age results in an up-regulation of Lgr5 expression in supporting cells prior to hair cell regeneration. Lineage tracing experiments further demonstrated that Lgr5-positive supporting cells can mitotically regenerate hair cells and that β-catenin stabilization augmented both the mitotic response and the extent of hair cell regeneration (Wang et al., in press). Taken together, the neonatal mouse cochlea and utricle both contain supporting cells that are competent to proliferate and form hair cells in response to Wnt overactivation. It is important to point out that the supporting cells in the neonatal utricle, unlike those in the adult organ, are capable of re-entering the cell cycle before hair cell regeneration. One may conceive these neonatal supporting cells as less mature, but the factors differentiating them from those residing in the adult utricle are yet to be revealed.

In summary, these studies in regenerating sensory organs suggest that active Wnt/β-catenin signaling can increase the extent of mitotic hair cell regeneration (Figure 4), yet the ability of activating Wnt/β-catenin signaling alone to renew proliferation and hair cell regeneration observed in the neonatal, immature mammalian cochlea appears limited in the mature, mammalian cochlea. Considering the dynamic changes of other signaling pathways during regeneration of the zebrafish lateral line system and the chick utricle, it will be critical to understand how other signals may act in concert with Wnt signaling to regulate the process of regeneration.
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FIGURE 4. Model of potential roles of active Wnt signaling in hair cell regeneration. Schematic broadly depicting hair cell damage can activate supporting cells to proliferate and regenerate lost hair cells (mitotic regeneration), or to directly acquire a hair cell fate. Wnt/β-catenin signaling can increase mitotic regeneration by promoting cell cycle re-entry and also possibly by increasing Atoh1 expression.



FUTURE DIRECTIONS

A major hurdle in dissecting the functions of individual Wnt ligands and Frizzled receptors is their redundancy. This was illustrated previously by the lack of inner ear phenotypes in mice deficient in either Wnt1 or Wnt3, yet double knockouts exhibit overt abnormal development of the otocyst. Insights into the mechanisms of packaging and secretion of Wnt proteins have introduced new approaches to overcome this hurdle. In Wnt secreting cells, Wnt proteins first undergo lipid modification, which is necessary for their activity (Willert et al., 2003), before being secreted. Studies in Drosophila have characterized Porcupine and Wntless to be essential for these steps, and their deficiency leads to phenotypes similar to those of Wingless (homolog of Wnt) mutants (van den Heuvel et al., 1993; Kadowaki et al., 1996; Banziger et al., 2006). Thus future studies manipulating Wnt secretion may help delineate the complex functions of secreted Wnts in the context of canonical and non-canonical Wnt signaling in the inner ear.

The identity of the cells targeted by Wnt secretions present additional obstacles. The majority of work on downstream Wnt signaling has so far focused on manipulating β-catenin through genetic approaches or by means of small molecules targeting its destruction complex. While this has garnered substantial information on where active canonical Wnt signaling is required during development and regeneration, much of the identity of Wnt secreting cells and what combinations of Wnt and Frizzled members are responsible for activating Wnt/β-catenin signaling in specific developmental and regenerative processes still remain unknown (Figure 2). How can prosensory cells, which are regulated by canonical Wnt/β-catenin signaling differentiate into hair cells whose orientation is tightly regulated by the non-canonical Wnt/PCP pathway just a few days later? Do different axes of Wnt-Frizzled operate the two pathways? Due to its striking phenotype in the ear, and especially the mammalian cochlea, the PCP pathway has been the most studied of the non-canonical Wnt signaling branches. However, the molecular response in Wnt/PCP-responsive cells upon Wnt stimulation is still poorly understood. Additionally, the role of Wnt/calcium pathway and whether it serves different or overlapping functions are unknown and actively being investigated. Furthermore, while the focus on the function of β-catenin has been in the context of canonical Wnt signaling, it is important to also consider its role in cell adhesion as it has been shown to interact closely with cadherin family members (Nelson and Nusse, 2004). Thus understanding the identity of Wnt-secreting and Wnt-responsive cells as well as the downstream mechanisms regulating their functions during hair cell development is critical in guiding our approach to incorporating Wnt manipulation during hair cell regeneration.

As previously mentioned, much work is still needed to improve our understanding of the relationships among multiple signaling pathways. The studies undertaken in species where hair cells naturally regenerate as part of homeostatic turn-over or in response to damage have begun to paint a picture of the spatio-temporal activity of pathways during supporting cell proliferation and hair cell differentiation. Some parts of the interaction of Wnt signaling with other pathways have already begun to unravel. For example, Wnt activation has been discovered to result in the upregulation of Jagged1, a member of the Notch pathway with a prosensory function (Morrison et al., 1999). Inhibition of either the Notch or Wnt pathway at early cochlear development results in diminished prosensory regions and prevented hair cell differentiation, suggesting that the pathways may intersect at least at this developmental stage (Brooker et al., 2006; Kiernan et al., 2006). Moreover, Bramhall et al. found that Notch inhibition increased hair cell regeneration by Lgr5-positive cells in the neonatal cochlea in vitro (Bramhall et al., 2014), implying that Wnt-responsive cells are prevented by Notch signaling to differentiate into hair cells. Important next steps should include mapping of the activity of such pathways in the quiescent, non-regenerating auditory epithelium and the understanding of the native competence of individual supporting cells, such as the Lgr5-positive cells, as the auditory and vestibular organs age. Such an understanding and the development of additional genetic and molecular tools to facilitate a combinatorial approach are critical next steps towards further facilitating mammalian hair cell regeneration.
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Changes in the regulation of the Notch signaling pathway are temporally correlated with regenerative failure in the mouse cochlea
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Sensorineural hearing loss is most commonly caused by the death of hair cells in the organ of Corti, and once lost, mammalian hair cells do not regenerate. In contrast, other vertebrates such as birds can regenerate hair cells by stimulating division and differentiation of neighboring supporting cells. We currently know little of the genetic networks which become active in supporting cells when hair cells die and that are activated in experimental models of hair cell regeneration. Several studies have shown that neonatal mammalian cochlear supporting cells are able to trans-differentiate into hair cells when cultured in conditions in which the Notch signaling pathway is blocked. We now show that the ability of cochlear supporting cells to trans-differentiate declines precipitously after birth, such that supporting cells from six-day-old mouse cochlea are entirely unresponsive to a blockade of the Notch pathway. We show that this trend is seen regardless of whether the Notch pathway is blocked with gamma secretase inhibitors, or by antibodies against the Notch1 receptor, suggesting that the action of gamma secretase inhibitors on neonatal supporting cells is likely to be by inhibiting Notch receptor cleavage. The loss of responsiveness to inhibition of the Notch pathway in the first postnatal week is due in part to a down-regulation of Notch receptors and ligands, and we show that this down-regulation persists in the adult animal, even under conditions of noise damage. Our data suggest that the Notch pathway is used to establish the repeating pattern of hair cells and supporting cells in the organ of Corti, but is not required to maintain this cellular mosaic once the production of hair cells and supporting cells is completed. Our results have implications for the proposed used of Notch pathway inhibitors in hearing restoration therapies.
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Introduction

The Notch signaling pathway is an evolutionarily ancient form of cell-cell communication. During Notch signaling, the binding of membrane-bound ligands of the Delta and Jagged/Serrate families to Notch receptors causes the cleavage of the receptor and release of an intracellular domain which travels to the nucleus and participates in transcriptional activation (Artavanis-Tsakonas et al., 1999; Ilagan and Kopan, 2007; Artavanis-Tsakonas and Muskavitch, 2010; Hori et al., 2013). Notch signaling is deployed in the development of many tissues, and can influence cell fate through lateral inhibition with feedback (Chitnis, 1995; Formosa-Jordan et al., 2013), inductive signaling (frequently to establish boundaries of different cell types) or by the asymmetrical inheritance of fate determinants that affect Notch signaling (Bray, 2006).

Notch signaling regulates many aspects of inner ear development (Kelley, 2003, 2006, 2007; Murata et al., 2012). During the induction of the otic placode, the anlagen of the inner ear, Jagged1 activation of Notch signaling acts to strengthen otic placode fate in response to FGF and Wnt signals (Jayasena et al., 2008; Groves and Fekete, 2012). As the first neuroblasts begin to differentiate and delaminate from the otocyst, Notch-Delta signaling regulates the proportion of progenitor cells that differentiate as neurons by lateral inhibition (Adam et al., 1998; Abelló et al., 2007; Daudet et al., 2007; Kiernan, 2013; Neves et al., 2013a). As the first sensory regions of the inner ear begin to develop, Notch-Jagged1 signaling helps maintain and promote the fate of vestibular sensory regions of the ear through lateral induction (Eddison et al., 2000; Daudet and Lewis, 2005; Kiernan et al., 2005a; Brooker et al., 2006; Daudet et al., 2007; Hartman et al., 2010; Pan et al., 2010, 2013; Neves et al., 2011, 2013a,b), although it is less clear if this mode of sensory induction also occurs in the cochlea (Basch et al., 2011; Yamamoto et al., 2011). Finally, as hair cell and supporting cells begin to differentiate from sensory progenitor cells in prosensory patches, hair cells begin to express the Notch ligands Delta1 and Jagged2 (Dll1, Jag2) on their cell surface, and signaling by these ligands through the Notch1 receptor on nascent supporting cells induces and maintains supporting cell fate though lateral inhibition. Accordingly, pharmacological or genetic disruption of Notch1, Dll1 or Jag2, singly or in combination, leads to a failure of Notch signaling and an increase in the number of hair cells at the expense of supporting cells, likely through loss of lateral inhibition (Kiernan et al., 2005a; Brooker et al., 2006). Mutation or knock-down of downstream transcriptional effectors of Notch signaling, such as members of the Hes and Hey gene families, also leads to an increase in hair cell numbers at the expense of supporting cells (Zheng et al., 2000; Zine et al., 2001; Hayashi et al., 2008; Li et al., 2008; Doetzlhofer et al., 2009; Tateya et al., 2011; Benito-Gonzalez and Doetzlhofer, 2014).

A number of studies suggest that Notch signaling between hair cells and supporting cells continues in the sensory end organs of the mammalian inner ear after birth (Zine et al., 2000; Murata et al., 2006; Yamamoto et al., 2006; Hartman et al., 2007, 2009; Hori et al., 2007; Batts et al., 2009; Doetzlhofer et al., 2009; Lin et al., 2011; Liu et al., 2012a,b). Downstream effectors of Notch signaling can be detected in the cristae and maculae of the vestibular system (Hartman et al., 2009; Wang et al., 2010; Lin et al., 2011; Slowik and Bermingham-McDonogh, 2013), and blockade of Notch signaling in the adult vestibular system can induce the formation of ectopic hair cells at the expense of supporting cells (Lin et al., 2011; Slowik and Bermingham-McDonogh, 2013). Similarly, inhibition of Notch signaling in the neonatal organ of Corti also down-regulates some downstream effectors of Notch signaling in supporting cells and leads to the rapid formation of extra hair cells (Doetzlhofer et al., 2009; Korrapati et al., 2013; Mizutari et al., 2013; Bramhall et al., 2014). In both the neonatal cochlea and adult vestibular system, the generation of hair cells has been proposed to occur through a direct trans-differentiation of supporting cells without cell division (Doetzlhofer et al., 2009; Lin et al., 2011; Bramhall et al., 2014), a mode of differentiation that has also been observed during hair cell regeneration in birds (Stone and Cotanche, 2007).

Recently, application of gamma secretase inhibitors that attenuate the Notch pathway to the noise-damaged cochlea has been shown to generate small numbers of new hair cells and a partial restoration of hearing (Mizutari et al., 2013), suggesting that the Notch pathway may still be active in the mature cochlea. However, two issues remain unaddressed by this study. First, it is not clear to what extent components of the Notch signaling pathway—Notch receptors, Notch ligands and their downstream effectors—are expressed in the maturing cochlea (Batts et al., 2009). Indeed, two studies examining the presence of the active cleaved intracellular portion of the Notch1 receptor found very little evidence for Notch activation in the cochlea 1 week after birth (Murata et al., 2006; Liu et al., 2013). Moreover, although gamma secretase inhibitors are known to inhibit cleavage and activation of Notch receptors, they also cleave many other membrane proteins, and so it is possible that their effects in the cochlea may not be specific to the Notch pathway (Kopan and Ilagan, 2004).

In the present study, we compared the effects of gamma secretase inhibitors or blocking antibodies to the Notch1 receptor on the patterning of hair cells and supporting cells in organ cultures of the neonatal cochlea. In each case, we found that inhibitor treatment causes an increase in hair cell numbers at the expense of supporting cells, suggesting that both inhibitors are likely causing supporting cell trans-differentiation through inhibition of the Notch pathway. However, we find a precipitous age-dependent decline in the ability of these inhibitors to cause supporting cell trans-differentiation into hair cells. This decline in response to Notch inhibition progresses in a basal-apical gradient along the organ of Corti, consistent with the gradient of cellular maturation in the cochlea, and by 6 days after birth, the organ of Corti is essentially unresponsive to Notch inhibition in culture. We combined in situ hybridization, Q-PCR quantitation and single cell Fluidigm analysis of Notch pathway components and showed that Notch receptors, ligands and effectors are down-regulated from the organ of Corti in basal-apical gradient during the first postnatal week, and are at least an order of magnitude lower in mature animals, even after noise damage. Our results suggest that the Notch signaling pathway is deployed to establish the pattern of hair cells and supporting cells in the cochlea, but is not required to maintain this pattern in the mature organ of Corti.

Materials and Methods

Mice

Atoh1A1GFP/A1GFP (MGI: Atoh1tm4.1Hzo) knock-in mice and Atoh1GFP transgenic reporter mice were generated as previously described (Lumpkin et al., 2003; Rose et al., 2009). ICR mice were used for Notch Intracellular Domain (NICD) immunostaining. Noise damage experiments were performed on wild type CBA/CaJ mice. Pillar cells and Deiters’ cells were purified from Fgfr3-iCreERT2 (Young et al., 2010) mice mated with Ai14:RosatdTom reporter mice (Jackson, #007908). All animal experiments were approved by the Baylor College of Medicine or Stanford University Institutional Animal Care and Use committees.

Cochlear Organ Culture

Cochleas were dissected in ice cold HBSS immediately after euthanasia. Briefly, the heads were bisected, the temporal bone was removed from the skull base and the otic capsule was removed with forceps until the intact membranous cochlea was separated from the bony structures. For P0 and P3 animals, the cochlear duct was peeled out from the modiolus and the medial structures (Kölliker and Corti’s organs) were separated from the lateral wall, Reissner’s membrane and the stria vascularis. For P6 mice, in order to preserve the structures in the organ of Corti, the cochlear duct was gently separated from the modiolus by cutting between them with forceps and the lateral wall, stria vascularis and Reissner’s membrane were partially removed after cutting with 27 gauge needle. Immediately after dissection, the explants were placed on top of filter membranes with 1 μm pores (SPI-pore or Whatman) floating in DMEM/F12 (Hepes) supplemented with B27 supplements (Life Technologies), 1mM N-acetylcysteine (Sigma), 5 ng/ml EGF and 2.5 ng/ml FGF2 and 67 μg/ml penicillin. In some cultures DMEM/F12 medium was supplemented with N2 supplements (Life Technologies), N-acetylcysteine and penicillin. For Notch inhibition experiments, cultures were supplemented with 0.75–10 μM DAPT (Gamma secretase inhibitor IX, Calbiochem EMD) or DMSO 0.04% v/v (Life Technologies). Anti Notch1-specific antibodies and control IgD antibodies (Wu et al., 2010) were provided by Genentech and used at 2 μg/ml. The cultures were maintained for 1 h, 1, 2 or 3 days in vitro (DIV) at 37°C in 5% CO2.

Immunostaining, Microscopy and Quantification

Whole cochlear explants were fixed in 4% paraformaldehyde, then permeabilized and blocked in 0.2% Triton X-100 and 10% donkey serum in PBS. The explants were incubated with primary antibodies overnight at 4°C, washed in PBST (0.1% Triton X-100 in PBS) and incubated with secondary antibodies for 2 h at room temperature, followed by 3 further washes in PBST and then incubated in 10 μg/ml DAPI for 10 min. Primary antibodies used were rabbit polyclonal anti-Myosin VIIa (1:500; Proteus Biosciences) and mouse monoclonal anti-GFP (1:200; Invitrogen). Secondary antibodies were Alexa Fluor 594 and 488 (Invitrogen). Images were obtained on an Axio Observer Zeiss microscope with an Apotome2 structured illumination attachment and analyzed in Axiovision 4.8 (Zeiss) and Image J (NIH) using Bioformat and the Cell Counter plugins. The cochlea was divided in five pieces: the tip, the apex, the middle, the base and the hook, and the center of each portion was analyzed, discarding the tip and the hook. Cell counts across different areas of the cochlea were normalized to cells per 100 μm and were expressed as a percentage increase with respect to control conditions. Significant differences were analyzed using a Mann-Whitney test for pairwise comparisons.

For NICD immunostaining in sections the protocol was modified from Morimoto et al. (2010). Briefly the heads of P0, P3 and P6 ICR mice were mounted in paraffin blocks and sectioned at 10 μm. The sections were rehydrated, bleached in H2O2 and boiled in a pressure cooker in antigen unmasking solution (Vectorlabs) for 20 min. The sections were then permeabilized, blocked and incubated with a cleaved Notch1 antibody (val1744; 1:100; Cell signaling) and anti- Myosin VIIa (1:500; Proteus Biosciences). The signal was amplified with Vectastain ABC Kit (rabbit IgG) (Vectorlabs) as indicated by manufacturer. The color was developed for 5–10 min with TSA Tyramide Cy3 Reagent (diluted 1:100 after reconstitution; Perkin Elmer) and then stained with DAPI. Images were obtained on a Zeiss Axio Observer microscope with an Apotome2 structured illumination attachment.

In Situ Hybridization

Digoxygenin-labeled in situ probe synthesis was performed on linearized plasmid DNA using standard protocols (Stern, 1998).The following mouse cDNA probes were used in the study and kindly provided by the investigators listed: Notch1, Jag1, Dll1 (Gerry Weinmaster), Notch3 (Urban Lendahl), Hes5 (Ryoichiro Kageyama), Hey1, Hey2, HeyL (Manfred Gessler), and Atoh1 (Huda Zoghbi). A cDNA clone for Jag2 (BC010982) was purchased from open Biosystems. The in situ hybridization procedure for frozen sections was modified from previous protocols (Harland, 1991; Birren et al., 1993; Groves et al., 1995). Heads of perinatal mouse pups were fixed in 4% paraformaldehyde in PBS overnight at 4°C, cryoprotected in 30% sucrose in PBS at 4°C, embedded in OCT compound (Sakura Finetek), and cryosectioned at 14 μm. Sections were fixed in 4% paraformaldehyde in PBS, pH 7.2 for 10 min at room temperature, followed by three 5-min washes in DEPC-treated PBS. The sections were treated with 1 μg/ml Proteinase K in DEPC-PBS for 5 min at room temperature, followed by three 5-min washes in DEPC-PBS and re-fixation in 4% paraformaldehyde in PBS, pH 7.2 for 10 min at room temperature. Sections were acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0 for 10 min at room temperature, followed by three 5-min washes in DEPC-PBS. Slides were incubated in hybridization buffer (50% formamide, 5 × SSC, 50 μg/ml Yeast tRNA, 100 μg/ml Heparin, 1 × Denhardt’s Solution, 0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA) for 1–2 h at 65°C. 100 μl of digoxygenin-labeled probe (1 mg/ml) was added to each slide and the slides covered with glass coverslips. The slides were incubated in a chamber humidified with 5 × SSC, 50% formamide at 65°C overnight. Coverslips were removed by rinsing in 0.2 × SSC and the slides washed in 0.2 × SSC at 65°C for 1 h. The slides were then washed in 0.2 × SSC for 5 min at room temperature, followed by another 5-min wash in 0.1% Tween-20 in PBS (PTw). The slides were blocked in 10% lamb serum in PTw at room temperature for 1 h and then stained with anti-digoxygenin-alkaline phosphatase antibody (1:2000) for 1–3 h at room temperature in a humidified chamber. The slides were then washed three times for 5 min each in PTw and equilibrated with freshly-made alkaline phosphatase buffer (100 mM Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween 20) for 10 min. The slides were developed in alkaline phosphatase buffer containing 0.33 mg/ml NBT and 0.18 mg/ml BCIP in the dark at room temperature until the purple reaction product had developed to a satisfactory degree. The reaction was stopped by washing the slides in PBS three times for 15 min each, followed by fixation in 4% paraformaldehyde in PBS, pH 7.2 for 30 min. The slides were then rinsed and mounted in 80% glycerol in PBS. Whole mount in situ hybridization was carried out as recently described in detail (Khatri and Groves, 2013).

RNA Isolation and Q-PCR

For each experimental condition, total RNA was extracted from 4 uncultured whole cochlear explants or 3 cultured cochlear explants using the RNeasy mini kit (Qiagen). RNA yield ranged from 480 to 1200 ng and was used for cDNA preparation using random primers and SuperScript III First-Strand Synthesis System (Invitrogen). qPCR reaction was performed with SYBRGreen PCR Master Mix in StepOnePlus RealTime PCR System (Applied Biosystems), using in the reaction cDNA at 0.3–0.6 ng/μl and primers at 50 nM (excepting 100 nM for the Hes5 reaction). Primers sequences are provided in Table 1. GAPDH and L19 primers were used as reference genes. Significant differences were analyzed using a Mann-Whitney test for pairwise comparisons. Multiple comparisons or pairwise correction for multiple comparisons were not performed.

TABLE 1. Q-PCR primers for Figures 1, 3, 5, 7.
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Single Cell Purification and Q-PCR Analysis

Triple transgenic mice heterozygote for Fgfr3-iCreERT2 (Young et al., 2010), Ai14:RosatdTom (Jackson, #007908) and Sox2-EGFP (Jackson, #017592) were analyzed at P2, and double transgenic animals (Fgfr3-iCreERT2 and Ai14:RosatdTom) were analyzed at P21. Animals were injected with 0.2 mg/g body weight tamoxifen at P0 and P19 respectively. Animals were euthanized 2 days after the tamoxifen injection and organs of Corti were dissected. Single cell dissociation, flow cytometry, RNA isolation and single cell qRT-PCR were performed as described in Durruthy-Durruthy et al. (2014) using the primers listed in Table 2. Briefly, expression of Actb or Gapdh at levels lower or higher than 3 standard deviations from the mean was used to exclude compromised cells/empty wells or possible doublets, respectively. Ai14-Control primers detect recombination within the Ai14-tdTomato reporter locus and cells with no detectable recombination were excluded from the analysis. Single cell expression data is presented as Log2Ex values, calculated by subtracting experimentally determined Ct-values from the median limit of detection calculated for all primers used in the study. Single cell data were normalized using the median Log2Ex values as recommended by Fluidigm.

TABLE 2. Q-PCR primers for Figure 6.
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Noise Damage

Noise damage of six-week-old CBA/CaJ mice was performed as previously described (Liu et al., 2011). Briefly, a custom-built box contained six piezo horns (TW-125, Pyramid Car Audio, Brooklyn, NY, USA) inserted through the cover. Band-passed white noise (4–22 kHz) was generated digitally with RPvds software (Version 6.6, Tucker-Davis Technologies, Alachua, FL, USA), converted to analog by a digital-to-analog converter, and then transferred to the power amplifier (Servo 550, Sampson, Hauppauge, NY, USA) to drive the speakers. A cage containing the mice was placed inside the box and the mice were exposed to noise at 98 dB ± 2 dB for 4 h.

Results

The Neonatal Cochlea Exhibits a Position-Dependent Variation of Supporting Cell Trans-Differentiation in Response to Gamma Secretase Inhibitors

A number of studies have demonstrated conversion or trans-differentiation of cochlear supporting cells into hair cells after treatment with gamma secretase inhibitors (Takebayashi et al., 2007; Hayashi et al., 2008; Doetzlhofer et al., 2009; Korrapati et al., 2013; Mizutari et al., 2013; Bramhall et al., 2014), although results in different studies have often been obtained with different gamma secretase inhibitors or at different concentrations of a given inhibitor. We confirmed these results in cochlear explant cultures from postnatal day 0 (P0) Atoh1A1GFP/A1GFP and Atoh1-GFP mice, using the gamma secretase inhibitor DAPT over a range of 0.75–10 μM. After 2 days in culture, we stained the cultures for Myosin VIIa and GFP to reveal the Atoh1-GFP fusion protein (Atoh1A1GFP/A1GFP mice) or GFP reporter (Atoh1-GFP mice). We observed a significant increase in the numbers of Myosin VIIa + hair cells at 2.5, 5 and 10 μM DAPT compared to DMSO vehicle (Figures 1A,B), but not at lower concentrations. We measured the levels of hair cell and supporting cell mRNAs in the Atoh1-GFP cultures and observed an increase of the hair cell markers Atoh1 and Jag2 and a decrease in the supporting cell markers Jag1, Hey1 and Hes5 (Figure 1C). As previously described (Doetzlhofer et al., 2009), Hes5 was particularly sensitive to DAPT, with a strong reduction in mRNA levels being observed above 1 μM.
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FIGURE 1. Dose response of Notch inhibition in P0 cultures. (A) Immunostaining of apical portions of cochlear explants of newborn (P0) Atoh1A1GFP/A1GFP knock-in mice cultured 2 days in vitro (DIV) in DAPT from 0.75 to 10 μM or vehicle (DMSO). Atoh1: green. Myo7a: red. Scale 50 μm. (B) Quantitation of the increase in number of Myosin VIIa-labeled cells after different doses of DAPT compared to DMSO vehicle (same as shown in A). N = 4. *p = 0.030 (Mann-Whitney pairwise comparisons). Error bars: SEM. (C) mRNA amount of hair cell, supporting cell and Notch pathway genes obtained by QPCR in whole cochlear explants from P0 Atoh1GFP transgenic reporter mice treated with DAPT compared to DMSO vehicle. N = 3. Error bars: SEM. Note that error bars are present for each condition but are very small in some cases.



The organ of Corti differentiates in a broadly basal-apical direction, with the first differentiating Atoh1+ hair cells appearing near the base of the cochlea, and a wave of hair cell and supporting cell differentiation spreading basally to the hook region and in an apical direction to the tip of the cochlea (Chen et al., 2002; Cai et al., 2013). Consequently at birth, hair cells and supporting cells in the basal region of the cochlea can be considered to be slightly more mature than their counterparts at the apex and tip. To determine whether these differences in maturity affected the response to gamma secretase inhibitors, we cultured whole P0 cochleas from Atoh1-GFP mice in 10 μM DAPT or DMSO vehicle for 1–3 days and counted the numbers of Atoh1-GFP or Myosin VIIa-expressing hair cells in the apical, middle and basal regions of the cochlea (Figures 2A,B; the approximate positions of the three regions are indicated in Figure 2C). We excluded from our counts the most basal hook region as it was more susceptible to variable damage during dissection and the most apical tip region because of its more variable behavior. We observed a clear effect of position on the number of supernumerary hair cells generated in the cultures over the 3 day culture period, with the apex producing 202% more hair cells after 3 days, whereas the base generated only 32% more hair cells in the same time period (Figures 2A,B). These results suggested that more mature supporting cells at the base of the cochlea were far less likely to trans-differentiate into hair cells in response to DAPT than their younger counterparts at the apex.
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FIGURE 2. Position-dependent effect of Notch inhibition in P0 cultures. (A) Immunostaining of different cochlear portions from newborn (P0) Atoh1A1GFP/A1GFP knock-in mice (shown in C) treated with 10 μM DAPT or vehicle (DMSO) for 1 h to 3 days in vitro (DIV). Atoh1: green. Myo7a: red. DAPI: Blue. (B) Percentage of increase in numbers of Myosin VIIa-labeled cells and GFP-labeled cells in the different regions of the cochlea after DAPT 10 μM treatment compared to vehicle (same as shown in A). N = 4. *p = 0.030 (Mann-Whitney pairwise comparisons). Error bars: SEM. (C) Schematic view of the cochlear portions evaluated in (A,B).



The Response of Supporting Cells to Gamma Secretase Inhibition or Notch Inhibition Declines Rapidly with Age

To test whether the response of cochlear supporting cells to DAPT was indeed age-dependent, we established cochlear cultures from newborn (P0), 3 and 6 day old mice and cultured them for 2 days in 5 μM DAPT. We quantified the number of supernumerary hair cells in the apical region. We saw significant numbers of supernumerary hair cells in DAPT-treated P0 cochlear cultures compared to DMSO vehicle, but observed no significant increase in hair cell numbers when either P3 or P6 cultures were treated with DAPT (Figures 3A,B).
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FIGURE 3. Age-dependent decline in the effect of Notch inhibition on supporting cells in the presence of gamma secretase inhibitors or Notch1 blocking antibodies. (A) Immunostaining of apical portions of cochlear explants obtained at 0, 3 and 6 postnatal days (P0, P3 and P6) from Atoh1GFP transgenic reporter mice treated with 5 μM DAPT, 2 μg/ml Notch1 antibodies (Anti Notch1), 2 μg/ml control IgD and DMSO cultured 2 days in vitro (DIV). Myo7a: red. Scale 50 μm. (B) The increase in numbers of Myosin VIIa-labeled cells in the apical portion of the cochleas shown in (A). N = 6, 6 and 3 for P0, P3 and P6 respectively. *p = 0.0044 and 0.0045 for DMSO/DAPT and Anti Notch1/Control IgD comparisons respectively (Mann Whitney). Error bars: SEM. (C) mRNA amount of Notch pathway genes obtained by QPCR in whole cochlear explants of Atoh1GFP transgenic reporter P0 newborn mice cultured in the presence of DAPT or DMSO and in Notch1 antibodies or control IgD antibodies. Blue columns (top): level of expression after DAPT treatment relative to DMSO. Red columns (bottom): level of expression after anti Notch1 antibodies (aN1) relative to control IgD antibodies. N = 3. Error bars: SEM. Note that error bars are present for each condition but are very small in some cases.



Most experiments in which gamma secretase inhibitors have been used to promote supporting cell trans-differentiation into hair cells are interpreted on the assumption that the inhibitors are targeting the cleavage of Notch receptors in cochlear supporting cells. However, since gamma secretases cleave many other membrane proteins (Kopan and Ilagan, 2004), it is possible that some of the effects of gamma secretase inhibitors may be due to the inhibition of cleavage of other membrane proteins. To test this, we used specific blocking antibodies to the Notch1 receptor (Wu et al., 2010) at a concentration of 2 μg/ml, previously shown to effectively inhibit Notch1 signaling in vitro (Wu et al., 2010). Cochlear cultures from P0 animals showed similar age-dependent responses to Notch1 blocking antibodies (48% increase in Myosin VIIa + hair cells) as cultures incubated for 2 days in 5 μM DAPT (41% increase) compared to control cultures containing DMSO or a control IgD (Figures 3A,B). However, we saw no significant response when P3 or P6 cultures were treated with blocking antibodies as we previously saw with 5 μM DAPT (Figures 3A,B). We also observed a comparable down-regulation of supporting cell-specific Hes and Hey genes and the supporting cell marker Jag1 in P0 cultures treated with DAPT or Notch1 blocking antibodies, together with a comparable up-regulation of Atoh1 (Figure 3C). These results suggest that the majority of the effects of the gamma secretase inhibitor DAPT on supporting cell trans-differentiation in neonatal cultures are likely specific to the Notch pathway.

Notch Pathway Genes are Down-Regulated in the Cochlea During the First Postnatal Week

The preceding results suggest that the Notch pathway is deployed to stabilize supporting cell fate of neonatal cochlear supporting cells, but that inhibition of the Notch pathway has no effect on supporting cell fate even a few days later. To determine out if this change in the response of supporting cells to Notch inhibition was related to changes in the endogenous activity of the Notch pathway, we examined the expression of mRNA for Notch receptors (Notch1 and Notch3), ligands (Dll1, Jag1 and Jag2) and downstream effectors of Notch signaling (Hey1, Hey2, HeyL and Hes5) in the cochlea from P0 to P6 by in situ hybridization on whole mount cochleas, sectioned cochleas and by Q-PCR of cochlear tissue (Figures 4, 5A). In general, all components of the Notch pathway evinced a down-regulation between P0 and P6 starting at the base and proceeding down to the apex. Specifically, Notch1 and Notch3 were expressed throughout the supporting cell layer and into Kölliker’s organ and the outer sulcus, and both receptors showed a basal-apical down-regulation between P0 and P6. Jag2 and Dll1 were both down-regulated in hair cells between P0 and P6, along with the hair cell marker Atoh1. Hey2 and Hes5 were down-regulated from pillar cells and Deiters’ cells respectively in a basal-apical gradient, whereas Hey1, HeyL and Jag1 were expressed in all supporting cells and cells of Kölliker’s organ, and down-regulated again in a basal-apical direction. The speed of down-regulation varied considerably from gene to gene—for example, Dll1 was down-regulated in hair cells more quickly than Jag2, and Hes5 was down-regulated much more quickly in supporting cells than Hey1. We also saw a general trend towards down-regulation of each gene by Q-PCR (Figure 5A), although the degree of down-regulation measured by this method was somewhat blunted as a result of including the entire basal-apical extent of the cochlear duct in each sample. To confirm that activation of the Notch1 receptor was also decreasing between P0 and P6, we immunostained cochlear sections with antibodies to the Notch1 intracellular domain (Notch1-ICD) which is released and localized to the nucleus after Notch activation (Figure 5B). We observed Notch1-ICD staining in Deiters’ cells at P0, but could not detect staining in the supporting cells at later stages.
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FIGURE 4. Notch pathway components are down-regulated during the first postnatal week. In situ hybridization of Notch pathway genes in the cochlea at 0, 3 and 6 postnatal days (P0, P3 and P6). Left panels: Whole mount in situs of cochlear explants, with the samples curved clockwise from apex to base. Scale = 200 μm. Right panels: In situ hybridization of frozen sections; a: apex region, b: basal region. Scale 50 μm.
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FIGURE 5. Notch pathway components and Notch1 signaling activity decline during the first postnatal week. (A) Relative expression of some Notch pathway genes obtained by QPCR from whole cochlear explants at 1, 3 and 6 postnatal days relative to newborn (0 postnatal days). N = 3. Error bars: SEM. Note that error bars are present for each condition but are very small in some cases. (B) Notch1 intracellular domain (NICD) immunostaining in cochlear sections of ICR newborn mice, obtained at 0, 3 and 6 postnatal days (P0, P3 and P6 respectively). NICD: green. Myo7a: red. DAPI: blue. Arrow heads: supporting cells positive for NICD staining. Stars: same supporting cells pointed by arrow heads but negative for NICD staining. Scale = 20 μm.



Although we did not see a significant increase in hair cells numbers at P3 or P6 after Notch inhibition in culture we did observe occasional isolated ectopic hair cells in our P3 (but not P6) cultures that may have been generated by trans-differentiation of supporting cells (Figures 3A,B) raising the possibility that a sub-population of supporting cells maintain Notch pathway expression at significant levels. To test whether small numbers of mature supporting cells maintain expression of some Notch pathway genes, we used the Fluidigm single cell handling system to compare gene expression in individual supporting cells purified from P2 and P21 mice. To label and purify pillar cells and Deiters’ cells at P2, we injected triple transgenic mice (FGFR3-iCreERT2/Ai14:RosatdTom/Sox2-EGFP) with tamoxifen at P0 and isolated TdTomato/EGFP double positive cells by flow cytometry. At this age, FGFR3-iCreERT2 fate-labels pillar, Deiters’, and outer hair cells, whereas EGFP is confined to all supporting cells. At P21, we used double transgenic (FGFR3-iCreERT2/Ai14:RosatdTom) mice, injected with tamoxifen at P19, and sorted TdTomato-positive pillar and Deiters’ cells, which were the only organ of Corti cell types labeled at this age. cDNA was prepared from individual P2 (N = 162) and P21 (n = 123) TdTomato cells using the Fluidigm single cell analysis system, and 96 genes analyzed from each sample by Q-PCR, including the Notch pathway genes Jag1 and 2, Hes1 and 5, Hey1 and 2, and the Notch target and ligand modulator LFng (Figure 6). In all cases, the numbers of cells with detectable amounts of Notch pathway genes declined from P2 to P21, (Figure 6A). The distribution in expression levels of Notch pathway genes in individual cells was visualized in violin plots and revealed a clear downward shift in expression across the population from P2 to P21 (Figure 6B), even when cells with undetectable levels of expression were removed from the analysis (Figure 6C). In some cases, we saw evidence for a small population of cells expressing high levels of a single Notch pathway gene at P21 (e.g., Jag2; Figure 6C), but we were unable to observe any single cells at P21 that co-expressed high levels of multiple Notch genes. These data suggest that the majority of P21 FGFR3-iCreERT2 fate labeled supporting cells are unlikely to be transducing significant Notch signaling.
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FIGURE 6. Comparison of Notch pathway genes in P1 and P21 cochlea at the single cell level. Pillar and Deiters’ cells were purified from P2 and P21 FGFR3-CreER;ROSA-TdTomato mice and RNA extracted from 162 (P2) and 123 (P21) single cells and subjected to QPCR analysis using the Fluidigm system (Durruthy-Durruthy et al., 2014) with primers for housekeeping genes and Notch pathway genes. (A) Graph showing the percentage of cells at each age that expressed detectable levels of each gene under analysis. (B) Violin plot showing the distribution of expression levels for each gene in all cells including the cells with no expression (Log2x = 0) presented in a combination of box plots and kernel density plots. White Crosses indicate the mean, white boxes the median expression levels. (C) Violin plot similar to (B), excluding cells with undetectable levels of expression for each gene.



Notch Pathway Components are not Expressed at Significant Levels in the Normal and or Noise-Damaged Adult Organ of Corti

Several previous studies have suggested that some components of the Notch pathway may be re-activated in supporting cells following damage (Oesterle et al., 2008; Batts et al., 2009; Mizutari et al., 2013). However, these studies did not perform a direct quantitative comparison of message levels of Notch pathway components between neonatal animals (in which the Notch pathway is expressed and active) and mature animals before and after damage. We examined the expression of Atoh1 and Hes5 in cochleas isolated from cohorts of mice which received noise damage at P42 and were analyzed at one, three, or seven days later. Our controls were non-noise exposed cohorts of P0 and P49 mice. The level of noise we applied has been shown to be adequate to damage the cochlear epithelium and elicit changes in gene expression. In particular, it produces large temporary threshold elevations, and mild permanent threshold shifts, 17% OHC loss and 3% IHC loss, and increases in prestin gene expression in residual OHCs (Wang et al., 2010; Xia et al., 2013). We found that levels of the hair cell-specific transcription factor Atoh1 in 7 week old animals were less than 10% of their neonatal counterparts (Figure 7) and that these levels did not change significantly over a 7 day period after noise damage. Similar results were observed for Hes5 (Figure 7). These data suggest that the Notch pathway remains down-regulated in the mature cochlea and that it is not significantly perturbed by noise damage.
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FIGURE 7. Hes5 and Atoh1 remain expressed at very low levels in the mature organ of Corti, even after noise damage. Relative expression of Atoh1 and Hes5 obtained by QPCR in cochlear explants from neonatal (P0) and 6 to 7 week old mice exposed to noise. The mice exposed to noise on the 42nd postnatal day (P42) were evaluated after 1 (1DaN), 3 (3DaN), or 7 (7DaN), days. As controls for the 7 day cohort we used 7 week old mice (P49) that had never been exposed to noise. The expression levels of Atoh1 and Hes5 were normalized to the level of expression at P0. N = 3 in all cases except P0, where N = 6. The values for adult animals are re-plotted on separate graphs; note that no significant changes occur in the adult samples. Error bars: SEM. *p = 0.03689 (Mann-Whitney pairwise comparisons).



Discussion

The Notch signaling pathway is deployed during the differentiation of hair cells and supporting cells and has been proposed to regulate the proportion of each cell type through lateral inhibition (Lewis, 1991; Eddison et al., 2000). The observation that inhibiting Notch signaling can generate ectopic hair cells at the expense of supporting cells (Takebayashi et al., 2007; Hayashi et al., 2008; Doetzlhofer et al., 2009; Korrapati et al., 2013; Mizutari et al., 2013; Bramhall et al., 2014), together with the observation that Notch signaling is re-deployed during avian hair cell regeneration (Stone and Rubel, 1999; Stone and Cotanche, 2007) has raised the possibility of targeting the Notch pathway in the damaged cochlea to effect hair cell replacement. However, results with Notch inhibitors in the adult cochlea have given variable results (Hori et al., 2007; Mizutari et al., 2013; Tona et al., 2014), prompting us to examine how this pathway is regulated as the cochlea matures. We show that the response of supporting cells to Notch inhibition drops dramatically in the first postnatal week, concomitant with a down-regulation of many components of the Notch signaling pathway.

Many studies have used gamma secretase inhibitors as a reagent to inhibit Notch signaling, despite the fact that gamma secretases are known to cleave scores of other transmembrane proteins in addition to Notch receptors (Kopan and Ilagan, 2004). Although it has generally been assumed that the conversion of supporting cells to hair cells in the presence of gamma secretase inhibitors is due to Notch inhibition, very few studies have tested this formally (Hayashi et al., 2008). We now show that the effects of the gamma secretase inhibitor DAPT on perinatal cochlear cultures—both in terms of the numbers of ectopic hair cells generated, in the down-regulation of Notch target genes and in the age-dependent response to these inhibitors—can be mimicked by blocking antibodies to the Notch1 receptor. While it remains formally possible that other gamma secretase-dependent signaling pathways are operating in perinatal supporting cells, our data suggest that the effect of inhibiting such pathways is negligible compared to their effect on Notch cleavage. We saw no evidence for supporting cell proliferation in our neonatal cultures treated with DAPT or Notch blocking antibodies (Doetzlhofer et al., 2009; data not shown). Conditional deletion of the Notch1 receptor, either at the otic placode stage (Kiernan et al., 2005a) or in neonatal mice (Li et al., 2015) has been reported to cause a small amount of supporting cell proliferation. Since these studies were both performed in intact animals, it is possible that the conditions used to establish organ cultures in our study militate against supporting cell proliferation when Notch signaling is blocked. Alternatively, it is possible that loss of a single allele in the Sox2-CreER and Foxg1-Cre knock-in lines used in these studies may interact genetically with Notch1 mutants to cause abnormal proliferation. Indeed, haploinsufficiency of Sox2 can modify the phenotype of p27Kip1 mutants (Li et al., 2012), and Foxg1-Cre knock-in mice have been shown to have brain defects associated with proliferative defects on certain genetic backgrounds (Shen et al., 2006; Eagleson et al., 2007; Siegenthaler et al., 2008; see Cox et al., 2012 for further discussion).

We have characterized an age-dependent decline in the response of cochlear supporting cells to Notch inhibition in two ways. Our results from the most direct test of such age-dependence—treating cochlear tissue of different ages with Notch inhibitors (Figure 3)—are also supported by a careful analysis of basal-apical differences in the response of neonatal cochlear cultures to Notch inhibitors (Figure 2). Since hair cells and supporting cells in the mid-base of the cochlea differentiate at least 3 days before cells at the apex (Chen et al., 2002; Cai et al., 2013), analysis of whole cochlear explants allows us to directly compare different states of supporting cell differentiation in the same tissue. In P0 mice, we saw a higher proportion of ectopic outer hair cells vs. inner hair cells in the apex of the cochlea, and an even smaller proportion of ectopic inner hair cells at the base. Since inner hair cells begin to differentiate before outer hair cells in any given region of the cochlea (Chen et al., 2002; Cai et al., 2013), it is possible that these differences reflect a neural-abneural gradient of response to Notch inhibition as well as an apical-basal response. Alternatively, since different supporting cell types express different combinations of Hes and Hey genes (Zheng et al., 2000; Zine et al., 2001; Hayashi et al., 2008; Li et al., 2008; Doetzlhofer et al., 2009; Murata et al., 2009; Tateya et al., 2011), it is possible that these differences reflect the different sensitivities of these Notch target genes to Notch inhibition (Ong et al., 2006).

We observe a down-regulation of mRNA levels of Notch receptors, ligands and downstream effectors in the first postnatal week. The degree and rate of down-regulation varies, but analysis of Notch1 signaling in cochlear supporting cells over this time period (Figure 5; Murata et al., 2006; Basch et al., 2011) suggests that very little cleavage of the Notch1 receptor is occurring by the end of the first postnatal week. The mechanism of this down-regulation is currently not known, although given the absence of significant Notch pathway expression in the adult cochlea, it is possible that the loci of Notch pathway genes are becoming epigenetically modified and placed beyond use. It is also possible that this epigenetic silencing is accompanied by silencing of the direct targets of Notch effectors such as the Hes and Hey genes. However, it should be noted that the Notch pathway appears to be down-regulated in mature supporting cells in the chicken basilar papilla, as this sensory organ also fails to respond to gamma secretase inhibitors in the undamaged state (Daudet et al., 2009). Nevertheless, after damage, the Notch pathway is once again deployed in chicken supporting cells and the differentiating hair cells that they generate (Stone and Rubel, 1999; Daudet et al., 2009). It will therefore be of great interest to identify the epigenetic state of Notch pathway genes and their targets in mature mammalian supporting cells. It should also be noted that the co-expression of Jag1 and Sox2, which is seen in sensory patches from their first appearance (Kiernan et al., 2005b; Pan et al., 2010, 2013; Neves et al., 2011, 2012), is maintained in adult mouse supporting cells (Oesterle et al., 2008). It is thus formally possible that low levels of Notch signaling may persist in the adult cochlea and may maintain expression of these two genes by lateral induction. If this is the case, such signaling does not appear to confer competence for regeneration on supporting cells.

A recent study demonstrated that a small but significant number of new hair cells could be generated from supporting cells by treating noise-damaged animals with gamma secretase inhibitors (Mizutari et al., 2013), leading to a partial restoration of function. How can we reconcile these results with our data in the present study? First, it is possible that the Notch pathway can continue to regulate hair cell and supporting cell fate in the adult animal when expressed at significantly lower levels. We feel this is unlikely since binding of the Notch-ICD-MAML-RBPj complex to its target sites in the genome is likely to be severely compromised at low concentrations of Notch-ICD (Ong et al., 2006). Second, it is possible that a sub-population of supporting cells continue to express Notch pathway components at significant levels, but that these would not be detected when analyzing gene expression in the entire cochlea. In our single cell analysis of 123 P21 pillar cells and Deiters’ cells, we were able to detect a very small number of cells in which Notch pathway components were expressed at comparable levels to their neonatal counterparts (Figure 6), and levels of Hes5 and the hair cell marker Atoh1 are more than 10-fold lower in the adult, even after noise damage (Figure 7). This suggests that if such cells persist in the adult cochlea, they are present in extremely small numbers. Finally, it is also possible that a second, Notch-independent pathway that can be targeted by gamma secretase inhibitors is operating in a small number of mature supporting cells. The effect of inhibiting this second pathway would be overshadowed by Notch inhibition in the neonatal cochlea, but might be uncovered in the adult cochlea when the Notch pathway is no longer active. It should also be noted that the noise damage protocol (Liu et al., 2011) used in our study—98 dB for 4 h—is significantly less severe than the protocol used by Mizutari et al. (116 dB for 2 h). However, the large and significant drop in Atoh1 and Hes5 levels we observe in undamaged adult tissue compared to neonatal animals still supports our observed down-regulation of Notch pathway genes in the first postnatal week.

In conclusion, our results suggest that the canonical Notch pathway is not active to any significant degree in the adult organ of Corti, and that the down-regulation of signaling occurs prior to the onset of hearing. The Notch pathway can therefore be viewed as a developmental scaffold for the organ of Corti—it is partly necessary for establishing the pattern and proportion of hair cells and supporting cells, but not necessary to maintain this pattern once it has been established. This suggests that inhibition of Notch signaling in the adult organ of Corti in the absence of other manipulations is unlikely to promote significant numbers of new hair cells, and that alternative or supplementary therapeutic interventions should be considered.
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The Notch signaling pathway controls differentiation of hair cells and supporting cells in the vertebrate inner ear. Here, we have investigated whether Numb, a known regulator of Notch activity in Drosophila, is involved in this process in the embryonic chick. The chicken homolog of Numb is expressed throughout the otocyst at early stages of development and is concentrated at the basal pole of the cells. It is asymmetrically allocated at some cell divisions, as in Drosophila, suggesting that it could act as a determinant inherited by one of the two daughter cells and favoring adoption of a hair-cell fate. To test the implication of Numb in hair cell fate decisions and the regulation of Notch signaling, we used different methods to overexpress Numb at different stages of inner ear development. We found that sustained or late Numb overexpression does not promote hair cell differentiation, and Numb does not prevent the reception of Notch signaling. Surprisingly, none of the Numb-overexpressing cells differentiated into hair cells, suggesting that high levels of Numb protein could interfere with intracellular processes essential for hair cell survival. However, when Numb was overexpressed early and more transiently during ear development, no effect on hair cell formation was seen. These results suggest that in the inner ear at least, Numb does not significantly repress Notch activity and that its asymmetric distribution in dividing precursor cells does not govern the choice between hair cell and supporting cell fates.
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Introduction

In many tissues, the Notch pathway mediates lateral inhibition and thereby governs cell diversification: cells expressing high levels of Notch ligands activate Notch in neighboring cells and in this way force them to adopt a different fate. This process has been well studied in the developing mechanosensory bristles of Drosophila, and parallels between these insect sensillae and the mechanosensory epithelia of the vertebrate inner ear have guided our understanding of vertebrate ear development, and in particular of the role of Notch signaling in this process (Adam et al., 1998; Eddison et al., 2000).

Each insect bristle derives from a single sense-organ precursor (SOP) cell that undergoes a stereotyped sequence of asymmetric cell divisions. After each division, the two daughter cells adopt distinct cell fates that depend on the levels of Notch activation that they experience (Hartenstein and Posakony, 1990). In principle, the difference between the two cells could be generated through a feedback loop based on the ability of activated Notch to inhibit expression of Notch ligands (Chitnis, 1995; Heitzler et al., 1996). Such an effect, if present, means that neighboring cells will interact competitively, each tending to inhibit the other; and mathematical modeling shows that this competitive interaction can be sufficient to amplify any initial small difference between the cells and so to drive them along distinct paths of differentiation (Collier et al., 1996). In many cases, however, and in particular in insect bristle development, it appears that the interaction between sister cells is strongly biased from the outset by modulators of Notch signaling, such as Numb or Neuralized, which are asymmetrically localized in the parent cell and unequally distributed to the daughter cells after mitosis (see for reviews Roegiers and Jan, 2004; Schweisguth, 2004). The daughter cell that receives the favorable inheritance wins the competition and delivers overwhelming inhibition to its sister (and to other neighbors). In this paper, we focus on one of these modulators, Numb, and examine its role in the development of the sensory patches in the vertebrate inner ear. Does it act there, as it does in the insect bristle, to control choices of cell fate?

The numb gene takes its name from the Drosophila phenotype. Flies with loss-of-function mutations in this gene lack functional sensillae, because the daughters and grand-daughters of the SOP cells fail to diversify correctly: in place of a bristle consisting of a shaft cell, a socket cell, a neuron, and a neural sheath cell, the SOP generates a cluster of four socket cells. Conversely, artificial overexpression of numb can bias cell fate choices in an opposite way, causing the SOP cell (in extreme cases) to generate a cluster of four neurons (Uemura et al., 1989; Rhyu et al., 1994; Knoblich et al., 1995). The Numb gene product is a membrane-associated protein that has a conserved phosphotyrosine binding (PTB) domain and several conserved protein-protein interaction motifs in its proline-rich C-terminal region, representing binding sites for alpha-adaptin and a variety of other components of the machinery of clathrin-mediated endocytosis and ubiquitylation (Santolini et al., 2000). In the SOP lineage, Numb is asymmetrically localized at mitosis and influences cell fate decisions by reducing Notch activity in the cell that inherits it after an asymmetrical cell division (Frise et al., 1996; Guo et al., 1996; Spana and Doe, 1996; Bhalerao et al., 2005). Numb may exert its inhibitory effect by direct binding to the cytoplasmic domain of Notch (Guo et al., 1996; Zhong et al., 1996), by promoting the internalization and/or degradation of cell-surface Notch protein (Santolini et al., 2000; Berdnik et al., 2002; McGill and McGlade, 2003), by interfering with positive modulators of Notch signaling such as the transmembrane protein Sanpodo (O'Connor-Giles and Skeath, 2003; Hutterer and Knoblich, 2005; Couturier et al., 2012; Cotton et al., 2013), or by a combination of these actions.

The Notch pathway is a critical regulator of inner ear development, acting at different stages and through different ligands to control the differentiation of multiple cell types (Kiernan, 2013). Lateral inhibition regulates the production of otic neuroblasts at early stages of ear development (Adam et al., 1998; Haddon et al., 1998; Abello et al., 2007; Daudet et al., 2007), and controls hair cells vs. supporting cell fate decisions within the embryonic sensory patches (Adam et al., 1998; Lanford et al., 1999; Riley et al., 1999; Zine et al., 2000; Daudet and Lewis, 2005; Chrysostomou et al., 2012). The nascent hair cells express several Notch ligands: Delta1-like 1 (Dll1), Delta-like 3 (Dll3), and Serrate2/Jagged2 (Jag2) and activate Notch in their neighbors, which become supporting cells. The puzzling feature of the system is that the progenitor and supporting cells themselves express a Notch ligand, Jagged1 (Jag1, also known as Serrate1 in chick), which is positively regulated by Notch, a process defined as “lateral induction” (Adam et al., 1998; Lewis, 1998; Eddison et al., 2000). Jag1 contributes to the maintenance of Notch activity within progenitor cells (Neves et al., 2011), and this early phase of Notch activity is required for the maintenance, but not the initial specification, of the prosensory regions (Kiernan et al., 2001, 2006; Tsai et al., 2001; Brooker, 2006; Daudet et al., 2007; Hartman et al., 2010; Basch et al., 2011; Yamamoto et al., 2011). Although the levels of Notch activity elicited by Jag1 are thought to be relatively low compared to those resulting from Dll1 signaling (Petrovic et al., 2014), they still provide a potential obstacle to hair cell differentiation. Furthermore, direct contacts between immature hair cells or between immature hair cells and Dll1-expressing cells occur at least transiently during the development of the sensory epithelia (Goodyear and Richardson, 1997; Chrysostomou et al., 2012). How then, during normal development, do the nascent hair cells overcome Notch activation? In a previous study (Eddison et al., 2000), we reported that chicken Numb is expressed in the embryonic inner ear, and that its distribution makes it a plausible candidate to facilitate hair cell fate decisions. Because hair cells and supporting cells are derived from a common progenitor (Fekete et al., 1998; Lang and Fekete, 2001), they may perhaps be generated through asymmetric cell divisions analogous to those occurring in the insect bristle lineage.

Here, we have analyzed Numb expression pattern during chick inner ear development and have found that Numb is indeed sometimes inherited asymmetrically by the daughters of dividing precursor cells in the sensory patches. To test whether this is functionally significant, we have used in ovo electroporation of plasmid DNA to raise the levels of expression of Numb and analyzed the effects on hair cell fate decisions and on the endogenous levels of Notch activity. Our results indicate that Numb is not a strong inhibitor of Notch activity in the inner ear, and that it has no direct influence upon whether cells become hair cells or supporting cells. However, sustained Numb overexpression seems to impair hair cell differentiation, possibly by interfering with endocytosis or some other process important for hair cell maturation or survival.

Materials and Methods

Plasmids

We used RT-PCR to isolate from E6 chicken inner ear total RNA the full-length coding sequence of chicken Numb. In mammals, four Numb isoforms can be generated by alternative splicing (Dho et al., 1999; Verdi et al., 1999). From eight individual cloned cDNAs that we isolated by RT-PCR in the chick, one encoded an isoform with a 26 amino acid insert (LPSVIALDLSPLFLQERKFFKGFFGK) in the PTB domain, and was analogous to the human Numb isoform 2 (Verdi et al., 1999), although the chicken insert we isolated is 15 amino-acids longer than the human one and possibly represents a rare splicing variant. The remaining clones encoded an isoform that had no inserts in either the PTB or the C-terminal proline-rich region and resembled both the human Numb isoform 4 and the previously isolated chicken Numb (Wakamatsu et al., 1999). This chicken Numb isoform was almost perfectly identical to the peptide sequence ENSGALP00000015120, the product of the predicted Ensembl chicken Numb genomic sequence ENSGALG00000009300. The coding sequence of these two Numb isoforms (cNumb2 and cNumb4) have been deposited in Genbank (KP756695 and KP756696).

The full-length chicken Numb coding sequences were subcloned into RCAS(B) constructs (Morgan and Fekete, 1996), into the bicistronic pIRES2-EGFP expression vector (Clontech), or into Tol2 vectors enabling Tet-ON regulated gene expression (Freeman and Daudet, 2012; Freeman et al., 2012). Plasmid DNA solutions were prepared using a plasmid purification kit (Qiagen, United Kingdom) and diluted for electroporation to 0.8–1 μg/μl in water tinted with Fast Green for visualization.

Electroporation and Retroviral Infection of Embryonic Chick Inner Ear

Fertile white Leghorn eggs were incubated at 38°C and embryos were staged according to Hamburger–Hamilton (HH) tables. All procedures carried out on chicken embryos were approved by University College London and the UK Home Office. Micro-electroporation of the otic cup with plasmid DNA was performed at HH stages 13–15 (2–2.5 days of incubation) as described in Freeman et al. (2012). After electroporation, eggs were sealed with tape and returned to incubation at 38°C. Some embryos were further treated with Doxycyclin for in ovo induction of gene expression at E6 or E7. The numbers of positive embryos analyzed for each type of expression construct were as follows: RCAS-Numb: 35; RCAS-GFP: 12; Numb-IRES2-EGFP: 26; pTRE-Numb-FP635: 20; pTRE-FP635: 8.

Immunocytochemistry

Embryos were decapitated and their heads immersed in 4% paraformaldehyde in PBS at 4°C for 2–12 h. For whole-mount immunostaining, the membranous part of the inner ear was dissected out from the surrounding cartilage and incubated for 1 h in PBS containing 0.3% Triton X100 and 10% goat serum. All subsequent incubations and rinses were performed in PBS with 0.1% Triton X100 (PBT). Incubations with primary and secondary antibodies were carried out in PBT for 2 h at room temperature or overnight at 4°C. Antibodies and reagents used were: rabbit serum anti-Numb (Wakamatsu et al., 1999, 1/500), rabbit serum anti-GFP (Molecular Probes, 1/2000), mouse monoclonal IgG1 anti-Hair Cell Antigen (HCA, Bartolami et al., 1991, 1/100), mouse monoclonal IgG2a anti-HCS-1/Otoferlin (Gale et al., 2000, 1/100), mouse monoclonal IgG2b anti-TuJ1 (Covance, UK, 1/1000), Alexa 488-, 594-, and 633-conjugated goat IgG secondary antibodies (Molecular Probes, The Netherlands; 1/500 dilution), Alexa 633-conjugated phalloidin (Molecular Probes, 1/100). Nuclei were stained with either DAPI or Syto16. Specimens were mounted in Slowfade (Molecular Probes) and observed under a Zeiss LSM510 confocal microscope. For cryosectioning, embryo heads were fixed as described above, then immersed in a graded series of sucrose-PBS (5-10-20%), embedded in 1.7% agar with 5% sucrose, frozen at −20°C, and cryosectioned at 15 μm thickness.

Whole-Mount In Situ Hybridization

DIG-labeled RNA antisense probes were prepared from a plasmid encoding chick Hes5.1 (a kind gift of Dr Domingos Henrique). Whole-mount in situ hybridization was performed as in Ariza-Mcnaughton and Krumlauf (2002) with minor modifications. DIG-labeled RNA probes were detected with an anti-DIG peroxidase-tagged antibody (diluted 1:100) and either the TSA-FITC or the TSA-Cy3 amplification system (Perkin Elmer). Following in situ hybridization, specimens were processed for Numb or TuJ1 immunostaining as described above.

Quantification of Fluorescence and Statistical Analysis

Samples co-transfected with the pT2-Hes5::nd2EGFP and either the pTRE-Numb-FP635 or the pTRE-FP635 (control) Tol2 plasmids were fixed for 2 h at room temperature and processed for immunostaining for MyoVIIa/HCA using Alexa 647-conjugated secondary antibody as described above. Confocal stacks (12 bits) were acquired within transfected sensory regions and the mean values of fluorescence intensity for the red (Fluo Red) and green (Fluo Green) channels within the nucleus of individual cells were collected using ImageJ and the Time Series Analyzer plugin (Schneider et al., 2012). For each confocal stack, mean values and standard deviation (S.D.) for the background levels of red fluorescence (Fluo Bgd) were also collected from at least five untransfected cells. Cells with Fluo Red > (Fluo Bdg + 2 × S.D Fluo Bgd) were classified as induced cells. In order to compare data across experiments, Z-scoring values for Fluo Red and Fluo Green were computed for all the cells analyzed in each confocal stack. Statistical analysis of the data and graphs were made with the OriginPro 9.1 software (OriginLab Corporation).

Results

Numb is Expressed in Dividing Progenitor Cells in the Chick Inner Ear

The inner ear develops from the otic placode, a thickening of the head ectoderm visible from stage 10 (36 h of incubation) in the chick embryo. The placode invaginates to first form a cup, then a hollow epithelial sphere named the otic vesicle. At these early stages, Numb protein is detected throughout the otic epithelium, in both presumptive sensory and non-sensory regions (Figures 1A,B). As in the neural tube, Numb is expressed in the majority of cells and is strongly localized to the basal surface. At mitosis, when a cell moves its nucleus to the apical surface, Numb forms a characteristic crescent on the more basal side of the cell. This persistent basal localization of Numb is independent of the orientation of the cleavage plane. We found that cleavage planes were quite variable: some were perpendicular to the plane of the epithelium (“vertical”), producing two cells that lay side by side in the epithelium; others were tilted (though rarely horizontal) such that a division produced one cell more apically and one cell more basally (Figure 1B). Because Numb is always basal, a vertical (symmetrical) cleavage will presumably entail that both daughters inherit Numb, while in a tilted (asymmetrical) cleavage only the basal daughter will do so.


[image: image]

FIGURE 1. Numb expression at early stages of chick inner ear development. Transverse sections through the hindbrain and parallel to the future longitudinal axis of the cochlea. (A) Low power picture at 2 days of incubation (E2) showing the hindbrain and adjacent otic vesicles. Numb is expressed throughout the otic epithelium and neuroepithelium. (B) Higher power views of the otic epithelium. The staining is predominantly basal (arrowheads) and remains on the basal side of cells rounded up for mitosis. Note the asymmetric division (arrow) where Numb is preferentially segregated into one of the two daughter cells. (C) At E4, Numb is expressed in all of the cells of the future basilar papilla (BP), and also in the non-sensory region (presumptive tegmentum vasculosum, tv). Basal Numb crescents can be seen in mitotic cells at the apical surface. (D) Detail of the same future basilar papilla, showing basal Numb crescents in mitotic cells (arrow). (E) Developing utricle (Ut) at E6. Numb is still expressed throughout the epithelium and is basal. (F) Detail of (E); in the majority of utricular mitotic cells, basal Numb crescents can still be seen (arrow). (G) Developing basilar papilla (BP) at E6. Numb is basally localized in the epithelium, and is also seen in the cochleovestibular ganglion (cvg). (H) Detail of (G); no Numb crescents are detected in the mitotic cells here (arrows).



As the otic vesicle grows, parts of the epithelium become specialized to form several sensory patches: three cristae and three maculae (the utricle, saccule, and the macula neglecta) in the vestibule, for balance; the basilar papilla, in the cochlea, for hearing; and the lagenar macula, at the tip of the cochlea, for balance. Within each sensory patch, progenitor cells divide repeatedly and give rise to hair cells and supporting cells. Both these differentiated cell types can arise from the same type of progenitor cell (Fekete et al., 1998; Stone and Rubel, 1999; Lang and Fekete, 2001), and the choice of cell fate depends on lateral inhibition mediated by Notch signaling, as discussed earlier. Thus, if asymmetric distribution of Numb influences the choice of cell fate, one might expect that Numb should be present in dividing progenitors at the time of the terminal mitoses that give rise to hair cells. In the vestibular patches, where hair cells begin to be born at E4, Numb crescents were indeed visible at this time (not shown), but they had become less prominent by E6 (3/9 mitotic cells from three separate embryos; Figures 1E,F) although hair cell production is then still in progress. In the basilar papilla, where hair cells are born at E5–E8 (Katayama and Corwin, 1989; Bartolami et al., 1991), Numb crescents were present at E4 (Figures 1C,D) but could no longer be detected at all in mitotic cells at E6 (12 mitotic cells from three separate embryos; Figures 1G,H).

By E7 many hair cells have differentiated in the vestibular patches, and a few hair cells can be detected in the basilar papilla. At this time, Numb expression is concentrated within the hair cells and it no longer has a basal location. Instead, it is expressed diffusely throughout the cytoplasm. This intracellular localization is consistent with previous reports indicating that Numb interacts with components of the endocytotic machinery (Offenhauser et al., 2000; Santolini et al., 2000; Berdnik et al., 2002; Nishimura et al., 2003). Within the supporting cells, there is no strong Numb expression, although some weak staining is apparent at the basal edge of the epithelium (not shown). At E10, this expression pattern is maintained in vestibular patches (Figures 2A,B), and it becomes more apparent in the basilar papilla (Figures 2C,D), which now has its full complement of hair cells (Katayama and Corwin, 1989). These results suggest that the hair cells and not the supporting cells either inherit Numb or switch on its expression at an increased level. The diffuse distribution of Numb in the hair cells persists in both vestibular and auditory patches until at least E12.
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FIGURE 2. Numb expression at late stages of chick inner ear development. Transverse sections (E10), showing expression of Numb (green) and HCA, marking the stereociliary bundles of hair cells (red). (A,B) Vestibular patches and (C,D) basilar papilla. Strong Numb expression is found only in the mature hair cells, and within these cells it is no longer localized but is diffuse throughout the cytoplasm. In the supporting cells (SC), Numb is absent or greatly reduced. Any Numb in these cells is basally located. Ut, utricle; BP, basilar papilla; HC, hair cells; SC, supporting cells; tv, tegmentum vasculosum.



These observations leave open the possibility that high levels of Numb drive cells toward a hair-cell fate, possibly by an effect on Notch signaling.

Sustained Numb Overexpression Does Not Promote Commitment to a Hair-cell Fate

Several Numb isoforms have been reported in vertebrates (Dho et al., 1999; Verdi et al., 1999; Karaczyn et al., 2010), and we identified by RT-PCR two splice variants of the Numb gene in the E6 chicken inner ear, differing by the presence of a 26 amino-acid insert within the PTB domain (see Materials and Methods). These two isoforms exhibited the same membranous and vesicular subcellular localization in transfected chicken embryonic fibroblasts (data not shown) and produced an identical phenotype in our gain-of-function experiments, hence for clarity we will hereafter refer to either of these isoforms as Numb.

To test whether Numb indeed regulates commitment to a hair-cell fate, we investigated the consequences of overexpressing Numb in the developing chick inner ear. To overexpress Numb, we first used an RCAS-Numb proviral DNA that was transfected in the otic cup at stage HH 13–14 (E2). As a control, some specimens were electroporated with RCAS-GFP plasmid DNA.

Following electroporation, the inner ear epithelium showed persistent long-term expression of the transgene carried by the plasmid—GFP or exogenous Numb as the case might be—as judged by anti-GFP or anti-Numb immunostaining. This was visible from 24 h until at least 10 days after electroporation (data not shown). The duration and extent of overexpression suggest that viral DNA had become integrated, giving rise to a spreading infection. Thus, we refer below to “infected” specimens even though RCAS plasmid electroporation, rather than RCAS viral particles, was used to initiate the process.

We took specimens at E10, 8 days after electroporation, and co-immunostained them for GFP and hair cell markers—either Hair-Cell Antigen (HCA, a protein tyrosine phosphatase receptor Q) (Bartolami et al., 1991; Goodyear et al., 2003) detected in the stereociliary bundle, or HCS1/otoferlin (Goodyear et al., 2010) expressed in the hair-cell cytoplasm. In the control specimens infected with RCAS-GFP, we saw GFP in both hair cells (approximately 25% of infected cells in the basilar papilla, n = 4 specimens analyzed) and supporting cells (Figures 3A,B). The levels of GFP immunostaining were quite variable from one cell to the other, but the differentiation of both hair cells and supporting cells appeared unaffected by the infection.
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FIGURE 3. Effects of sustained Numb overexpression using retroviral vectors. Specimens infected at E2 with RCAS-GFP (A,B) or with RCAS-Numb (C–I), and fixed at 8 days post-electroporation (E10). (A,B) RCAS-GFP infected samples. Surface views of the basilar papilla show GFP expression in scattered cells. At high magnification, many of these GFP positive cells are seen to be hair cells (arrowheads), while others are supporting cells (arrows). (C) Low magnification view showing strong Numb overexpression (green) throughout the inner ear sensory and non-sensory regions (Ut, utricle; cr, crista). (D) Detail of the utricle shown in (C), with a patch of infected cells overlapping the sensory patch. Within the infected patch, there are some HCS1-positive hair cells (arrowheads) but none of these are overexpressing Numb. (E) In the basilar papilla, the cells overexpressing Numb (arrows) lack hair bundles and occupy positions characteristic of supporting cells, intercalated between hair cells. (F) Infected sensory crista, seen in a confocal optical section passing obliquely through the hair cell layer. As in other sensory patches, the Numb-infected cells (asterisks) do not express hair-cell markers such as HCS1. (G) An infected utricle. Some of the Numb-infected cells lie above the surface of the epithelium (identified by the HCA staining) and appear to have been extruded from it. These cells have rounded cell bodies, and they display a faint HCS1 immunoreactivity (arrows). (H) A basilar papilla with Numb infected cells (green), seen in an oblique optical section. The apical most region of the epithelium is at the top of the micrograph (with the hair cell stereocilia visible, in red), and the basal region is at the bottom, and contains the supporting cell nuclei. Note that the apical, hair cell nuclei are regularly interspaced, and display less DAPI staining than the basal, supporting cell nuclei. (I) High magnification view of the specimen shown in (H); Z1 corresponds to a more apical optical section than Z2. Some Numb-overexpressing cells have typical supporting cells morphologies (arrowheads) and extend their thin cellular processes in between the hair cells nuclei (asterisks), while some other (arrow) have a rounded appearance and a nucleus located in the hair-cell nuclei layer. The latter may correspond to hair cells that have failed to differentiate correctly. In the basilar papilla, they represent about 15% of the Numb-infected cells.



In RCAS-Numb infected specimens, the overall morphology of the inner ear was normal. Sixteen such specimens were examined at 8 days after electroporation, and 10 of these contained groups of cells or scattered cells overexpressing Numb protein within the sensory patches; large patches of infection were also frequently found outside the sensory patches (Figure 3C). The levels of expression of exogenous Numb protein were much higher than the levels of endogenous Numb in non-infected cells, and infected cells could be identified readily. The exogenous Numb was present at the cell membrane and in the cytoplasm, but not asymmetrically localized or concentrated at the basal ends of the infected cells. We looked closely at the cells overexpressing Numb within sensory patches, and we found, to our surprise, that none of them expressed the HCA or HCS1 hair-cell marker (Figures 3D–F). In the utricle of one specimen, we could find RCAS-Numb infected cells expressing HCS1 and HCA at a very low level, but with their cell bodies lying at the surface of the epithelium as if they had been expelled from it (Figure 3G). The majority of Numb-positive cells (88% out of over 140 infected cells counted in four different specimens) looked like typical supporting cells, intercalated between hair cells. A minority (12%) of infected cells, however, in both auditory and vestibular sensory patches, had a more cylindrical shape than typical supporting cells and had nuclei located at a more apical level than normal for supporting cells (Figures 3H,I).

From this we conclude that cells overexpressing Numb, far from becoming hair cells as predicted by the original hypothesis, predominantly become supporting cells: this is the most frequent fate, at least for cells that do not die and disappear from the epithelium. The minority that do not resemble normal supporting cells do not become normal hair cells either: they either fail to display normal hair-cell molecular markers, or express those markers weakly or seem to be extruded from the epithelium.

Early vs. Late Overexpression of Numb Differentially Affect Hair Cell Differentiation

The absence of hair cells overexpressing Numb could have various causes: Numb could, contrary to the initial hypothesis, block commitment to a hair-cell fate; hair cells might switch off expression of virus-encoded Numb so much more efficiently than supporting cells that they appear uninfected; the exogenous Numb might cause hair cells to die; or Numb overexpression might leave commitment unaffected, but block the subsequent process of differentiation. To distinguish among these possibilities, and to test for the effects of Numb at distinct stages of inner ear development, we used different vectors enabling either an early or a late pulse of Numb expression.

To test the effect of overexpressing Numb transiently and at a time when the first hair cell fate decisions occur, we electroporated the otic epithelium at E2 with a bi-cistronic Numb-IRES2-EGFP expression plasmid, driving conjoint expression of Numb and EGFP. Although the plasmid functions only transiently in the transfected cells, the GFP protein is very stable, thus allowing us to identify the transfected cells up to a week later using GFP immunostaining. We followed the time-course of Numb expression in these cells by immunostaining for Numb. At 2 days post-electroporation (E4), when cells in the vestibular patches are just beginning to undergo terminal mitosis and to become committed to a hair-cell fate, the majority of GFP-positive cells showed strong Numb expression (Figure 4A). However, at E6, almost all of them had ceased to overexpress Numb (Figure 4B), suggesting that production of Numb protein from the plasmid had ceased sometime between 2 and 4 days post-electroporation. In spite of the overexpression of Numb during the critical period for cell fate decisions, we saw no tendency of Numb-IRES2-EGFP transfected cells in the vestibular patches to differentiate into hair cells rather than supporting cells: at E8, approximately 22% of the GFP-positive cells (out of n = 290 cells analyzed in seven different specimens) had differentiated into hair cells and 78% into supporting cells (Figure 4C). Thus, the two cell fate choices seemed to have been made with the normal relative probabilities, and to have been followed by normal differentiation of both cell types.


[image: image]

FIGURE 4. Effects of early and transient Numb protein expression on hair cell differentiation. Whole-mount immunostaining of inner ear tissue from chick embryos electroporated at E2 with Numb-IRES2-EGFP. (A) At 2 days post-electroporation, most GFP-positive cells coexpress Numb. (B) At 4 days post-electroporation, only a few transfected cells maintain a strong expression of Numb (arrowhead). (C) Surface view of an utricular macula at 6 days post-electroporation. Some transfected cells differentiate into hair cells (arrowheads) and others into supporting cells (arrows).



In order to test further the effects of Numb on late hair cell differentiation, we next used a Tol2 transposon vector enabling conditional induction of gene expression upon doxycycline (Dox) treatment (Figure 5). This construct, pTRE-Numb-FP635, contains a bi-directional promoter enabling co-expression of Numb and the red fluorescent protein Turbo-FP635 (FP635 thereafter) in order to identify induced cells (Figure 5A). Embryos transfected at E2 with the Tol2 transposase, a Tol2 plasmid driving expression of the rtTA “Tet-ON” transactivator, and pTRE-Numb-FP635 plasmids were left to develop until E7, at which point they were treated in ovo with 10 μg of Dox. The embryos were left to develop a further 48 h before their inner ear tissue was processed for immunostaining with Myo7A (expressed in hair cell cytoplasm) and HCA antibodies. The Numb-induced samples exhibited a phenotype very similar to that resulting from RCAS-Numb electroporation: none of the Numb-induced cells (identified by FP635 expression) expressed hair cell markers (Figures 5B,C). Furthermore, we noticed the presence of numerous cellular debris with strong FP635 fluorescence within transfected regions (Figure 5C), an observation further reinforcing the hypothesis that Numb overexpression causes cell death. From these data, we conclude that a transient and early pulse of Numb expression has no impact on hair cell vs. supporting cell fate decisions, but elevated levels of Numb expression could have a detrimental effect on hair cell survival.
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FIGURE 5. Effects of conditional Numb overexpression at stages of hair cell differentiation. (A) Schematic representation of the pTRE-Numb-FP635 Tol2 Tet-on construct driving expression of Numb and the red fluorescent protein FP635 following Dox treatment in ovo. (B) Basilar papilla analyzed 48 h after Dox treatment at E6. A large number of Numb-induced cells, identified by FP635 expression, are present within the sensory epithelia. (C) High magnification view of the sample shown in (B). None of the Numb-FP635 induced cells express HCA (arrowheads). Note also the presence of small vesicle-like structures with strong FP635 fluorescence (arrows) within transfected regions.



Numb Overexpression Does Not Strongly Inhibit Notch Activity in the Ear

The preceding results imply that Numb does not control cell fate choices in the way that our original hypothesis would predict, but it remains possible that Numb regulates the activation of the Notch pathway. To find out, we first investigated the effects of exogenous Numb on expression of Hes5.1, a member of the Hairy and Enhancer of Split (Hes) family of genes, whose transcription is regulated by Notch activity and which thus serve as reporters of Notch activation in a number of tissues (Kageyama and Ohtsuka, 1999). In the mammalian cochlea and vestibule, Hes1 and Hes5 are expressed by supporting cells and their inactivation in knock-out mice results in overproduction of hair cells (Shailam et al., 1999; Zine et al., 2001; Tateya et al., 2011). The chicken Hes5.1 gene is an ortholog of the mammalian Hes5 gene, and appears to be functionally equivalent (Fior and Henrique, 2005; Abello et al., 2007). In the developing inner ear, it is first expressed within the anterior region of the otic cup where neuroblasts delaminate, then within all inner ear sensory patches at the time of hair cell production (Figure 6A and Daudet et al., 2007).
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FIGURE 6. Sustained Numb overexpression does not affect Hes5.1 expression. (A) The Notch target gene Hes5.1 (in red) is strongly expressed within inner ear sensory patches (ut, utricle; cr, crista). Beta-III tubulin (TuJ1) immunoreactivity (green) is intense in nerve fibers originating from the VIIIth ganglion and within sensory patches, coincident with the Hes5.1 signal. (B) An RCAS-Numb infected sensory crista. Note that the levels of Hes5.1 expression are unchanged in the infected region (dotted line) relative to the uninfected region, and that overexpression of Numb does not induce expression of Hes5.1 outside of the sensory patch epithelium.



If Numb blocks Notch activity as hypothesized, its overexpression should cause loss of Hes5.1 expression in the infected cells. To test this, we analyzed by fluorescent in situ hybridization Hes5.1 expression in inner ear sensory patches infected with RCAS-Numb and fixed at E6 and E8. At both stages, we found patches of infected cells (n = 8 infected patches in five embryos) located within (n = 5) or abutting (n = 3) sensory patches. As in the adjacent uninfected regions, some of these cells expressed Hes5.1 and others did not; there was no obvious difference between the infected and uninfected regions, neither in the proportion of cells expressing Hes5.1 nor in their levels of expression of Hes5.1 (Figure 6B). This result suggests that Numb is not a negative regulator of Notch activity in the inner ear, but it remained difficult to precisely quantify at the cellular level the potential effects of Numb on Notch activity using in situ hybridization.

To test further the cell-autonomous effects of Numb on Notch signaling, we next used a Tol2 vector encoding a reporter of Notch activity, pT2-Hes5::nd2EGFP (Chrysostomou et al., 2012). In cells transfected with this construct, expression of a nuclear-localized and destabilized green fluorescent protein is regulated by the mouse Hes5 promoter (Takebayashi et al., 1995), providing a direct readout of the endogenous levels of Notch activity. In a previous study, we showed that this reporter is active within sensory progenitors and supporting cells of the chicken inner ear, and that it exhibits a rapid reduction in fluorescence levels following pharmacological blockade of Notch activity by the gamma-secretase inhibitor DAPT (Chrysostomou et al., 2012) or following induction of Sox21 expression (Freeman and Daudet, 2012). We co-transfected the chicken inner ear in ovo with the Hes5::nd2eGFP reporter and Dox-inducible Tol2 vectors driving expression of Numb-FP635, or FP635 alone as a control (Figure 7A and Figure S1). The embryos received Dox at E6, and their inner ear were fixed 24 or 48 h later then immunostained for HCA and Myo7A. The Hes5 reporter was active in cells with typical supporting cell and progenitor cell morphology, but not in differentiated hair cells (Figure 7B and data not shown). Probably owing to the mosaicism of transfection, only a subset of Hes5-positive cells were also FP635-positive in both control and Numb-induced cells. At 24 h post-induction, there was an important variability in the levels of Hes5::nd2EGFP fluorescence in the nucleus of both control (Figure S1) and Numb-positive cells, some of which clearly had high levels of Hes5 reporter fluorescence (Figures 7B,C,F). In contrast, at 48 h the levels of Hes5::nd2EGFP fluorescence appeared reduced in the majority of Numb-induced cells compared to non-induced cells (Figures 7D,E; Movie S1). A quantitative analysis of Hes5 reporter fluorescence in single (induced) cells (see Materials and Methods) showed that at both 24 and 48 h post-induction, there was a small reduction in the levels of Hes5::nd2EGFP fluorescence in Numb-induced cells compared to control, FP635-induced cells (Figure 7G). This reduction was not significant at 24 h (Mann–Whitney U = 25981; p = 0.09278) but significant at 48 h (Mann–Whitney U = 43494; p = 2.07E-6). We conclude from these results that Numb overexpression does induce a reduction in the intrinsic levels of Notch activity in the inner ear, but this effect is relatively mild and slow to develop, and Numb is therefore unlikely to significantly contribute to the regulation of hair cell fate decisions.
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FIGURE 7. Numb overexpression has a mild inhibitory effect on Notch activity. (A) Schematic representation of the Tol2 Numb-inducible construct and the Hes5 reporter used for the experiments. (B) Whole-mount preparation of a sensory crista with Numb-induced cells 24 h after Dox treatment. The sensory epithelium contains a large number of cells with variable levels of Hes5::nd2EGFP fluorescence in their cytoplasm. Note that some of the Numb-induced cells have high levels of Hes5 reporter fluorescence (red arrowheads), comparable to those of their neighboring, uninduced cells. (C) Another example of Numb-induced cells with Hes5 reporter fluorescence in their nuclei, seen from a transverse aspect. (D) At 48 h after Dox treatment, the Numb-induced cells appeared to have less Hes5 reporter fluorescence in their nuclei compared to non-induced cells but do not express the hair cell marker Myo7A. (E) A 3D rendering of the confocal stack from which the optical slice shown in (D) was selected, demonstrating that none of the Numb-induced cells expressed hair cell markers such as HCA or Myo7A (see also Movie S1). (F) Scatter plot of the Z-score for FP635 and Hes5::nd2EGFP fluorescence levels for individual cells positive for FP635 expression (see Methods) 24 h after Dox treatment, for control (FP635 alone) or Numb-FP635 induced cells. Note the absence of correlation between both parameters. (G) Box plot (box: 25–75% of cells, whiskers: 5–95% of cells, and dots: outliers) of the FP635-positive cells positive for control (24 h post-Dox), and Numb-induced conditions at 24 and 48 h after Dox treatment.



Discussion

Numb was identified in Drosophila as a critical regulator of Notch-dependent cell fate decisions during neurogenesis, acting as cell-intrinsic inhibitor of Notch activity during lateral inhibition. Although the vertebrate homologs of Numb were later proposed to have a similar function in vertebrates, some data suggested that they could also affect additional cellular processes. In this study, we set out to investigate Numb function in the embryonic chick inner ear using gain-of-function approaches. Our findings suggest that Numb is not a critical determinant of hair cell fate decisions and does not prevent the reception of lateral inhibition. Furthermore, high levels of Numb expression interfere with normal hair cell differentiation, an observation that hints at non-Notch dependent functions for Numb in the ear.

Numb does not Bias Hair Cell Fate Decisions in the Inner Ear

The molecular mechanisms regulating mechanosensory cell formation are evolutionary conserved. The vertebrate homolog of Atonal (Atoh1), a proneural bHLH transcription factor essential for the differentiation of the mechanosensory cells in flies, is required for hair cell differentiation in the inner ear (reviewed in Jarman and Groves, 2013). Furthermore, lateral inhibition mediated by the Notch pathway regulates cell fate diversification within the sensory organ precursor (SOP) lineage of Drosophila and in the inner ear (Eddison et al., 2000). Asymmetric cell division (reviewed in Zhong and Chia, 2008), which generates two daughter cells with unequal developmental potential at birth, is also an important contributor to cell diversification in the SOP lineage. Numb is one of the intrinsic factors asymmetrically inherited by one of the daughter cells, in which it inhibits Notch activity. As a consequence, the Numb-expressing cell gains a competitive advantage and is more able to deliver lateral inhibition to its sibling. In vertebrates, Numb has been proposed to have a similar function during neurogenesis (Wakamatsu et al., 1999; Shen et al., 2002; McGill and McGlade, 2003; Matsuda et al., 2005), where asymmetric cell divisions are thought to contribute at least partly to the control of neural differentiation.

In the embryonic chick inner ear, we found that Numb is initially expressed by all epithelial cells, including sensory progenitors, and analysis of fixed tissue suggest that Numb can be distributed asymmetrically in some dividing cells, as previously reported for neural progenitor cells. Numb then becomes enriched in differentiated hair cells, which have escaped Notch activation in order to commit to a hair cell fate. Our results, however, argue against the idea that Numb acts as a determinant of hair-cell fate decisions, either by blocking activation of Notch, or indeed by any other mechanism. Cells overexpressing Numb at either early or late stages of development are not biased toward a hair-cell fate, and they do not show altered expression of the Notch effector Hes5.1.

Using a genetically encoded fluorescent Hes5 reporter to quantify more precisely the effects of Numb on Notch activity, we found that Numb-induced cells do exhibit a significant reduction in the Hes5 reporter fluorescence levels 48 h after Dox treatment. Although this effect might suggest an interference with the reception of Notch signaling, several observations conflict with that interpretation. Firstly, the reduction in Hes5 reporter fluorescence in Numb-induced cells was very variable from cell to cell and did not appear to be correlated to the levels of expression of the Numb transgene in individual cells. Secondly, there was no significant reduction in the levels of Hes5 reporter fluorescence 24 h after Numb induction. In our previous work, we found that inhibition of Notch activity with DAPT led to an almost complete extinction of the same Hes5 reporter in less than 12 h (Chrysostomou et al., 2012), and Sox21 induction in ovo can result in a much stronger inhibition of this Hes5 reporter (Freeman and Daudet, 2012). By comparison, the reduction of Hes5 reporter fluorescence levels in Numb-induced cells is relatively modest and slow to develop, suggesting that Numb is neither directly nor strongly inhibiting Notch activity. Finally, the majority of cells transfected with Numb differentiated into supporting cells, and not hair cells as would be expected from a strong inhibition of Notch signaling. Altogether, these data suggest that Numb has little impact on intrinsic levels of Notch activity and is unlikely to act as a critical regulator of hair cell fate decisions. The reduction in Hes5 reporter fluorescence observed 48 h after Numb induction may reflect a weak and an indirect effect of Numb on Notch activity, but it may also be consecutive to some unspecific effect on the processing of the fluorescent reporter itself or some other aspect of cell metabolism that remains to be determined.

One surprising observation is that none of the Numb-overexpressing cells expressed hair cell markers, suggesting that Numb misexpression could interfere with normal hair cell differentiation and survival. A small fraction of the Numb-overexpressing cells also exhibited a mis-positioned nucleus in between the hair cell and supporting cell layers, suggesting a potential defect in their apico-basal polarity. It is possible that these merely reflect a non-specific toxic effect of the overexpressed protein, but Numb certainly has documented functions in other systems that might account for these abnormalities. In particular, Numb has been implicated in endocytosis (Santolini et al., 2000; Berdnik et al., 2002; Nishimura et al., 2003) as well as the maintenance of cell adhesion and apico-basal polarity (Rasin et al., 2007; Sato et al., 2011), and disturbance of both processes could interfere with hair-cell maturation. Numb is also expressed in terminally differentiated neurons (Zhong et al., 1997; Dooley et al., 2003), and it seems to be involved in neuronal maturation (Klein et al., 2004) and axonal growth (Nishimura et al., 2003; Huang et al., 2005). As it has been suggested in the context of neurogenesis, the changing localization of Numb in the developing ear could indicate that it may have different functions at different stages. Although we have not directly investigated these possibilities, Numb could have a role in the regulation of otic neurogenesis or cell proliferation. Numb functions, however, do not appear to include regulation of Notch activity in the context of hair cell fate decisions. One important caveat should be mentioned, however: we have performed overexpression experiments only, and have not been able to test the effects of eliminating Numb function in the chick inner ear. It is conceivable that a complete absence of Numb might alter Notch-regulated cell fate decisions, even though Numb overexpression does not do so.

The Functions of Numb in the Vertebrate Nervous System Cannot Be Explained Simply in Terms of Notch Regulation

Our findings add to the questions surrounding the proposed role of Numb as an asymmetrically inherited regulator of Notch activity in other vertebrate tissues, especially in the nervous system. As in Drosophila, neuroepithelial progenitor cells of the central nervous system of vertebrates can divide along different cleavage planes, and some studies suggest that the cleavage plane can be linked to the assignment of asymmetric daughter cell fates (Chenn and McConnell, 1995; Cayouette and Raff, 2003; Das et al., 2003; Das and Storey, 2012), although there is still some disagreement about this (Konno et al., 2008; reviewed in Zhong and Chia, 2008). There is, on the other hand, very strong evidence that a cell with Notch activated remains as a neural progenitor, whereas a cell that escapes Notch activation differentiates as a neuron. It is an obvious suggestion, therefore, that if there is a link between cell fate and the orientation of cell division, it could depend on an asymmetrically distributed factor that is inherited by the prospective neuron and inhibits Notch activity.

This notion was encouraged by the finding that vertebrate homologs of Numb are expressed by neural progenitor cells in chick and mammals (Zhong et al., 1996; Wakamatsu et al., 1999). However, despite a number of studies in both organisms, the role of Numb in vertebrate neurogenesis remains controversial. This is due in part to the fact that the subcellular localization of Numb in dividing neuroepithelial progenitors appeared to vary, depending on the species. In mice, it was initially reported that Numb accumulates at the apical pole of neuroepithelial cells and forms crescent-like structures in mitotic cells, and is therefore likely to be inherited by the cell that remains as a progenitor in the lumenal region of the neural tube after an apico-basal cell division (Zhong et al., 1996, 1997; Petersen et al., 2002, 2004). However a subsequent study reported that at least in the developing cortex, Numb is in fact enriched at the apical end-feet of interphase radial glial cells that are tightly surrounding mitotic cells (Rasin et al., 2007). In the chicken, Numb is clearly localized on the baso-lateral side of neuroepithelial cells in the neural tube, implying that after an apico-basal cell division it would be predominantly inherited by the basally located daughter cell, which is thought to migrate away from the proliferative zone and differentiate into a neuron (Wakamatsu et al., 1999). Thus, it has been proposed that in mice, Numb causes cells that inherit it to remain as progenitors, whereas in chick, it has been suggested that it has an opposite effect, causing them to differentiate as neurons.

Studies on cultured mouse cortical progenitor cells and in the mouse retina have demonstrated an involvement of Numb in asymmetric cell division, but with complex effects, including localization of Numb to the neuronal daughter cells in some circumstances (Cayouette et al., 2001; Shen et al., 2002; Cayouette and Raff, 2003). Mice with knockout mutations of numb show abnormalities of cortical and sensory neurogenesis (Zhong et al., 2000) and sensory neuron production (Zilian et al., 2001), but the mutant animals die at E11.5 from defects in neural tube closure. The early lethality can, however, be bypassed by means of conditional knockouts, which have been used to delete simultaneously both numb and the closely related numblike gene in the embryonic forebrain. Studies using different drivers for this double conditional knockout reported surprisingly different results, with apparently opposite effects on cell fate choices (Petersen et al., 2002, 2004; Li et al., 2003). Both sets of observations share one striking feature, however: the cytoarchitecture of the neural tube is disrupted and the dividing progenitors fail to stay in their proper location, in the ventricular zone. Likewise, deletion of numb and numblike in the embryonic retina leads to abnormal proliferation and severe defects in epithelial organization (Kechad et al., 2012).

Perhaps, therefore, the fundamental function of Numb in the vertebrate neuroepithelium is not to control cell fate decisions through effects on Notch signaling, but rather to control epithelial architecture through effects on cell polarity, cell adhesion, and the cytoskeleton. Indeed, there is growing evidence that Numb can have other functions apart from influencing cell fate choices: for example, mice with conditional knockout mutations of numb and numblike in their sensory ganglia have no deficit of neurogenesis, but show defects in axonal arborization (Huang et al., 2005). The different Numb isoforms can bind to a number of proteins of the endocytotic machinery (Krieger et al., 2013), hence the functions of Numb are expected to be highly context-dependent, affecting the intracellular trafficking of Notch receptors but also that of any other receptor or cell surface molecule directly or indirectly binding to Numb. Our findings are consistent with the view that Numb influences primarily cell structure and maturation rather than Notch-dependent cell fate choices in the inner ear. And if commitment to a hair-cell fate is after all regulated by an asymmetrically distributed factor that interferes with Notch signaling, that factor is not likely to be Numb.
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Atoh1 (Math1) was the first gene discovered in ear development that showed no hair cell (HC) differentiation when absent and could induce HC differentiation when misexpressed. These data implied that Atoh1 was both necessary and sufficient for hair cell development. However, other gene mutations also result in loss of initially forming HCs, notably null mutants for Pou4f3, Barhl1, and Gfi1. HC development and maintenance also depend on the expression of other genes (Sox2, Eya1, Gata3, Pax2) and several genes have been identified that can induce HCs when misexpressed (Jag1) or knocked out (Lmo4). In the ear Atoh1 is not only expressed in HCs but also in some supporting cells and neurons that do not differentiate into HCs. Simple removal of one gene, Neurod1, can de-repress Atoh1 and turns those neurons into HCs suggesting that Neurod1 blocks Atoh1 function in neurons. Atoh1 expression in inner pillar cells may also be blocked by too many Hes/Hey factors but conversion into HCs has only partially been achieved through Hes/Hey removal. Detailed analysis of cell cycle exit confirmed an apex to base cell cycle exit progression of HCs of the organ of Corti. In contrast, Atoh1 expression progresses from the base toward the apex with a variable delay relative to the cell cycle exit. Most HCs exit the cell cycle and are thus defined as precursors before Atoh1 is expressed. Atoh1 is a potent differentiation factor but can differentiate and maintain HCs only in the ear and when other factors are co-expressed. Upstream factors are essential to regulate Atoh1 level of expression duration while downstream, co-activated by other factors, will define the context of Atoh1 action. We suggest that these insights need to be taken into consideration and approaches beyond the simple Atoh1 expression need to be designed able to generate the radial and longitudinal variations in hair cell types for normal function of the organ of Corti.
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INTRODUCTION

The idea that single genes might be responsible for hair cell (HC) development and thus could be used to regenerate HCs and restore hearing was born in the late 1990s: Mice with a deletion of the Pou domain gene Pou4f3 (aka Brn3c, Brn3.1) were completely deaf, “owing to a failure of HCs to appear in the inner ear, with subsequent loss of cochlear and vestibular ganglia” (Erkman et al., 1996). This mouse mutant derived conclusion was soon followed by data on human mutations showing that a truncating mutation of the human POU4f3 gene is the basis of DFNA15, resulting in progressive hearing loss (Vahava et al., 1998). Subsequent work showed that HCs initially form and develop normal in Pou4f3 mutants, but eventually die in a base to apex progression (Xiang et al., 2003; Hertzano et al., 2004). While the initial work claimed loss of all sensory neurons, later work showed that some neurons remain for 6 months in a dedifferentiated organ of Corti (OC) that shows Atoh1-lacZ and Myo7a positive cells (Pauley et al., 2008). The original claim of “failure of HCs to appear” was thus transformed into a rather normal initial development followed by HC death. Pou4f3 is now recognized as a maintenance factor for HCs, like Gfi1 and Barhl1 (Li et al., 2002; Hertzano et al., 2004) that is expressed in adult HCs through complex regulation, including possibly the bHLH gene Atoh1 (Ahmed et al., 2012; Masuda et al., 2012).

Why is this background information on Pou4f3 relevant for the discussion of the role of Atoh1 (aka Math1) for HC differentiation and maintenance? In the following we will explore that Atoh1 has much in common with Pou4f3 in terms of claims raised as a gene that is “necessary and sufficient” for HC differentiation (Chen et al., 2002; Giraldez and Fritzsch, 2007; Groves et al., 2013). In contrast to this claim, the millions of neurons outside the ear expressing Atoh1 (Mulvaney and Dabdoub, 2012) never turn into HCs, suggesting that Atoh1 is not sufficient to induce HCs everywhere where Atoh1 is expressed. Only the molecularly unclear context of certain cells of the ear allows Atoh1 to drive HC differentiation and maintenance. Even in the ear, Atoh1 is expressed in many cells (Matei et al., 2005) that require additional manipulations to turn into HCs (Jahan et al., 2010), indicating that expression of Atoh1 in the ear does not guarantee differentiation of all cells into HCs. As with Pou4f3, it appears that Atoh1 absence is compatible with some cellular differentiation, indicating that Atoh1 is not defining HCs but is differentiating them (Jahan et al., 2012). The delayed and profound loss of HCs in a “self-terminating” Atoh1 system (Pan et al., 2012) and hypomorphic Atoh1 mutant (Sheykholeslami et al., 2013) suggests an essential role in maintenance, possibly including adult expression of Pou4f3 (Masuda et al., 2012). Consistent with Atoh1 being an essential differentiation and maintenance factor for HC is the fact that overexpression can rescue HCs (Yang et al., 2012). Like Pou4f3, Atoh1 is necessary to differentiate and maintain HCs. It remains to be shown whether forced expression of Atoh1 (Kelly et al., 2012) can differentiate HCs when certain factors are absent (Zou et al., 2004; Kiernan et al., 2005; Bouchard et al., 2010; Ahmed et al., 2012; Duncan and Fritzsch, 2013; Schimmang, 2013) that define the context for Atoh1 action in the ear thus providing the competency to respond to Atoh1 protein. Below we explore some issues related to Atoh1 function that remain underexplored in many contemporary reviews and propose novel strategies to maintain HCs.

EXPRESSION OF ATOH1 OUTSIDE THE EAR DOES NOT LEAD TO HC DIFFERENTIATION

Atoh1 was isolated from cerebellar granule cells, the largest population of neurons in the human brain, amounting to over 60 billion neurons (Ben-Arie et al., 1997; Herculano-Houzel, 2009). Atoh1 is expressed in the proliferative precursor population of the external granule cell layer where it is needed to generate the billions of granule cells (Pan et al., 2009). Atoh1 is also essential for medulloblastoma progression and Atoh1 removal reduces the progression of this childhood tumor (Flora et al., 2009). In contrast to this expression of Atoh1 in proliferating precursors in the CNS, the expression of Atoh1 in the mouse cochlea is predominantly in post-mitotic HCs, with a possible overlap of Atoh1 expression and cell cycle exit in the basal turn HCs (Ruben, 1967; Matei et al., 2005; Lee et al., 2006). A pulse-chase experiment using BrdU or EdU labeling followed by in situ hybridization for Atoh1 around E14 is needed to verify this suggestion of possible Atoh1 expression in proliferating HC precursors. In the apex there is no expression of Atoh1 prior to cell cycle exit, indicating that HC precursor specification and cell cycle exit is independent of Atoh1 (Jahan et al., 2013; Kopecky et al., 2013). Both premature expression of Atoh1 in Neurod1 null mutants (Jahan et al., 2010) or delayed expression of Atoh1 in Lmx1a null mice (Nichols et al., 2008) results in aberrant development of HCs, implying that onset and level of expression of Atoh1 is tightly regulated to ensure normal differentiation of the right HC type at the right place (Jahan et al., 2013). Importantly, forced expression of Atoh1 can in postnatal mice induce supporting cell conversion (Liu et al., 2014a) and induces proliferation (Kelly et al., 2012), showing that under these forced conditions Atoh1 exerts functions beyond its tightly regulated function in the embryonic ear. In summary, one of the conditions in which Atoh1 expression in the ear differs from other systems is its expression presumably exclusively in post-mitotic undifferentiated HC precursors whereas in other developing systems Atoh1 is primarily expressed in proliferating precursors.

UPSTREAM AND DOWNSTREAM INTERACTIONS OF ATOH1

Before Atoh1 can differentiate post-mitotic HC precursors into HCs, the HC precursors have to be specified in the right place and have to receive a signal to exit the cell cycle. Numerous TFs have been identified that are expressed prior to Atoh1 and affect HC differentiation. For example, Sox2 hypomorphic mice (Kiernan et al., 2005), Pax2 null mice (Bouchard et al., 2010), Eya1 null mice (Zou et al., 2004), and Gata3 conditional null mice (Duncan and Fritzsch, 2013) all show no differentiation of HCs in the cochlea duct but may show variable development of some vestibular HCs, suggesting a unique combinatorial requirement of these genes for cochlear HC development. Misexpression of Jag1 (Pan et al., 2010) or Sox2 (Pan et al., 2013) as well as loss of Lmo4 (Deng et al., 2014) can induce ectopic formation of HCs. In particular work on Eya1/Six1 showed that Atoh1 is but an essential link in a succession of decision making steps (Ahmed et al., 2012) toward HC differentiation (Figure 1) with unknown regulatory complexity.


[image: image]

FIGURE 1. The interactions of Sox and bHLH genes in HC differentiation in mice. Experimental data indicate a complex interaction of Sox and bHLH genes in the progression of HC fate commitment and differentiation. (A) Sox2 and Myc genes act downstream of Eya1/Six1 and are essential for proliferation of HC precursor cells to ensure self-renewal of precursors but also commitment to the HC lineage. These precursor genes are turned off in the neurosensory lineage and bHLH genes are activated that antagonizes Sox2. (B) bHLH TFs can form complex interactions in a given cell that can undergo periodic changes in expression levels and their signal can undergo context dependent variation between gene expression and suppression. Data in mice and flies suggest that all proneural TFs compete for the E-proteins (Tcf3,4,12) to form heterodimers for proper binding. Thus, the level of all proneuronal bHLH TFs (here Atoh1 and Neurod1) and available E-proteins as well as their binding preference will determine how much signaling of heterodimers will occur. Importantly, E-proteins can also interact with Hes/Hey factors and the inhibitors of DNA binding (Ids), limiting availability of E-proteins for heterodimerization of proneuronal protein, proportionally to the affinity and concentration of all these interactive partners. In essence, the binding properties and frequency of the binding partners will determine whether a cell is differentiating as a neuron/HC, a supporting/glial cell, or is continuing proliferation as a prosensory precursor. HC, hair cell; SC, supporting cell. Modified after (Fritzsch et al., 2015a).



Atoh1 regulates the expression of hundreds of downstream genes (Klisch et al., 2011). Some of these genes are TFs that in turn regulate expression of several hundred downstream genes. One of the TFs that are regulated by Atoh1, is Neurod1. Atoh1 is in a positive autoregulatory loop whereby Atoh1 stimulates its own expression through an enhancer sequence (Figure 1). Such loops are typically counterbalanced by negative feedback to ensure upper limits of expression. Neurod1 is part of this negative feedback loop and controls the level of Atoh1 expression in developing systems such as the cerebellum (Pan et al., 2009), the intestine (Itkin-Ansari et al., 2005), and the ear (Jahan et al., 2010, 2013). Absence of Neurod1 causes prolonged expression of Atoh1 in precursor cells (external granule cell layer) of the cerebellum that are unable to migrate and differentiate and eventually die (Pan et al., 2009). In the ear, absence of Neurod1 causes transformation of sensory neurons into HCs through disinhibition of a transient Atoh1 in neurons (Jahan et al., 2010) and disruption of the patterning of the OC by altering the HC and supporting cell types (Jahan et al., 2013). Some regulation of Atoh1 is also reported in mutants of Hes1/5 (Zine et al., 2001, 2014) and Hey1/2 (Benito-Gonzalez and Doetzlhofer, 2014) but results only in additional formation of HCs outside the OC with limited effects on the patterning of HCs and supporting cells in the OC. Atoh1 is not only regulating the expression of downstream genes but also suppresses upstream genes such as Sox2 (Figure 1). In fact, downregulation of Sox2 appears to be a crucial step for the transition from HC precursors to differentiated HCs (Dabdoub et al., 2008) in agreement with many other differentiating neurosensory system (Reiprich and Wegner, 2014).

Combined, these data show that the early implications of Atoh1 as the “sole” factor necessary and sufficient to make HCs have to be adjusted to accommodate the emerging concept of Atoh1 integration into a gene network that allows a coordinated transition from the placodal stage to the fully differentiated HC (Ahmed et al., 2012). Arguably, Atoh1 is enabling a very essential step in this progression toward a HC, but is apparently not needed for precursors to exit the cell cycle and to initiate HC differentiation (Jahan et al., 2012). However, Atoh1 is a key to HC differentiation (Kelly et al., 2012) and its continued expression may be essential to maintain differentiated HCs through expression of other genes such as Gfi1, Pou4f3, and Barhl1 (Masuda et al., 2012).

CELL CYCLE EXIT AND ATOH1 EXPRESSION

Proliferating neurosensory precursor cells are characterized by the expression of multiple transcription factors (TFs) (Ono et al., 2014) and manipulating cell cycle regulation can result in increased (Mantela et al., 2005; Schimmang and Pirvola, 2013) or decreased HCs (Kopecky et al., 2011, 2013). Together these factors ensure that proliferating HC precursors retain a neurosensory determination but continue proliferation to generate more neurosensory cells, under certain conditions and in certain species as stem cells throughout life, like in the olfactory system (Gokoffski et al., 2011). Nearly ubiquitous in these stem cells is the expression of Sry-box gene Sox2 (Reiprich and Wegner, 2014) and several Helix-loop-Helix (HLH) genes (Figure 1), in particular Hes, N-Myc and ID genes, but also some proneural basic Helix-Loop-Helix (bHLH genes) such as Ascl1, Neurog1 and, rarely, Atoh1 (Ma et al., 1996, 1998; Imayoshi and Kageyama, 2014). Sox genes and bHLH genes are each engaged in a complicated interaction with members of their own class of genes within a given precursor (Fritzsch et al., 2006; Imayoshi and Kageyama, 2014; Reiprich and Wegner, 2014) but also show cell-cell interactions through Delta-Notch mediated regulation of bHLH genes between cells (Benito-Gonzalez and Doetzlhofer, 2014). In particular, the intracellular interactions established through intrinsic and extrinsic signal mediated fluctuation of expression levels is the basis for a coordinated transition between precursors and differentiated cells (Figure 1). How HC precursors are specified in the right topology of the OC, how the cell cycle exit of HC precursors is regulated and exactly when precursors are committed to HC differentiation by which molecular means remains an open question despite recent insights into the regulation (Ahmed et al., 2012; Masuda et al., 2012). Among bHLH genes, Myc genes are playing a major role in regulating the numbers of HCs (Domínguez-Frutos et al., 2011; Kopecky et al., 2011) but are later also expressed in adult HCs where they play no discernable function (Kopecky et al., 2012). We will here explore only the role of proneural bHLH genes in this process, also other TFs undoubtedly play a role in HC specification and proliferation (Kiernan et al., 2005; Dabdoub et al., 2008; Rocha-Sanchez et al., 2011; Ahmed et al., 2012; Schimmang and Pirvola, 2013).

LOSING ATOH1 AT DIFFERENT STAGES RESULTS IN DIFFERENT EFFECTS

In the original paper describing absence of HC differentiation in Atoh1 null mutant mice, some supporting cells stain for the LacZ used to replace Atoh1 (Bermingham et al., 1999). A follow up study using an Atoh1 enhancer element to drive fluorescent GFP (Chen et al., 2002) showed that Atoh1 is only expressed in post-mitotic cells to drive their differentiation. In addition, degenerative cells were found in the OC of Atoh1 null mice, suggesting that the primordial HCs form independently of Atoh1 but degenerate without Atoh1. Both papers indicated one major difference: Atoh1-LacZ expression in supporting cells of Atoh1 null mutants whereas no such misexpression was reported using GFP. A subsequent paper using the LacZ insertion (Woods et al., 2004) claimed an initial widespread expression at E13.5. This paper did not correlate the apparent absence of Atoh1 expression in the apex with the HC cycle exit known to start in the apex (Ruben, 1967; Fritzsch and Nichols, 1993).

Using the same LacZ knockin model as previous papers (Bermingham et al., 1999; Woods et al., 2004), a follow up paper on homozygotic Atoh1-LacZ mice showed continued presence of a single row of undifferentiated LacZ positive cells (Fritzsch et al., 2005) which were spared by the otherwise prevalent apoptosis of most HC precursors (Chen et al., 2002). Subsequent work demonstrated that fluorescent GFP marker (Chen et al., 2002) appeared in nearly every inner pillar cell (Matei et al., 2005; Fritzsch et al., 2015b). Furthermore, a novel mouse line using the same enhancer element to drive Cre showed similar expression of Atoh1 in many inner pillar cells (Matei et al., 2005). These data implied, but did not proof beyond doubt that Atoh1 was expressed in inner pillar cells and inferred that the remaining Atoh1-LacZ positive cells in mutants were indeed supporting cells (possibly inner pillar cells) as originally claimed (Bermingham et al., 1999). Further work using a conditional approach to eliminate Atoh1 resulted in nearly identical data, implying that the surviving cells in the absence of Atoh1 might indeed be inner pillar cells in the OC (Pan et al., 2011). Additional work has meanwhile confirmed with different techniques that Atoh1 is indeed prominently expressed in inner pillar cells (Driver et al., 2013). Atoh1 expression in inner pillar cells may be counterbalanced by Hes and Hey factors (Doetzlhofer et al., 2009) and a subsequent paper showed occasional conversion of inner pillar cells to HCs (Benito-Gonzalez and Doetzlhofer, 2014). Atoh1 expression has also been reported in delaminating sensory neurons (Matei et al., 2005) and elimination of Neurod1 suffices to turn some neurons into HCs expressing Atoh1 and Myo7a (Jahan et al., 2010). Combined, these data suggest that Atoh1 expression alone does not suffice to turn just any cell in the ear into a HC as co-expressed factors may inhibit this. At least inner pillar cells may be able to survive without Atoh1 protein while maintaining LacZ expression of the Atoh1 locus (Matei et al., 2005; Driver et al., 2013) and are not transformed to HCs even under forced ubiquitous expression of Atoh1 (Kelly et al., 2012).

More recent data provide yet a more complicated picture of lack of Atoh1 expression on HC and OC differentiation. Using an Atoh1 enhancer to drive Cre that activates the Cre only upon presence of Atoh1 protein combined with floxed Atoh1 generates a “self-terminating” system that results in loss of Atoh1 after a transient presence of Atoh1 protein (Pan et al., 2012). The level of Atoh1 protein depends on the speed with which the Cre can excise the floxed Atoh1 and how long residual Atoh1 protein remains in the cell. Thus, while all cells will see recombination of the LoxP flanked Atoh1, this varies between HCs and thus results in different delay lines of HC precursor apoptosis (Pan et al., 2012). While many HC precursors die rapidly, others survive for several days. Moreover, stretches of the first row of outer HCs survive adjacent to well differentiated inner pillar cells indicating an unusual difference in susceptibility between inner and outer HCs as well as within HC rows in a base to apical gradient. This conclusion is also supported by transgenic knockin mouse where Atoh1 is replaced by Neurog1 (Jahan et al., 2012) which shows that some HC precursors can survive without ever expressing Atoh1. A recently available hypomorph mutant of Atoh1 shows a somewhat similar picture of longitudinal and a less clear radial HC loss (Sheykholeslami et al., 2013) indicating that Atoh1 needs to be present at a critical level to assure long term HC viability.

Data using inducible Cre expression have complicated this picture even further by showing a rapid and complete loss of all HCs when Cre is induced at different stages of late development (Cai et al., 2013; Chonko et al., 2013). Some claims about abortive transdifferentiation of supporting cells into HCs (Cai et al., 2013) need to be considered in the context of Atoh1 expression in one specific type of supporting cell, the inner pillar cell (Matei et al., 2005; Driver et al., 2013; Fritzsch et al., 2015b). Despite these minor discrepancies, all papers confirm earlier work and demonstrate that Atoh1 expression is needed to mature and maintain HCs.

In summary, Atoh1 is, much like Pou4f3, a critical factor for HC differentiation and long term maintenance. Atoh1 is involved in regulating Pou4f3 whereas and its long term expression may be dependent on Atoh1 expression. Further work combining the recently reported hypomorphic allele (Sheykholeslami et al., 2013) with conditional deletion of a floxed Atoh1 allele (Pan et al., 2012) could detail how level of Atoh1 expression and duration combine for normal HC maturation and maintenance.

SUMMARY AND OUTLOOK

Why is it important to go beyond the idea of “necessary and sufficient” for Atoh1 function in the ear? First, while unregulated expression of Atoh1 can convert most ear cells into hair cells (Kelly et al., 2012), nobody has been able to regenerate the two types of HCs that are essential for normal OC function in the right proportion and the right distribution to ensure function (Beurg et al., 2014). In fact, our limited insights into the molecular basis of this crucial aspect of HC differentiation (Jahan et al., 2013) are not profound enough to regenerate the right type of HC (Liu et al., 2014b) to ensure normal function. Defining the molecular context needed for HC type specific differentiation in conjunction with defined levels of Atoh1 expression (Jahan et al., 2013) and controlled changes of Atoh1 expression over time (Ahmed et al., 2012) will be needed to move forward.

Second, most HCs generated with Atoh1 treatment alone have limited long term viability. In part this may relate to the progressive loss of Atoh1 in these experiments that may needed to maintain long term Pou4f3 expression (Masuda et al., 2012), but in part it may also relate to an unstable transformation into HC that requires recapitulating the specification sequence of HCs precursors and their differentiation. Such critical steps might include expression of additional factors prior to and in addition to Atoh1 or the prolonged expression of critical levels of Atoh1. Human hearing loss may show partial dedifferentiation of the OC with profound local differences comparable to experimental animals (Taylor et al., 2012). A “one size fits all” approach to such heterogeneity may result in incomplete restoration.

Finally, while the single gene approach to HC regeneration has been extremely influential to catapult much research forward, it is now time to reflect why this approach has not lived up to its promise. We therefore suggest more complex procedures that recapitulate steps in development of the OC in addition to Atoh1. For example, expressing Eya1, Pax2, Sox2, Jag1, Foxg1, Neurod1, Neurog1, and Gata3 prior to Atoh1 expression may “prime” remaining cells of the OC to respond to Atoh1. Alternatively, combining Atoh1 with downstream essential genes for HC maintenance that are only partially regulated by Atoh1 (Ahmed et al., 2012), such as Pou4f3, could define the context for HC differentiation. Moreover, using transient expression of Atoh1 in already differentiated HCs might prolong their viability (Yang et al., 2012), possibly long enough to sidestep the need for OC regeneration in elderly people suffering from early stages of neurosensory hearing loss. Given the projected massive occurrence of hearing loss in the next 25 years, ideas revolving around maintenance of HCs using Atoh1 alone might provide more-short term benefit compared to currently impossible reconstitution of the OC after long term HC loss. Given the ability of Atoh1 to transdifferentiate supporting cells in certain conditions (Liu et al., 2014a), it might be necessary to replace Atoh1 by other bHLH genes that can accomplish long term maintenance of HCs without risk of transforming supporting cells into HCs. We are currently working on such approaches using novel mouse models to differentiate HCs in the absence or at most transient presence of Atoh1.
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The burgeoning field of epigenetics is beginning to make a significant impact on our understanding of tissue development, maintenance, and function. Epigenetic mechanisms regulate the structure and activity of the genome in response to intracellular and environmental cues that direct cell-type specific gene networks. The inner ear is comprised of highly specialized cell types with identical genomes that originate from a single totipotent zygote. During inner ear development specific combinations of transcription factors and epigenetic modifiers must function in a coordinated manner to establish and maintain cellular identity. These epigenetic regulatory mechanisms contribute to the maintenance of distinct chromatin states and cell-type specific gene expression patterns. In this review, we highlight emerging paradigms for epigenetic modifications related to inner ear development, and how epigenetics may have a significant role in hearing loss, protection, and regeneration.
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INTRODUCTION

In 1942, C. H. Waddington coined the term epigenetics by combining the words epigenesis and genetics (Waddington, 2012). Epigenesis refers to the sequence of events that occur during differentiation of cells from their initial totipotent state to a fully developed multicellular organism. The physical nature of genes and their role in heredity was unknown at the time Waddington coined this term. However, he used the term epigenetics to refer to the increasing irreversibility of cellular differentiation as a cell becomes more differentiated during development. The field of developmental biology continues striving to better understand how a single totipotent cell containing one genome has the ability to generate millions of highly specialized fully differentiated cells with very different gene regulatory networks.

The definition of epigenetics has evolved over the years and continues to be debated by scientists. Epigenetics was classically defined as heritable changes in gene function that cannot be explained by changes in DNA sequence and typically referred to DNA methylation related to parental genomic imprinting. However, this definition has changed drastically in recent years to encompass non-heritable changes that alter gene function including dynamic chromatin states regulated by various histone modifications and chromatin remodeling proteins. The development of the “omics era” has greatly impacted the way scientists now view epigenetics since many human developmental disorders and cancer have been correlated with the misregulation of specific epigenetic events and has driven the development of epigenetic therapeutics.

Although a vast amount of data about epigenetics exists for other tissues, there is a noticeable lack of information about epigenetic modifications in the inner ear. Proper epigenetic modifications are required for normal developmental processes. Gene expression must be coordinated in a temporal and cell-type specific manner and requires multiple levels of gene regulation. Although transcription factors are a primary source of gene regulation, epigenetic modifications regulate transcription factor access to target genes. This concept is apparent from studies looking at direct cellular reprogramming through ectopic expression of defined transcription factors, which show that direct reprogramming is a slow and inefficient process with most cells failing to reprogram (Huangfu et al., 2008; Mikkelsen et al., 2008). In the auditory field, ectopic expression of transcription factors such as Atoh1 has been used to convert mammalian non-sensory epithelial cells into cells that express many endogenous hair cell markers (Zheng and Gao, 2000; Izumikawa et al., 2005; Gubbels et al., 2008). However, the reprogramming process of transforming supporting cells into hair cells may not be solely about genetic transformation, but also epigenetic transformation. Studies using induced pluripotent stem cells (iPSCs) have shown that they retain the epigenetic memory of their somatic cell of origin (Kim et al., 2010; Lister et al., 2011). The epigenetic memory retained by iPSCs can interfere with their potential for differentiation into other cell types (Li et al., 2009; Kim et al., 2010; Lister et al., 2011). Additionally, iPSCs derived from aged mice have a decreased potential for reprogramming compared to iPSCs derived from juvenile mice (Li et al., 2009; Lister et al., 2011). Although ectopic expression of transcription factors (Atoh1) can convert neonatal non-sensory epithelial cells into hair cell-like cells, loss of cellular plasticity at later postnatal ages could largely impact clinical application of this method (Kelly et al., 2012; Liu et al., 2012b).

In this review, we discuss the different types of epigenetic modifications and regulatory mechanisms in regards to development, disease, protection, and cellular reprogramming.

HISTONE MODIFICATIONS

Nucleosomes form the fundamental repeating units of eukaryotic chromatin, which is used to package large eukaryotic genomes into the nucleus while still ensuring appropriate access to the chromatin (Kornberg, 1974; Kornberg and Thomas, 1974). Nucleosomes are folded through a series of successively higher order structures to both compact DNA and create an added layer of regulatory control ensuring correct gene expression. The nucleosome is comprised of approximately 147 base pairs of DNA wrapped around eight histone core subunits consisting of two copies each of the core histones H2A, H2B, H3, and H4 (Luger et al., 1997). Histone H3 and H4 have long tails that protrude from the nucleosome and can be covalently modified at several sites (Figure 1; Vaquero et al., 2003; Campos and Reinberg, 2009; Bannister and Kouzarides, 2011). These histone tails are subjected to post-translational modification including acetylation, methylation, phosphorylation, ubiquitination, sumoylation, or ADP-ribosylation which is mediated by the counteracting activities of enzymes that add or remove such modifications (Vaquero et al., 2003; Campos and Reinberg, 2009; Bannister and Kouzarides, 2011).
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FIGURE 1. Cartoon diagram indicates potential sites of modification at specific residues along the histones tail. The tails of histone H3 and H4 have the largest number of potential modification sites including lysine (K)-specific methylation and acetylation sites and arginine (R)-specific methylation sites. The tail of histone H3 is subject to both repressive lysine (K)-specific methylation marks (K9 and K27) as well as activating lysine (K)-specific methylation marks (K4, K36, and K79).



HISTONE ACETYLATION

Posttranslational histone modifications alter histones interaction with DNA and nuclear proteins. Histone acetylation of specific lysine residues plays a fundamental role in transcriptional regulation. The enzymes responsible for maintaining proper histone acetylation states include histone acetyltransferases (HATs) and histone deacetylases (HDACs). Histones undergo acetylation to yield a more relaxed chromatin conformation resulting from a net change in the overall charge and reduced electrostatic interactions. HATs transfer the acetyl moiety from acetyl coenzyme A to specific lysine residues on the histone tail. Acetylated histones also act as a signal that recruits bromodomain-containing proteins, which are primarily transcription factors and cofactors to target genes activating their transcription (Zeng and Zhou, 2002). The HDACs act in opposition to the HATs by removing the acetyl groups from histone tails allowing histones to interact with DNA more tightly to form a compacted nucleosome structure. This increased rigidity of the chromatin prevents the incorporation of transcriptional machinery, effectively silencing gene transcription (Figure 2).
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FIGURE 2. Chromatin state. Cartoon diagram depicting the open relaxed chromatin of an actively transcribed gene (upper portion), compared to the nucleosome dense compacted chromatin associated with a silenced gene (bottom portion). HMT—histone methyltransferase, HAT—histone acetyltransferase, TBP—TATA-binding protein, TAF—TBP-associated factors, TF—transcription factor, HDAC—histone deacetylase, KDM—lysine (K)-specific demethylase, DNMT—DNA methyltransferase, MBD—methyl-CpG-binding domain.



HISTONE METHYLATION AND DEMETHYLATION

Histone methylation, depending on both the histone and residue modified, contributes to either active or repressive chromatin configurations (Figure 2). Although histone methylation is not as well understood as acetylation, histones H3 and H4 are common methylation targets that can be methylated on arginine and lysine residues (Figure 1). While lysine can receive only one acetyl group, it can receive up to three methyl groups, and does not affect the overall charge of the residue. Specific histone methylation states serve as binding sites for the recruitment of additional regulatory proteins such as chromatin remodelers (Zhang and Dent, 2005; Wu and Zhang, 2009; Helin and Dhanak, 2013). As a general rule of thumb, sites of methylation that are typically associated with active gene transcription are H3K4me2/3 (promoter), H3K36me3 (3′ end gene body), and H3K79me2 (5′ end of gene body) (Azuara et al., 2006; Kolasinska-Zwierz et al., 2009; Onder et al., 2012; Fuchs et al., 2014). Whereas methylation marks associated typically with silenced genes are H3K9me2/3 (promoter and enhancer), H3K27me3 (promoter and enhancer), and H4K20me3 (promoter) (Azuara et al., 2006; Kolasinska-Zwierz et al., 2009). These common active and repressive histone marks are further illustrated in relation to the gene region in which they are detected in Figure 3.
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FIGURE 3. Chromatin modifications are distributed in specific gene regulatory regions. (A) The normal distribution of DNA methylation, DNA hydroxymethylation, and histone marks in the enhancer, promoter, and gene body of actively transcribed genes. Actively transcribed genes carry typically have chromatin modifications within the gene body to facilitate transcription initiation and elongation. (B) Common chromatin modifications found in the enhancer, promoter, and gene body of silenced genes. (C) Bivalent/poised genes have both activating and silencing chromatin modifications to facilitate rapid changes in gene expression during development.



Studies of histone methylation marks in mouse pluripotent embryonic stem cells (ESCs) have defined a class of developmentally regulated genes as “bivalent” since these genes are marked with both active (H3K4me3) and repressive (H3K27me3) histone modifications (Figure 3; Azuara et al., 2006; Bernstein et al., 2006; Mikkelsen et al., 2007; Voigt et al., 2013). By exhibiting both active and repressive features, bivalent genes are posited as being in a poised state, enabling them to be rapidly activated upon suitable developmental cues and/or environmental stimuli. Although bivalent genes were first described for ESCs, where the marks are most prevalent, later observations also detected bivalent domains in cell types of restricted potency such as neural progenitor cells (Mikkelsen et al., 2007; Rugg-Gunn et al., 2010).

The enzymes responsible for maintaining proper histone methylation status are histone lysine/arginine methyltransferases and histone lysine/arginine demethylases. Lysine-specific histone methyltransferases (HMTs) are subdivided into SET (Su(var)3–9, Enhancer of Zeste, Trithorax) domain-containing and non-SET domain-containing proteins. The argine-specific protein arginine methyltransferases (PRMTs) are responsible for methylating arginine residues on the histones. HMTs and PRMTs together have over 60 different family members all of which use S-Adenosyl methionine (SAM) as a cofactor and methyl donor group (Helin and Dhanak, 2013).

Histone methylation for many years was considered to be a permanent and irreversible histone modification due to the low turnover rate of methylated histones (Byvoet et al., 1972). However, the discovery of lysine specific demethylase 1 (LSD1, officially known as KDM1A) and later the JmjC-domain-containing lysine demethylase family has completely changed this view (Kooistra and Helin, 2012). Interestingly, LSD1 can catalyze the demethylation of H3K4me1/2 and H3K9me1/2, which means that LSD1 has the ability to both silence and activate gene transcription (Zhang and Dent, 2005; Wu and Zhang, 2009; Helin and Dhanak, 2013). LSD1 is also reported to demethylate non-histone target proteins such as p53, DNMT1, and E2F1 (Huang et al., 2007; Wang et al., 2009; Kontaki and Talianidis, 2010; Helin and Dhanak, 2013; Mosammaparast et al., 2013). LSD1 and its close relative LSD2 belong to the superfamily of flavin adenine dinucleotide (FAD)-dependent monooxidases. Unlike the LSD demethylases, the JmjC-domain-containing demethylases can also demethylate trimethylated lysines. This catalysis involves an oxidative mechanism requiring iron and 2-oxoglutarate as co-factors and is posited to occur through direct hydroxylation of the affected methyl group.

HISTONE VARIANTS

Although histones have a conserved role as general DNA packaging agents, it has become clear that another key function of these proteins is to confer variation in chromatin structure to ensure dynamic patterns of transcriptional regulation. Some histone variants have distinct biophysical characteristics that are thought to alter the properties of nucleosomes, while other variants are targeted to specific regions of the genome. Specific histone variants are exchanged with the pre-existing histones during critical periods of development and differentiation (Brandt et al., 1979; Grove and Zweidler, 1984; Wunsch et al., 1991; Bosch and Suau, 1995). This replacement can often result in the variants becoming the predominant species in the differentiated cell (Pina and Suau, 1987; Wunsch et al., 1991). Mutations in specific histone variants and their associated chaperone machinery contribute to human disease such as cancer (Maze et al., 2014), suggesting an essential function for regulation of histone variants during specific aspects of cellular differentiation.

DNA METHYLATION

Methylation at the 5-positon of cytosine (5-mC) is one of the best studied and most mechanistically understood epigenetic modifications that is well conserved among most plant, animal and fungal models (Feng et al., 2010). Three conserved DNA methyltransferase enzymes, DNA methyltransferase 1 (DNMT1), DNMT3A and DNMT3B, are responsible for the deposition and maintenance of DNA methylation and are essential for normal development (Li et al., 1992; Okano et al., 1999). Mammalian genomes are globally CpG-depleted and roughly 60–80% of the 28 million CpGs in the human genome are generally methylated (Smith and Meissner, 2013). Less than 10% of CpGs occur in the CG-dense regions called CpG islands (Deaton and Bird, 2011). CpG islands are prevalent at transcription start sites (TSSs) of housekeeping genes and genes involved in developmental processes (Deaton and Bird, 2011). Most genomic DNA methylation patterns are static across tissues and throughout life and only change in localized contexts as specific cellular processes are activated or repressed (Figure 3). However, the exception to this is in the germ line and during pre-implantation embryonic development, when DNA methylation levels are globally reset (Smith and Meissner, 2013).

Numerous assays have been developed since DNA methylation was originally postulated as an epigenetic regulator to study cytosine methylation (Holliday and Pugh, 1975; Riggs, 1975). This includes assays such as methylation-sensitive restriction enzyme mapping, deamination of unmethylated cytosines with sodium bisulphite, and targeting methylated DNA directly using antibodies for enrichment. High-throughput sequencing has enabled complete methylomes to be elucidated, such that methylation sites are now mapped at base-pair resolution across development from zygote to terminally differentiated adult cells. However, global DNA methylation patterns during development and aging are tissue and cell type-specific (Calvanese et al., 2012).

DNMT1 is critical for maintaining DNA methylation during mitosis. During DNA replication, DNMT1 is positioned at the replication fork and transfers the methylation marks to the newly synthesized daughter strand and is essential for stable repression of genes after cell division. Although DNA methylation maintenance ensures epigenetic inheritance at established positions, there are many instances in which methylation must be specifically targeted and others in which methylation must be inhibited or removed. DNMT3A and DNMT3B are responsible for establishing de novo DNA methylation, primarily at CpG dinucleotides (Jurkowska et al., 2011). DNMT3A and DNMT3B target promoters in complex with other epigenetic repressors, including HDACs and repressive HMTs such as EZH2 and G9a. Additionally, crosstalk exists between some site-specific transcription factors and DNMTs for example DNMT1, DNMT3A, and DNMT3B have been shown to interact with transcription factors such as E2F1, E2F6, and Atoh1 to facilitate or prevent DNA methylation at specific target genes (Robertson et al., 2000; Bossuyt et al., 2009; Velasco et al., 2010). Loss of all three DNMTs in ESCs does not affect their survival or stem cell molecular identity, but the ability to differentiate is completely inhibited (Jackson et al., 2004; Tsumura et al., 2006). ESCs lacking DNA methylation fail to up-regulate germ layer associated markers and are unable to efficiently silence pluripotency genes (Jackson et al., 2004). Typically the transcriptional network associated with pluripotency is rapidly silenced upon differentiation through both maintenance and de novo methylation, since embryonic programs must be resolved towards specific cell lineages.

5-mC was initially the only known DNA-specific epigenetic mark, then in 2009, 5-hydroxymethylcytosine (5-hmC) was discovered as another relatively abundant cytosine modification in mouse Purkinje neurons and ESCs (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). The ten-eleven translocation (TET) proteins mediate the oxidation of 5-mC to 5-hmC (Tahiliani et al., 2009; Wang et al., 2012), which is then further oxidized in a stepwise manner to 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC; He et al., 2011; Ito et al., 2011). An emerging finding is that 5-mC and 5-hmC are dynamically regulated both within and across cell types (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009; Szulwach et al., 2011; Shen and Zhang, 2013). Although 5-hmC may simply act as a DNA demethylation intermediate, studies have shown that 5-hmC not only impairs the binding of 5-mC binding proteins (Valinluck et al., 2004), but also has its own unique binding protein, MBD3, (Yildirim et al., 2011) and shows unique distribution patterns in the genome (Stroud et al., 2011; Szulwach et al., 2011). 5-hmC is enriched in gene dense euchromatic regions, and particularly at TSSs, promoters, and enhancers (Shen and Zhang, 2013). Additionally, 5-hmC is specifically enriched at gene promoters associated with bivalent domains marked with both the permissive mark H3K4me2/3 and the repressive mark H3K27me3, but is absent from heterochromatin marked by H3K9me3 (Shen and Zhang, 2013).

Recent genome-wide analysis of DNA methylation in human cells has identified a widespread distribution of 5-mC and, paradoxically, has shown hypermethylation in the gene bodies of actively transcribed genes (Figure 3; Lister et al., 2009; Stadler et al., 2011; Hon et al., 2013; Ziller et al., 2013) and hypomethylation was found at active enhancers (Lister et al., 2009; Stadler et al., 2011; Hon et al., 2013; Ziller et al., 2013). 5-hmC is also significantly enriched at distal cis-regulatory sequences, suggesting that dynamic DNA methylation at these regions is likely mediated by interplays between DNMT mediated methylation and TET mediated demethylation processes (Stroud et al., 2011; Szulwach et al., 2011; Yu et al., 2012). Together, these studies have underscored the diverse roles that DNA methylation has in gene regulation and the need for systematic mapping and characterization of DNA methylomes in different tissues and cell types during development and aging. Since proper maintenance of 5-mC and 5-hmC by DNMT and TET proteins has been shown to be critical for proper neurodevelopment and memory (Wang et al., 2012), aberrant alterations in DNA methylation are also correlated with diseases such as diabetes, schizophrenia, multiple sclerosis, cancer, and cellular senescence (Jurkowska et al., 2011).

CHROMATIN REMODELERS

At least three processes control the assembly and regulation of chromatin: histone modifications, DNA methylation, and ATP-dependent chromatin remodeling. ATP-dependent chromatin remodelers alter the physical state of chromatin by either sliding nucleosomes in relation to the DNA or exchanging nucleosomes into and out of DNA. Chromatin remodelers act as “readers” of the histone modifications to regulate chromatin structure and gene expression. Approximately 30 genes encode the ATP-dependent chromatin remodeling subunits in mammals. With few exceptions, the ATP-dependent chromatin remodeling proteins appear to be genetically non-redundant.

Mutations in ATP-dependent chromatin remodeling genes often have severe effects on the early embryo or give rise to maternal-effect phenotypes in which the phenotype of the embryo reflects the genotype of the mother. In many cases, the genes encoding the ATP-dependent chromatin remodeling proteins or their subunits are haploinsufficient, which indicates that their role in specific developmental processes is likely rate limiting. For instance, heterozygous mutation in the chromodomain helicase DNA binding protein 7 (CHD7) causes CHARGE syndrome, a multiple anomaly disorder that is a common cause of deaf-blindness in humans (Zentner et al., 2010), whereas duplication or overexpression of CHD7 is associated with multiple forms of cancer including colorectal cancer, pancreatic cancer, small-cell lung cancer, and gastric cancer (Pleasance et al., 2010; Kim et al., 2011; Colbert et al., 2014; Tahara et al., 2014). These data together suggest that many cell types may be highly sensitive to chromatin remodeler dosage during development and aging.

EPIGENETICS AND HEARING LOSS

Hereditary hearing loss or deafness has been associated with mutations in genes whose proteins regulate the chromatin state and include genes involved in DNA methylation, histone modification and chromatin remodeling (Table 1). Autosomal dominant cerebellar ataxia, deafness, and narcolepsy (ADCADN) and hereditary sensory neuropathy type IE (HSN1E) are both caused by heterozygous mutation in the DNMT1 gene (Sun et al., 2014). ADCADN is characterized by late onset (age 30–40 years) narcolepsy–cataplexy, sensorineural deafness, cerebellar ataxia, dementia, psychosis, optic atrophy, and other symptoms (Winkelmann et al., 2012). Narcolepsy and deafness are typically the first symptoms to appear followed by ataxia (Winkelmann et al., 2012). People with HSN1E develop hearing loss that is caused by abnormalities in the inner ear leading to sensorineural hearing loss (Wright and Dyck, 1995; Hojo et al., 1999; Klein et al., 2011). Hearing loss worsens over time and usually progresses to moderate or severe deafness between the ages of 20 and 35 (Wright and Dyck, 1995; Hojo et al., 1999; Klein et al., 2011). Mutations in DNMT1 typically cause bilateral hearing loss but unilateral hearing loss has also been reported (Melberg et al., 1995).

Table 1. Epigenetic factors associated with hearing loss in humans.
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Mutations in HMT have also been associated with hearing loss. Overgrowth disorders, Sotos syndrome and Weaver syndrome, are caused by heterozygous mutations in the HMT NSD1 (Sotos and Weaver syndromes) and EZH2 (Weaver syndrome) (Tatton-Brown and Rahman, 2013; Tatton-Brown et al., 2013). Sotos syndrome is frequently associated with conductive hearing loss while only a few cases of hearing loss have been reported for Weaver syndrome (Tatton-Brown et al., 2013). Although a large degree of phenotypic overlap exists between Sotos syndrome and Weaver syndrome, NSD1 and EZH2 regulate different methylation sites. NSD1 has been shown to preferentially dimethylate H3K36 and H4K20, the impact of dimethylation at either of these two lysine residues is not entirely clear at this time (Qiao et al., 2011). However, EZH2 has been well characterized as it functions as the catalytic subunit for the polycomb repressive complex 2 (PRC2) and is a critical regulator of H3K27me3.

Kleefstra syndrome is a developmental disorder characterized by intellectual disability, childhood hypotonia, distinctive facial features and sensorineural hearing loss (Kleefstra et al., 2005). Heterozygous mutation in euchromatic histone-lysine N-methyltransferase 1 (EHMT1) is causative for Kleefstra syndrome (Kleefstra et al., 2005). EHMT1 is part of the E2F6 complex which represses transcription via methylation of histone H3K9 (Tachibana et al., 2005).

Heterozygous mutation in lysine (K)-specific methyltransferase 2D (KMT2D, also known as MLL2/MLL4) is associated with Kabuki syndrome (Ng et al., 2010). Kabuki syndrome is characterized by distinctive facial features, mild to moderate mental impairment, microcephaly, hypertonia, skeletal abnormalities, heart abnormalities, and hearing loss (Ng et al., 2010). Hearing loss is a common finding in Kabuki syndrome and can be conductive, sensorineural or mixed (Barozzi et al., 2009). KMT2D is a histone methyltransferase that has been shown to mono- and dimethylate H3K4 (Lee et al., 2013). Approximately 6 percent of Kabuki syndrome cases are caused by heterozygous mutation in lysine (K)-specific demethylase 6A (KDM6A). KDM6A catalyzes the demethylation of H3K27me3. Although, KMT2D and KDM6A have different functions at different lysine residues, both ultimately act as transcriptional activators (Jiang et al., 2013; Lee et al., 2013).

Heterozygous mutations in lysine acetyltransferase 6B (KAT6B, also known as MYST4) are associated with both genitopatellar syndrome (GPS) and Say-Barber-Biesecker variant of Ohdo syndrome (Campeau et al., 2012a; Simpson et al., 2012). These KAT6B-related disorders have phenotypic overlap that includes significant global developmental delay/intellectual disability, hypotonia, cryptorchidism, patellar hypoplasia/agenesis, congenital heart defects, dental anomalies, hearing loss, and thyroid anomalies (Campeau et al., 2012a; Simpson et al., 2012). KAT6B is a HAT that also has transcriptional activation activity in the N-terminal end of the protein and transcriptional repression activity in the C-terminal end of the protein (Campeau et al., 2012b). Mutations leading to GPS occur in the proximal portion of the last exon and lead to the expression of a protein without a C-terminal domain, while mutations leading to Say-Barber-Biesecker variant of Ohdo syndrome occur either throughout the gene, leading to nonsense-mediated decay, or more distally in the last exon (Campeau et al., 2012b).

CHD7 has been more extensively characterized in regards to inner ear development than the epigenetic factors listed above. CHD7 haploinsufficiency causes CHARGE syndrome, the most consistent clinical feature associated with CHARGE is inner ear defects, including semicircular canal dysplasia that typically affects all three canals, and a Mondini form of cochlear hypoplasia (Layman et al., 2010; Zentner et al., 2010). Inner ear phenotypes observed in mouse models of CHARGE syndrome are similar to those reported in CHARGE patients and include semicircular canal defects, innervation defects, and vestibular dysfunction (Kiernan et al., 2002; Hawker et al., 2005; Adams et al., 2007; Hurd et al., 2007). Complete absence of CHD7 results in decreased expression of patterning and pro-neural genes including Otx2, Fgf10, Ngn1, NeuroD, Islet1, Rarb, and Rxrg genes leading to reduced proliferation of developing neuroblasts and inner ear malformations (Hurd et al., 2010; Micucci et al., 2014). Additionally, a recent report found that CHD7 deficiency triggers both p53 expression and activation (Van Nostrand et al., 2014). These data together provide a basis for understanding how CHD7 deficiency results in the profound yet variable phenotypes associated with CHARGE syndrome and potential targets for therapeutic development.

EPIGENETICS: DAMAGE AND PROTECTION

Auditory hair cells have repeatedly been shown to be susceptible to ototoxicity from a multitude of drugs including aminoglycoside antibiotics such as gentamicin, loop diuretics such as furosemide, platinum-based chemotherapy agents such as cisplatin, and a number of non-steroidal anti-inflammatory drugs (NSAIDS). Additionally, noise is one of the most common causes of hearing loss, and one of the most common occupational illnesses in the United States. The formation of reactive oxygen species (ROS) is the major cause that underlies the molecular pathology of hair cell death related to noise induced trauma as well as aminoglycoside antibiotic and cisplatin treatment (Cheng et al., 2005; Schacht et al., 2012). ROS production is associated with increased DNA damage and chromosomal degradation with alterations of both hypermethylation and hypomethylation of the DNA (Campos et al., 2007; Lim et al., 2008; Donkena et al., 2010; Ziech et al., 2010, 2011). Aminoglycoside antibiotics have also been shown to cause increased histone deacetylation in mammalian hair cells through recruitment of HDACs to the chromatin (Jiang et al., 2006; Chen et al., 2009).

HDAC inhibitors were originally used as anti-cancer agents and some are approved by the FDA for use in the treatment of specific types of cancer in humans. However, broad spectrum and HDAC-specific inhibitors are also known to have protective effects in a concentration dependent manner in inflammation, neurodegeneration, and oxidative stress models (Ryu et al., 2003; Liu et al., 2012a; Robert and Rassool, 2012). HDAC inhibitors are primarily thought to modulate chromatin condensation by regulating histone acetylation and thus affect gene expression. HDAC inhibitors have also been shown to affect the post-translational modification of some important intracellular non-histone proteins, such as heat shock protein 90 and Rel-A/p65 (Yu et al., 2002; Faraco et al., 2009). In the inner ear, HDAC inhibitors also have a protective effect on hair cells subjected to aminoglycosides in vitro (Chen et al., 2009) and cisplatin in vivo (Drottar et al., 2006). However, the precise mechanism underlying their protective effect in the inner ear remains unknown.

CELLULAR REPROGRAMMING AND HAIR CELL REGENERATION

Reprogramming cell fate through transcription factor(s) over-expression is a general and powerful approach for regenerative medicine (Cohen and Melton, 2011). However, direct reprogramming through ectopic expression of defined transcription factors is a slow and inefficient process that requires weeks, with most cells failing to reprogram (Huangfu et al., 2008; Mikkelsen et al., 2008). Additionally, the efficiency and yield of cellular reprogramming rapidly declines with increasing age and differentiation status of the donor cell (Hanna et al., 2010; Kim et al., 2010; Lister et al., 2011). A large reconfiguration of the chromatin structure, from DNA methylation to histone modifications and nucleosome remodeling, occurs during somatic cell reprogramming to a pluripotent state. These layers of epigenetic regulation are often used as repressive mechanisms in somatic cells to prevent unwanted gene expression from other lineages. How these epigenetic barriers to reprogramming are overcome is a key question, since the epigenetic memory of the somatic cell largely impacts its capacity for cellular reprogramming. Several lines of evidence support the notion that the process of reprogramming involves rare stochastic epigenetic events. Studies have shown that inhibitors of epigenetic events such as DNA methylation, histone deacetylation, and histone methylation are able to improve reprogramming efficiency (Huangfu et al., 2008; Mikkelsen et al., 2008; Hanna et al., 2010; Kim et al., 2010; Lister et al., 2011).

The epigenetic modifications made during inner ear development remain mostly unknown at this time. However, cofactors of repressive complexes such as NuRD and PRC2 have been reported to be present in the neonatal mouse organ of Corti. The NuRD cofactors including LSD1 are present throughout most of the organ of Corti from E18.5 until P4, then completely absent by P7, and are detectable again from P8 through P21 (Layman et al., 2013). The PRC2 enzymatic subunit, EZH2 is also highly present from E18.5 to P0 in the mouse organ of Corti, absent between P2 and P4, and is evident again throughout the organ of Corti by P6 and persists through P21 (Layman et al., 2013). The presence of these repressive complexes also correlates with transcriptional silencing of known target genes of LSD1 and EZH2 including genes required for proliferation (mTert) and cell fate specification (Atoh1), which is consistent with reports related to organ of Corti quiescence and maturation during neonatal development. Additionally, DNMT3A and DNMT3B are also reported to have a dramatic increase in expression after the first postnatal week in the mouse organ of Corti (Mutai et al., 2009; Layman et al., 2013). DNA methylation is one of the most common and irreversible epigenetic modifications that control gene expression. DNA methylation may repress genes encoding drug metabolizing enzymes, drug transporters, or even drug target genes, which may alter the pharmacokinetics and pharmacodynamics of drugs that may be ototoxic or drugs designed to facilitate hearing regeneration. A better understanding of how the genes in the inner ear are regulated epigenetically will allow researchers the ability to design therapeutic agents that may bypass or alter the chromatin state making it more amenable to cellular reprogramming.

Unlike mammalian hair cells, hair cells in the avian basilar papilla and utricle are rapidly regenerated after ototoxic injury (Corwin and Oberholtzer, 1997). New avian hair cells are generated from the epithelial supporting cells through renewed supporting cell proliferation and by direct cellular conversion from a supporting cell to a hair cell (Raphael, 1992; Weisleder and Rubel, 1993; Roberson et al., 2004). However, pharmacological inhibition of HDACs results in decreased proliferation of avian vestibular supporting cells, both in dissociated culture and in intact utricles (Slattery et al., 2009). The reduction in supporting cell proliferation causes a reduction in the number of regenerated hair cells but does not directly affect hair cell differentiation (Slattery et al., 2009). These data indicate that HDACs have a critical function in regulating gene expression in non-sensory epithelial cells responding to ototoxic insult during normal regenerative processes. Further analysis is needed to determine which genes are being regulated by HDACs and whether each specific gene is critical for the proliferative response in supporting cells. Naturally regenerating systems such as the avian basilar papilla and utricle provide much needed information about the regulatory networks that are required for hair cell regeneration. Ideally, a comparison of the DNA methylome and histone modifications between the naturally regenerating system and the mammalian system following ototoxic insult would provide vital information about the types of epigenetic events that must occur to achieve complete mammalian hair cell regeneration.

The cell type specific distribution of histone modifications, DNA methylation, and chromatin remodeling events needs to be characterized during inner ear development from a multipotent progenitor cell to a terminally differentiated cell. The mammalian inner ear offers unique challenges for evaluating the epigenome given the limited number of cells across a diversity of cell types. Transcriptomic analysis of the mammalian inner ear during development by microarray or RNA-seq may provide a starting point for analyzing epigenetic modifications that may regulate the expression of specific target genes and microRNAs (Elkan-Miller et al., 2011; Smeti et al., 2012; Rudnicki et al., 2014). Emerging evidence has shown that more than one hundred microRNAs are regulated by epigenetic mechanisms, and about 50% of them are modulated by DNA methylation (Saito et al., 2006; Kunej et al., 2011; Suzuki et al., 2011). Additionally, a subgroup of microRNAs has been shown to directly target the enzymatic effectors of epigenetic modifications, which adds more complexity to the epigenetic regulatory network (Garzon et al., 2009; Iorio et al., 2010).

CONCLUSIONS

Given that epigenetics is a cornerstone of development and cellular reprogramming, it seems likely that understanding and manipulating the epigenome holds enormous promise for preventing and treating hearing loss in humans. Epigenetics also offers an important window to understanding how ototoxic compounds and noise affect gene regulatory networks and how these epigenetic modifications may be manipulated and overcome utilizing epigenetic therapeutics. Understanding epigenetic mechanisms has become a major focus for research in most biological systems. The field of hearing research could greatly benefit from the vast amounts of information that can be garnered from epigenetic work in other biological systems to gain a better understanding of the complex gene regulatory networks being regulated in the inner ear.
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The sensory organs of the inner ear possess resident populations of macrophages, but the function of those cells is poorly understood. In many tissues, macrophages participate in the removal of cellular debris after injury and can also promote tissue repair. The present study examined injury-evoked macrophage activity in the mouse utricle. Experiments used transgenic mice in which the gene for the human diphtheria toxin receptor (huDTR) was inserted under regulation of the Pou4f3 promoter. Hair cells in such mice can be selectively lesioned by systemic treatment with diphtheria toxin (DT). In order to visualize macrophages, Pou4f3–huDTR mice were crossed with a second transgenic line, in which one or both copies of the gene for the fractalkine receptor CX3CR1 were replaced with a gene for GFP. Such mice expressed GFP in all macrophages, and mice that were CX3CR1GFP/GFP lacked the necessary receptor for fractalkine signaling. Treatment with DT resulted in the death of ∼70% of utricular hair cells within 7 days, which was accompanied by increased numbers of macrophages within the utricular sensory epithelium. Many of these macrophages appeared to be actively engulfing hair cell debris, indicating that macrophages participate in the process of ‘corpse removal’ in the mammalian vestibular organs. However, we observed no apparent differences in injury-evoked macrophage numbers in the utricles of CX3CR1+/GFP mice vs. CX3CR1GFP/GFP mice, suggesting that fractalkine signaling is not necessary for macrophage recruitment in these sensory organs. Finally, we found that repair of sensory epithelia at short times after DT-induced hair cell lesions was mediated by relatively thin cables of F-actin. After 56 days recovery, however, all cell-cell junctions were characterized by very thick actin cables.
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Introduction

Hair cells are the sensory receptors of the inner ear. They detect sound vibrations and head movements, yielding information that is transmitted to the brain by auditory and vestibular afferent neurons. Within the various sensory epithelia of the ear, hair cells are completely surrounded by so-called supporting cells, which provide structural and trophic support to both hair cells and afferent neurons. Hair cells can be injured or lost as a result of noise exposure, ototoxicity, or as consequence of normal aging. The loss of hair cells can create cellular breaches within the sensory epithelia of the ear, leading to mixing of the inner ear fluids, and disruption of ionic homeostasis. As such, it is critical that such lesions are quickly repaired, and prior studies have shown that the loss of hair cells triggers adjoining supporting cells to undergo a coordinated and active cellular program, leading to removal of hair cell debris, and reformation of cell-cell junctions at the lumenal surface (e.g., Raphael and Altschuler, 1991; Meiteles and Raphael, 1994; Hordichok and Steyger, 2007; Bird et al., 2010; Anttonen et al., 2014).

Although most tissues and organ systems possess intrinsic cellular repair mechanisms, response to injury can also involve resident and recruited macrophages. These cells respond to injury by removing the debris of dead cells and can also secrete growth factors that evoke cell division and/or migration (Stefater et al., 2011). Prior studies have shown that the inner ear contains resident populations of macrophages and that hair cell injury leads to macrophage activation and recruitment (Warchol, 1997; Hirose et al., 2005; Warchol et al., 2012). However, the precise role of macrophages in the injured ear remains unknown. In the present study, we used novel transgenic mouse models to study the behavior of inner ear macrophages after selective ablation of vestibular hair cells. Our data indicate that the mouse utricle contains a resident population of macrophages, which are mainly confined to the stromal tissue below the sensory epithelium. Hair cell injury causes macrophages to enter the sensory epithelium, and some of those recruited cells appear to phagocytose hair cell debris. The signal(s) that promote macrophage recruitment are not known, but our data further suggest that signaling via fractalkine (CX3CL1/CX3CR1) is not required for macrophage entry into the injured vestibular epithelium. Notably, we also observed filamentous actin ‘basket’ structures within the injured epithelia, similar to those that have been shown to engulf hair cell debris in the avian utricle (Bird et al., 2010). Together, these results suggest that macrophages play an active role in the removal of dying hair cells, but that supporting cells may also contribute to this process.

Materials and Methods

Animals

All experimental protocols involving animals were approved by the Animal Studies Committee of the Washington University School of Medicine. Both of the transgenic mouse lines used in these studies have been described in previous publications. The Pou4f3–huDTR mouse line was generated by insertion of the gene for the human form of the diphtheria toxin receptor (huDTR, also known as HB-EGF) under regulation of the promoter for the Pou4f3 transcription factor. This factor, which is also known as Brn3.1 and Brn3c, is expressed only in developing and mature hair cells (Erkman et al., 1996; Xiang et al., 1997). As such, these mice express huDTR in hair cells and systemic administration of diphtheria toxin (DT) results in the selective death of hair cells in both the cochlea and vestibular organs (Tong et al., 2011, 2015; Golub et al., 2012; Mahrt et al., 2013; Cox et al., 2014).

C57BL6/J mice that were heterozygous for the Pou4f3–huDTR transgene were crossed with a second transgenic line in which one or both alleles of the gene for the fractalkine receptor (CX3CR1) was replaced with cDNA for GFP (provided by Dan Littmann, New York University, NY, USA). These mice express GFP in macrophages, monocytes, microglia, NK cells, and some T cells (Jung et al., 2000). In addition, CX3CR1GFP/+ mice retain one copy of the gene for the fractalkine receptor and respond normally to the fractalkine ligand, while mice that are CX3CR1GFP/GFP lack this receptor and are not responsive to fractalkine. Experimental mice were either CX3CR1+/GFP:Pou4f3DTR/+ or CX3CR1GFP/GFP:Pou4f3DTR/+, while control mice lacked the Pou4f3–huDTR transgene but were heterozygous or homozygous for CX3CR1-GFP (CX3CR1+/GFP:Pou4f3+/+ or CX3CR1GFP:Pou4f3+/+). Mice were housed in the animal facilities of the Division for Comparative Medicine at Washington University. They were kept on a 12 hr/day night light cycle and had free access to food and water.

Creation of Hair Cell Lesions

Adult mice (6–8 weeks) of either sex received a single intramuscular (i.m.) injection of (DT, 25ng/gm, Sigma-Aldrich). Mice then received daily intraperitoneal injections of lactated Ringer’s solution (0.5 ml, for 3–6 days), and mouse food was supplemented with high-calorie gel (Tomlyn from Nutri-Cal). Mice were allowed to recover for 7, 14, or 56 days, at which time they were deeply anesthetized with Somnasol (0.1 ml/20 gm), and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (Electron Microscopy Sciences). Temporal bones were isolated and decalcified by treatment for 48–72 h in 0.1 M EDTA (at 4°C).

Histological Methods

Utricles were dissected from the decalcified temporal bones and rinsed in PBS. Non-specific antibody binding was reduced by treatment for 2 hr in PBS with 5% normal horse serum (NHS) and 0.2% Triton X-100. Specimens were incubated overnight at room temperature in primary antibodies. Hair cells were labeled with antibody against Myosin VI (goat polyclonal, Santa Cruz Biotechnology, 1:100) or otoferlin (mouse monoclonal, Abcam, 1:200). Intensity of macrophage-expressed GFP was amplified via labeling with an antibody against GFP (rabbit, Invitrogen, 1:500). After labeling with primary antibodies, specimens were thoroughly rinsed in PBS and incubated for 2 hr in secondaries (Alexa 546-anti-mouse or Alexa 546 anti-goat, and Alexa 488 anti-rabbit – Invitrogen). All specimens were also stained with Alexa-647 conjugated phalloidin (Invitrogen) and cell nuclei were labeled with DAPI. After labeling, specimens were mounted on microscope slides in glycerol/PBS (9:1), and coverslipped.

Cellular Imaging and Analysis

All specimens were imaged using a Zeiss LSM 700 confocal microscope. Volocity 3D image analysis software (Version 6.1.1, PerkinElmer) was used to reconstruct and process the images. Quantitative data were collected directly from these images and are presented as mean ± SD. Statistical tests were carried-out using Microsoft Excel software.

Results

Hair Cell Loss Following Diphtheria Toxin Treatment

All mice received a single 25 ng/gm injection of DT and were allowed to survive for 7, 14, or 56 days. Utricles of mice that possessed the Pou4f3–huDTR transgene displayed a significant hair cell lesion at 7 days after the DT injection (Figure 1). Hair cell loss was assessed by quantification of cells that displayed myosin VI or otoferlin immunoreactivity and also possessed phalloidin-labeled stereocilia bundles (Figure 1). Such cells were counted from six 50 μm × 50 μm regions, located in the central portion of the sensory epithelium, and the resulting values were normalized to hair cells/10,000 μm2. Utricles from Pou4f3–huDTR mice contained 46.0 ±_12.8 HC/10,000 μm2 (n = 7 utricles). In contrast, utricles from non-transgenic control mice (C57/Bl6 strain) appeared unaffected by DT treatment and contained 224.8 ± 16.0 hair cells/10,000 μm2 (n = 6 utricles). Finally, utricles from Pou4f3–huDTR mice fixed at 14 days after DT injection contained 29.6 ± 10.4 hair cells/10,000 μm2 (n = 7 utricles). These data indicate that a single injection of DT causes the death of ∼85% of the hair cell population of the utricle within 14 days.


[image: image]

FIGURE 1. Systemic treatment with diphtheria toxin (DT) lesions hair cells in the utricles of Pou4f3–huDTR (human form of the diphtheria toxin receptor) transgenic mice. Knock-in mice in which one copy of the gene for Pou4f3 was replaced with the gene for huDTR received a single 25 ng/gm injection of DT. After 7 days, mice were perfused and utricles were immunolabeled for myosin VI (red, hair cells) and also stained with phalloidin (green). A partial loss of hair cells was observed in the utricles of Pou4f3–huDTR mice (A), when compared with littermates that did not possess the Pou4f3–huDTR transgene, but were also treated with DT (B). Scale bar = 20 μm.



Remodeling of Epithelial Junctions Following Hair Cell Injury

The sensory epithelia of the inner ear form barriers between two fluid spaces of highly differing ionic composition (endolymph and perilymph). Repair of this epithelial barrier after injury or hair cell loss is critical to the maintenance of these fluids. Injury to the vestibular epithelia of non-mammals leads to rapid reformation of cell-cell junctions by surviving supporting cells (e.g., Hordichok and Steyger, 2007; Bird et al., 2010). However, cellular junctions in the vestibular maculae of mammals are supported by thick bundles of filamentous actin (e.g., Burns et al., 2008), which may limit their ability to quickly reseal cellular lesions. In order to explore this issue, we examined the structure of actin cables at the lumenal surfaces of utricles after DT-induced hair cell loss. Specimens that were fixed at 7 days post-DT contained numerous thin actin bundles (Figure 2, arrows). Many of these were in the form of three radially directed thin actin bands (Figure 2, arrowhead). Such formations were previously described by Burns and Corwin (2014) and are likely to reflect epithelial repair after the loss of a single hair cell. However, we also noted more complex structures, which were comprised of thin actin bands that extended for several cell widths (arrow head, Figure 2B). These structures may have been created after the loss of 2–3 adjoining hair cells. Notably, at 56 days post-DT, the sensory epithelia appeared uniform and cell–cell junctions were characterized by very thick actin bundles (Figure 2C).
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FIGURE 2. Changes in the structure of actin bundles at cell–cell junctions following DT-mediated hair cell loss. All specimens were stained with phalloidin (red), which labels filamentous actin. (A) Junctions in undamaged utricles of control mice were comprised of thick actin bundles. Numerous stereocilia bundles were also apparent. (B) At 7 days after DT-induced hair cell injury, the epithelia contained many thin actin fibers, which are likely to be loci of epithelial repair after hair cell loss. Structures of thinner actin usually occupied a single cell-width (arrows), but some structures appeared to extend for several cell widths (arrow head). (C) Sensory epithelia of utricles examined at 56 days recovery from hair cell lesions contained very thick actin cables, suggesting nearly complete repair of the lumen. Scale bar = 10 μm.



Hair Cell Loss Attracts Macrophages into the Sensory Epithelium

Prior studies have shown that the auditory organs of both birds and mammals contain resident populations of macrophages (e.g., Warchol, 1997; Hirose et al., 2005; Warchol et al., 2012), and macrophages are also present in the vestibular organs of mice (Zhang et al., 2013). Examination of undamaged utricles from CX3CR1GFP/+ or CX3CR1GFP/GFP mice revealed numerous macrophages, which were mainly confined to the stromal tissue that underlies the sensory epithelium (Figure 3). In order to determine whether macrophages were recruited toward sites of hair cell injury, we quantified GFP-positive macrophages in the sensory epithelium of utricles from both normal and DT-lesioned animals. Confocal image stacks were obtained from whole-mount utricle specimens, and the numbers of macrophages within the sensory epithelium (i.e., within the same image planes as the DAPI-stained nuclei of hair cells and supporting cells) was quantified from a single field of 300 μm × 300 μm, located in the center of the utricle (Figure 4A). Resulting density data were then normalized to macrophages/100,000 μm2. At 7 days after DT treatment, utricles from Pou4f3–huDTR–CX3CR1GFP/+ mice contained 6.5 ± 3.2 GFP-labeled macrophages/100,000 μm2 (n = 8), while utricles from DT-treated CX3CR1GFP/+ mice that lacked the Pou4f3–huDTR transgene contained 1.0 ± 0.7 macrophages/100,000 μm2 (n = 8, p < 0.001; Figures 4B,C). These findings indicate that the loss of hair cells leads to the recruitment of macrophages into the sensory epithelium. However, further quantification of epithelial macrophage numbers suggests that this increase is transitory. Specifically, at 14 days post-DT, utricles from Pou4f3–huDTR mice contained 1.9 ± 1.1 macrophages/100,000 μm2 (n = 7 total: 2 CX3CR1GFP/+ and 5 CX3CR1GFP/GFP), while utricles from littermate mice that lacked the Pou4f3–huDTR transgene contained 1.4 ± 0.6 macrophages/100,000 μm2 (n = 4 total: 1 CX3CR1GFP/+ and 3 CX3CR1GFP/GFP).


[image: image]

FIGURE 3. Normal utricles contain resident populations of macrophages, which are primarily confined to the stromal tissue below the sensory epithelium. (A) Maximum intensity projection of a confocal stack collected from the central region of a histologically processed mouse utricle, to a depth of 20 μm. (B) Computationally reconstructed ‘z-slice,’ showing a slide view of the same image. Cell-cell junctions are labeled with phalloidin (red) and cell nuclei are stained with DAPI (blue). In addition, GFP-expressing macrophages (green) appear distributed throughout the specimen. However, examination of z-slice images reveals that nearly all macrophages reside in the stromal tissue, below the sensory epithelium (arrows). Scale bar = 30 μm.
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FIGURE 4. Hair cell lesion increases the numbers of macrophages in the sensory epithelia of mouse utricles. (A) Confocal image stacks were obtained from 300 μm × 300 μm regions in the central portion of mouse utricles. (B) Examination of the DAPI-labeled nuclei of hair cells and supporting cells (blue) was used to determine the vertical extent of the sensory epithelium and the total number of GFP-labeled macrophages (green) within the sensory region was quantified. (C) Quantitative data revealed that injection of DT into Pou4f3–huDTR mice resulted in increased numbers of macrophages within the sensory epithelium, compared to normal C57/Bl6 mice that also received DT (*p < 0.001). However, the numbers of macrophages in the sensory epithelia of DT-treated Pou4f3–huDTR–CX3CR1GFP/+ mice was nearly identical to that observed in the sensory epithelia of Pou4f3–huDTR–CX3CR1GFP/GFP mice.



Genetic Deletion of CX3CR1 does Not Affect the Population of Utricular Macrophages

Macrophage recruitment to sites of tissue injury is mediated by a number of biological signals (Poon et al., 2014). One key modulator of macrophage recruitment and behavior is fractalkine (CX3CL1), a chemokine that is released by numerous cell phenotypes. Fractalkine interacts exclusively with the CX3CR1 receptor, which is expressed by macrophages, monocytes, and microglia (e.g., Ransohoff, 2009). Given the function of fractalkine signaling in other tissues, it was possible that disruption of fractalkine signaling (via deletion of the CX3CR1 receptor in CX3CR1GFP/GFP mice) might affect the recruitment of macrophages into the sensory epithelium after hair cell injury. To resolve this issue, we compared the numbers of macrophages in utricles from Pou4f3–huDTR–CX3CR1GFP/+ (as reported above) with those observed at 7 days post-DT in utricles Pou4f3–huDTR–CX3CR1GFP/GFP mice (n = 5). Nearly identical macrophage numbers were observed in both genotypes (Figure 4C), suggesting that fractalkine signaling does not serve a critical role in the injury-evoked recruitment of macrophages into the utricular sensory epithelium.

Macrophages Within the Sensory Epithelium Phagocytose Hair Cell Debris

Removal of cellular debris after injury is essential for epithelial repair. In many epithelia, such debris clearance is mediated by a combination of nearby epithelial cells (‘amateur phagocytes’) and resident and/or recruited macrophages (‘professional phagocytes’). Prior studies have shown that macrophages are mobilized after hair cell injury, but it was not clear whether those cells actually engulfed hair cell debris. In the present study, confocal imaging of utricles from Pou4f3–huDTR–CX3CR1GFP/+ mice revealed numerous examples of GFP-labeled macrophages contacting labeled hair cells (Figure 5). Moreover, the incorporation of myosin VI and/or otoferlin-labeled material (i.e., hair cell constituents) into the GFP-labeled bodies of macrophages suggests that hair cell debris was being actively phagocytosed (Figure 6). This phenomenon was only observed in utricles from mice that possessed the huDTR transgene. In contrast, no phagocytic macrophages were observed in utricles taken from DT-treated wild-type (WT) mice.
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FIGURE 5. Examples of GFP-expressing macrophages in the sensory epithelia of lesioned utricles. Processes of macrophages (green) frequently appeared to contact (arrows) immunolabeled hair cells (red, otoferlin), suggesting that apoptotic hair cells may attract macrophage pseudopodia. Scale bar = 20 μm.
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FIGURE 6. Macrophage engulfment of hair cell debris. Confocal images of labeled hair cells and macrophages often revealed hair cells that were apparently enclosed within the processes of macrophages (arrows). (A–C) Three different renderings of the same confocal stack, showing an otoferlin-labeled hair cell (red) being engulfed by a calyx-like phagocytic process of a GFP-expressing macrophage (green). (A): Maximum intensity projection. (B) 3-D rendering of same image stack, showing the macrophage surrounding the hair cell. (C) z-plane slice from the image stack, centered on the engulfed hair cell, which is enclosed by the macrophage process (green). Cell nuclei are also visible (DAPI, blue). (D–F) Three dimensional renderings of images showing the engulfment of hair cell debris (red) by GFP-expressing macrophages (green). In all cases, phagocytic events are indicated by arrows. All scale bars represent 10 μm.



Supporting Cells Form Actin Baskets Within the Sensory Epithelium

The sensory organs of the inner ear use a variety of strategies for the clearance of apoptotic hair cells. For example, dying hair cells in the chicken cochlea are extruded through the lumenal surface of the sensory epithelium (Cotanche and Dopyera, 1990; Duckert and Rubel, 1990; Janas et al., 1995; Hirose et al., 2004; Warchol et al., 2012), while outer hair cells in the mouse cochlea are engulfed by nearby Deiters cells (Anttonen et al., 2014), and apoptotic hair cells in the maculae of mammals are removed by a combination of these mechanisms (e.g., Li et al., 1995). Time-lapse imaging studies of the chick utricle have demonstrated that hair cell death triggers nearby supporting cells to form basket-shaped actin structures, which phagocytose the remnants of dying hair cells (Bird et al., 2010). Formation of similar structures has been observed in the vestibular organs of mice (e.g., Ball et al., 2013; Furrer et al., 2014; Monzack et al., 2015). In the present study, we frequently observed actin ‘baskets,’ which labeled strongly with phalloidin and were confined to the lower strata of the utricular sensory epithelia. These putative phagosomes were easily distinguished from phagocytic processes of macrophages, which expressed GFP but did not contain significant levels of F-actin (Figure 7).
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FIGURE 7. Macrophages and actin basket phagosomes are simultaneously present in the injured mouse utricle. Calix-shaped phagocytic processes of GFP-expressing macrophages were observed in all lesioned sensory epithelia (arrows). Phalloidin staining (blue) also revealed F-actin phagosomes in these same epithelia (arrow heads). These basket-shaped structures could be distinguished from macrophages by their strong phalloidin labeling (blue). (A) Maximum intensity projection of full confocal stack. (B) Single z-section through this stack, showing a cross section through macrophage processes (green) and an F-actin phagosome (blue). Scale bar = 20 μm.



Discussion

Hair cells can be lost from the inner ear after noise exposure, ototoxic injury, or as a consequence of normal aging. Because maintenance of the epithelial barrier is critical for separation of perilymph and endolymph, it is essential that the remaining cells quickly reseal the injured epithelium and remove cellular debris. These repair processes rely primarily on supporting cells, and appear to be mediated by different cellular mechanisms in the various hair cell epithelia of vertebrates. Specifically, supporting cells can undergo active and coordinated morphological changes, so as to extrude hair cell debris from the lumenal surface of the epithelium or to engulf such debris within the epithelium. Although macrophages are known to be present in the sensory organs of the inner ear, their role in epithelial repair and debris clearance is poorly understood. The present study characterized the behavior of macrophages in the mouse utricle in response to selective ablation of sensory hair cells. We found that the undamaged utricle possessed numerous resident macrophages, but that those cells resided in the stromal tissue below the sensory epithelium. However, hair cell death caused macrophages to enter the sensory epithelium, where they were observed to engulf hair cell debris.

Epithelial Repair and Actin Remodeling after Hair Cell Lesions

Supporting cells in the vestibular organs of mammals possess thick circumferential bundles of filamentous (F-) actin (e.g., Burns et al., 2008). In the utricles of mice, these structures develop during the first post-natal month and their formation correlates with diminished ability for cell spreading, proliferation, and plasticity (Collado et al., 2011). It is notable that these thick actin structures are unique to the vestibular organs of mammals; cell–cell junctions in the maculae of fish, amphibians, reptiles, and birds all possess much thinner actin belts (Burns et al., 2013). The vestibular organs of non-mammalian vertebrates are also capable of quickly regenerating lost hair cells, while the regenerative abilities of the mammalian vestibular organs are much more limited (e.g., Warchol, 2011). Based on these observations, it has been hypothesized that the thick actin bands of the mammalian ear may be an important inhibitor of its regenerative ability (e.g., Burns et al., 2008, 2013). In light of this suggestion, it is notable that we found that the initial phases of epithelial repair in the mouse utricle appear mediated by much thinner actin bands at cell–cell junctions. Similar structures were reported by Burns and Corwin (2014), who used time-lapse imaging of the mouse utricle to characterize the early cellular events that occur after hair cell loss. The Pou4f3–huDTR mouse strain permits characterization of this process in vivo and over longer time spans. Our data suggest that the thin actin bands are only present at early times after hair cell loss; cell–cell junctions at later recovery times display much thicker actin structures (e.g., Figure 2C). We speculate that the (transient) presence of thin actin cables in the injured epithelium may correspond to a period of partial plasticity of supporting cell phenotype, i.e., a time during which those supporting cells with thin actin cables may be able to change their identity into new hair cells. Partial regeneration via phenotypic change has been demonstrated in the vestibular organs of guinea pigs and mice (Forge et al., 1998; Lin et al., 2011).

Resident Macrophages in the Mouse Utricle

Our results confirm that the mouse utricle possesses a resident population of macrophages. In the uninjured utricle, resident macrophages appear to be confined to the stromal tissues below the sensory epithelium. Previous studies have suggested that many of these stromal macrophages are associated with small vessels or capillaries (Zhang et al., 2013). Although the functions of stromal macrophages are not known, the stromal is comprized of numerous cell phenotypes, many of which have been shown to interact with macrophages. For example, macrophages are known to release mitogens that stimulate proliferation of numerous cell types and they also participate in remodeling of the extracellular matrix (e.g., Chazaud, 2014). As such, it is likely that macrophages serve a number of distinct roles in the maintenance of inner ear stromal tissues. The notion is supported by the results of Warchol et al. (2012), who found that experimental depletion of macrophages from the avian cochlea resulted in reduced proliferation of the cells that reside immediately below the basilar membrane.

Macrophages Phagocytose Hair Cell Debris

Prior studies have shown that macrophages are present either within or near the auditory and vestibular organs of birds and mammals (Warchol, 1997; Bhave et al., 1998; Hirose et al., 2005), but the precise function of otic macrophages has been enigmatic. In many tissues, resident macrophages quickly remove the ‘corpses’ of apoptotic cells, in order to maintain tissue integrity, and prevent inflammation (Stefater et al., 2011). Although it is reasonable to assume that otic macrophages serve a similar role, previous studies have failed to provide direct evidence for macrophage-mediated phagocytosis of dying hair cells. Moreover, experimental depletion of macrophages from the avian basilar papilla (cochlea) did not affect the removal of hair cell debris from the sensory epithelium (Warchol et al., 2012). Previously, the only clear demonstration of phagocytosis of dead hair cells by recruited macrophages has come from time-lapse imaging studies of hair cell regeneration in lateral line neuromasts of axolotl salamanders (Jones and Corwin, 1996). The present study unequivocally shows that identified (i.e., CX3CR1-GFP) macrophages can engulf the remains of dead hair cells. It is notable, however, that we also observed the presence of F-actin phagosomes within the lesioned utricle. Similar basket-like structures have been shown to engulf hair cell debris following ototoxic injury in the avian utricle (Bird et al., 2010) and in the mouse utricle (Monzack et al., 2015). Although a complete study of theses structures is beyond the scope of the present study, our findings suggest that hair cell debris may be removed from the mammalian vestibular organs via (at least) two distinct cellular mechanisms.

Role of Fractalkine in the Regulation of Vestibular Macrophages

Finally, our use of knock-in CX3CR1-GFP transgenic mice allowed us to evaluate the role of fractalkine signaling in regulating macrophage activity within the vestibular organs. Fractalkine (also known as CX3CL1) is a chemokine that plays a variety of roles in the regulation of immune cells and in the interaction between the innate immune system and the nervous system (e.g., Ransohoff, 2009). Fractalkine is expressed on cells as a membrane-bound protein. Under certain circumstances, fractalkine can be proteolytically cleaved near the extracellular membrane surface, releasing a diffusible fragment that can function as a macrophage chemoattractant (e.g., Ishida et al., 2008). Following DT-mediated hair cell lesions, we found that macrophage entry into the utricular sensory epithelium was nearly identical in mice with intact fractalkine signaling (CX3CR1GFP/+) vs. those that lacked the fractalkine receptor (CX3CR1GFP/GFP). Because of inter-specimen variability, it was not possible to quantify and compare the total numbers of macrophages within the stromal tissue of CX3CR1GFP/+ and CX3CR1GFP/GFP mice. However, visual inspection of those specimens did not reveal any qualitative differences in macrophages between those two genotypes. Notably, a prior study has shown that genetic deletion of CX3CR1 leads to increased macrophage numbers in the ototoxically injured cochlea (Sato et al., 2010). Given these findings, we believe that the present data should be interpreted with caution. Specifically, our data suggest that lack of fractalkine signaling does not impede macrophages from entering the utricular sensory epithelium after selective hair cell injury. We speculate instead that other diffusible molecules that are released from dying hair cells and/or their adjoining supporting cells (e.g., ATP – Gale et al., 2004; Lahne and Gale, 2008) may attract macrophages to sites of hair cell injury. Future experiments will be necessary to resolve this issue.
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Hair cell damage recruited Lgr5-expressing cells are hair cell progenitors in neonatal mouse utricle

Jinchao Lin*, Xiaodong Zhang, Fengfang Wu and Weinian Lin


Department of Otolaryngology-Head and Neck Surgery, Quanzhou First Hospital Affiliated to Fujian Medical University, Quanzhou, Fujian, China

* Correspondence: Jinchao Lin, Department of Otolaryngology-Head and Neck Surgery, Quanzhou First Hospital Affiliated to Fujian Medical University, 250 Dong Street, Quanzhou 362000, Fujian, China jclin1234@163.com



Edited by:
Allison B. Coffin, Washington State University, USA

Reviewed by:
Byron Haney Hartman, Stanford University, USA
Mingliang Tang, Chinese Academy of Sciences, China

Damage-activated stem/progenitor cells play important roles in regenerating lost cells and in tissue repair. Previous studies reported that the mouse utricle has limited hair cell regeneration ability after hair cell ablation. However, the potential progenitor cell population regenerating new hair cells remains undiscovered. In this study, we first found that Lgr5, a Wnt target gene that is not usually expressed in the neonatal mouse utricle, can be activated by 24 h neomycin treatment in a sub-population of supporting cells in the striolar region of the neonatal mouse utricle. Lineage tracing demonstrated that these Lgr5-positive supporting cells could regenerate new hair cells in explant culture. We isolated the damage-activated Lgr5-positive cells with flow cytometry and found that these Lgr5-positive supporting cells could regenerate hair cells in vitro, and self-renew to form spheres, which maintained the capacity to differentiate into hair cells over seven generations of passages. Our results suggest that damage-activated Lgr5-positive supporting cells act as hair cell progenitors in the neonatal mouse utricle, which may help to uncover a potential route to regenerate hair cell in mammals.
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Introduction

Hair cells are the mechanosensory cells in the inner ear that are responsible for hearing, balance, and body orientation. The utricle, which is a vestibular organ, requires these mechanosensory hair cells to detect linear acceleration. The mammalian cochlea also requires these sensory hair cells to detect auditory information. Previous studies showed that in birds, both the basilar papilla and the utricle have the ability to regenerate lost hair cells (Corwin and Cotanche, 1988; Jørgensen and Mathiesen, 1988; Ryals and Rubel, 1988; Roberson et al., 1992; Weisleder and Rubel, 1993). However, the mature mammalian cochlea lacks the ability to regenerate new hair cells, and only the neonatal mammalian cochlea has a very limited capacity to self-renew hair cells (Chai et al., 2012; Shi et al., 2012, 2013; Cox et al., 2014). In contrast, the mature mammalian utricle has the ability to replace a portion of lost hair cells through regeneration. Recently, multiple studies reported that spontaneous hair cell regeneration occurs in the mouse utricle after hair cell damage and that hair cell numbers continue to increase after birth (Forge et al., 1993; Warchol et al., 1993; Rubel et al., 1995; Lambert et al., 1997; Oesterle et al., 2003; Kawamoto et al., 2009; Lin et al., 2011; Burns et al., 2012a; Golub et al., 2012). Utricle supporting cells have been demonstrated as a reliable source to regenerate hair cells via both direct differentiation and mitotic division (Lin et al., 2011; Burns et al., 2012a,b; Golub et al., 2012). However, identity of the sub-population of supporting cells contributing to the newly regenerated hair cells remains unclear. In the mouse utricle, the striolar region mainly contains the type I hair cells and the extra-striolar region mainly contains the type II hair cells (Dechesne and Thomasset, 1988; Dechesne et al., 1988; Desai et al., 2005), however, the difference of the supporting cells in these two regions remains largely unknown.

In rapid proliferating tissues like the integumentary and intestinal systems, adult stem cells are capable of self-renewing. Following tissue injury, these endogenous stem cells are activated to initiate the self-repair system and to regenerate lost cells (Tumbar et al., 2004; Barker et al., 2007; Jaks et al., 2008; Lim et al., 2013). In organs with low levels of proliferation, such as the liver and pancreas, there are no adult stem cells in the absence of tissue damage. However upon tissue injury, the damage recruited Lgr5-positive stem cells are activated to regenerate the lost cells (Huch et al., 2013a,b). Similar to the liver and pancreas, the utricle is also an organ with little proliferation and limited regeneration ability after damage. Previous studies have reported that after damage, the spontaneously regenerated hair cells come from supporting cells (Li et al., 2003; Oshima et al., 2007; Lin et al., 2011; Burns et al., 2012a; Golub et al., 2012), however, the source of the progenitor cell population responsible for regenerating hair cells in the mammalian utricle has not been identified.

Previous studies reported that Wnt signaling plays important roles in tissue repair (Logan and Nusse, 2004). Lgr5 is a Wnt downstream target gene that acts as a stem cell marker in rapidly proliferating organs, such as integumentary tissue and intestine (Barker et al., 2007; Jaks et al., 2008), as well as in organs with little proliferation, such as the liver and pancreas, (Huch et al., 2013a,b). In the cochlea, recent studies showed that Lgr5 is expressed in a subpopulation of supporting cells, including the third Deiters’ cells, inner pillar cells, inner phalangeal cells and greater epithelial ridge (GER) cells. Lgr5-expressing cells in the cochlea can regenerate hair cells both in vivo and in vitro, thus acting as a hair cell progenitor in the mouse cochlea (Chai et al., 2011, 2012; Shi et al., 2012, 2013; Bramhall et al., 2014). In neonatal cochlea, these Lgr5-expressing progenitor cells also have the ability to regenerate new hair cells via either direct differentiation or mitotic division after hair cell loss (Cox et al., 2014). However, the roles of Lgr5 and Lgr5-expressing cells after damage in the utricle remain unknown.

In this study, we report the activation of Lgr5 expression in a subset of supporting cells in the striolar region of neonatal utricle after neomycin induced hair cell loss, and use linage tracing to demonstrate that these Lgr5-positive cells can regenerate new hair cells. Furthermore, we found that when isolated by flow cytometry, these Lgr5-positive cells could regenerate hair cells in vitro, and self-renew to form spheres. Together, we concluded that the damage activated Lgr5-expressing cells are hair cell progenitors in the neonatal mouse utricle.

Materials and Methods

Animals

We used Lgr5-EGFP-CreERT2 (Jackson Laboratory, Stock 008875) mice to detect Lgr5 expression, and Lgr5-EGFP-CreERT2 and ROSA26R-tdTomato (Jackson Laboratory, Stock 007908) mice to trace the lineage of Lgr5-expressing progenitor cells. Mice were housed with open access to food and water. For culture experiments, mice were killed by CO2 inhalation followed by decapitation. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of Quanzhou First Hospital Affiliated to Fujian Medical University. The IACUC committee members at Quanzhou First Hospital Affiliated to Fujian Medical University approved this study. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Whole Organ Cultures

Temporal bones were isolated from P1 mice and placed in ice cold HBSS (Sigma). The otoconia and the otoconial membranes were removed, utricles were isolated using Dumont fine forceps and cultured free-floating in a 96-well plate containing 100 µl of DMEM/F12 (Invitrogen) with 1% N2 (Invitrogen), 2% B27 (Invitrogen), bFGF (1 ng/ml; Sigma), IGF-1 (50 ng/ml; Sigma), EGF (20 ng/ml; Sigma), heparin sulfate (50 ng/ml; Sigma), and ampicillin (50 ng/ml; Sigma) at 37°C with 95% air/5% CO2. Each well contained one utricle. To damage hair cells, 1mM neomycin (Sigma) was added to the culture medium for 24 h. To activate the Cre for lineage tracing, 4OH-tamoxifen (800 nM, Sigma) was added to the culture medium. The culture medium was changed daily. For all whole organ culture experiments, we only used one utricle per mouse; n values represent the number of animals. For each experiment, at least 3 mice were used.

Genotyping and qRT-PCR

Transgenic mice were genotyped using genomic DNA from tail tips by adding 100 µl 50 mM NaOH, incubated at 98°C for 20–40 min, followed by the addition of 10 µl 1 M HCl. The genotyping primers were as follows: Lgr5: wild-type (F) CTGCTCTCTGCTCCCAGTCT; (R) ATACCCCATCCCTTTTGAGC; mutant (R) GAACTTCAGGGTCAGCTTGC; td-Tomato: wild-type (F) AAGGGAGCTGCAGTGGAGT; (R) CCGAAAATCTGTGGGAAGTC; mutant (F) GGCATTAAAGCAGCGTATC; (R) CTGTTCCTGTACGGCATGG.

For quantitative reverse transcriptase polymerase chain reaction (qRT-PCR), total RNA was extracted from isolated utricles using TRIzol (Invitrogen), followed by cDNA synthesis using the GoScript™ Reverse Transcription System (Promega, A5001). qRT-PCR reactions were performed with GoTaq® qPCR Master Mix (Promega, A6001) on a 7500HT Fast Real-Time PCR System (Applied Biosystems). Each qPCR reaction was carried out in triplicate and the relative quantification of gene expression analyzed using the ΔΔCT method with the housekeeping gene β-actin as the endogenous reference.

Primer pairs were designed using Primer3 software. Lgr5 (F) CCTACTCGAAGACTTACCCAGT; (R) GCATTGGGGTGAATGATAGCA-3; Sox2 (F) GCGGAGTGGAAACTTTTGTCC; (R) CGGGAAGCGTGTACTTATCCTT; Brn3.1 (F) CGACGCCACCTACCATACC; (R) CCCTGATGTACCGCGTGAT-3′ Jagged1 (F) TCAAACGTGAGAGTGTCTAACG; (R) CCGGGCCGAAGAGATTTCTG; β-actin (F) GGCTGTATTCCCCTCCATCG; (R) CCAGTTGGTAACAATGCCATGT.

Cell Counting

For whole organ culture experiments, we randomly took 2 representative pictures from the striolar region or extra-striolar regions for analyses. When we took the pictures, Lgr5-EGFP and tdTomato expression was used as a reference to define the striolar region. For cell counting, we either counted the number of hair cells in representative pictures and normalized to undamaged control to get the hair cell percentage (for example, Figures 1E, 2G); or counted Lgr5+ supporting cell number in representative pictures and normalized to total Sox2+ supporting cells to get the Lgr5+ supporting cell percentage (for example, Figure 1F); or counted the total tdTomato+ or myosin7a/tdTomato double positive cell number per utricle (for example, Figures 2H,I). For all experiments, n values represent the number of mice.
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FIGURE 1. Neomycin-induced hair cell damage activated Lgr5 expression in mouse utricles. (A) In Lgr5-EGFP-CreERT2 control utricles without damage, no Lgr5-EGFP expression was detected at P1. (B) In contrast, in Lgr5-EGFP-CreERT2 utricles with neomycin damage, many Lgr5-EGFP-positive supporting cells were detected in the striolar region. (C) High magnification picture showed there was no Lgr5-EGFP expression in both striolar and extra-striolar region in control utricle without damage. (D) In Lgr5-EGFP-CreERT2 utricle withs neomycin damage, Lgr5-EGFP was mainly expressed in a subset of supporting cells in the striolar region. (E) Quantification and comparison of Myosin7a-positive hair cell in the striolar and extra-striolar region of utricles with or without neomycin damage. (F) Quantification and comparison of Lgr5-EGFP-positive supporting cell in the striolar and extra-striolar region of utricles with or without neomycin damage. (G) Quantitative PCR showed that neomycin treatment significantly increased the expression level of Lgr5 and slightly decreased the expression level of the hair cell marker Brn3.1 as compared to control utricles. *p < 0.05, **p < 0.01, n = 3 mice in (E–G). Scale Bars: (A,B): 100 µm; (C,D): 10 µm.
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FIGURE 2. Damage-activated Lgr5-positive cells generated hair cells in whole organ culture. (A–B) In Lgr5-EGFP-CreERT2 control utricles, there was no Lgr5-GFP expression and no tdTomato reporter expression after 4 or 11 days in culture. (C) In Lgr5-EGFP-CreERT2 utricles with neomycin damage, tdTomato reporter expression was detected mostly in the supporting cells in the striolar region at 4 days in culture. (D) At 11 days in culture, the total number of tdTomato-positive cells was increased and tdTomato reporter expression was also detected in Myo7a-positive hair cells. (E) High magnification picture showed most of the tdTomato-positive cells were supporting cells in the striolar region at 4 days in culture. (F) High magnification picture showed significant numbers of tdTomato-positive cells were hair cells in the striolar region at 11 days in culture. (G) The total hair cell number was not significantly increased from 4 days to 11 days in culture. (H) The total tdTomato-positive cell number was significantly increased from 4 to 11 days in culture. (I) The myosin7a and tdTomato double positive hair cells number was significantly increased from 4 to 11 days in culture. **p < 0.01, n = 3 mice in (G–I). Scale Bars: (A–D): 100 µm; (E,F): 10 µm.



Isolation of Lgr5-Expressing Cells by Flow Cytometry

20–30 utricles from Lgr5-EGFP-CreERT2 mice were cultured with 1 mM Neomycin for 24 h and recovered for 24 h and then trypsinized at 37°C for 10 min and mechanically dissociated in PBS with 2% fetal bovine serum (FBS, Invitrogen), DNAse (10 units/ml, Qiagen) and EDTA (2 mM, Sigma). The cells were filtered through a cell strainer (40 µm diameter) prior to sorting. The dissociated cells were sorted on a BD FACS AriaIII (BD Biosciences) using the channel for GFP, and positive fractions were collected.

Culture of Sorted Cells

Florescence Activated Cell Sorting (FACS) isolated Lgr5-expressing cells (20 cells/ul, 2000 cells per well) were plated on a laminin-coated dish and cultured for 10 d in DMEM/F12 with 2% B27, 1% N2, EGF, bFGF, IGF-1 and heparan sulfate (same as whole organ culture). Cells that had not attached were removed 1 d after plating. To label dividing cells, EdU (1.0 µM; Invitrogen) was added to the culture medium. The cells were fixed and stained for EDU and hair cell marker Myosin7a after 10 d of culture.

Sphere Formation and Differentiation

Two hundred FACS-isolated Lgr5-expressing cells were cultured to form spheres in 96 well ultra-low attachment plates (Costar) with a density of 2 cells/µl for 5 d in DMEM/F12 medium (Invitrogen) with 1% N2 and 2% B27, EGF, bFGF, IGF-1 and heparin sulfate. The spheres were collected every 5 d, mechanically dissociated with a 25 G needle (BD Labware) and re-seeded in fresh medium. For differentiation, spheres were plated on a laminin-coated dish and cultured for 5 d in DMEM/F12.

Histological Methods

Proteins were detected in whole-mount utricles using standard immunofluorescence labeling methods. Utricles were fixed with 4% PFA (Sigma) for 1 h at room temperature, rinsed with PBS for 3 times, and incubated for 1 h in blocking solution (2% bovine serum albumin, 5% normal goat serum, 0.5% Triton X-100). Utricles were incubated overnight at 4°C with one of the following primary antibodies diluted 1/100–1/1000 in blocking solution: rabbit anti-myosin VIIa (1:1000, Proteus Biosciences), Sox2 (1:400; Santa Cruz Biotechnology). Secondary antibodies, conjugated to Alexa Fluor 488, 594, or 647 and diluted 1/500, were purchased from Invitrogen. To label cell nuclei, organs were soaked in 4′, 6-diamidino-2-phenylindole (DAPI) (Sigma) at 1 µg/ml for 10 min. Images were acquired using confocal microscopy (Zeiss LSM710) and analyzed with Image J (NIH) and Photoshop CS4 (Adobe Systems).

Statistical Analyses

Throughout the text and in graphs, data are expressed as mean ± SD. The immunohistochemical data was analyzed using Student’s t-test when comparing two groups or by one-way ANOVA followed by Dunnett’s Multiple Comparisons Test when comparing more than two groups. Values of p < 0.05 were considered statistically significant.

Results

Activation of Lgr5 Expression in a Subset of Supporting Cells in the Striolar Region After Hair Cell Damage

Lgr5 has been reported as a stem cell marker in a variety of organs, including intestine, liver, pancreas and hair follicles (Barker et al., 2007, 2010; Jaks et al., 2008; Huch et al., 2013a,b). In this study, we explored the expression of Lgr5 using the Lgr5-EGFP-CreERT2 mice, where GFP is under the control of the Lgr5 locus. In the mouse utricle, similar to the liver (Huch et al., 2013b), we found Lgr5 expression is not detectable at P1 plus 1 day in vitro (DIV; Figures 1A,C). However, when we cultured the P1 utricle from Lgr5-EGFP-CreERT2 mice and treated it with 1 mM neomycin for 24 h, we found the treatment significantly damaged the hair cell both in striolar and extra-striolar region (Figure 1E), and Lgr5 expression was robustly activated specifically in a subset of supporting cells in the striolar region (Figures 1B,D). Quantification data suggested 25.2 ± 7.3% of striolar supporting cells were Lgr5-GFP-positive (n = 3), and no hair cells were observed to be GFP-positive (n = 3) (Figure 1F). qPCR experiments confirmed that the expression of Lgr5 is undetectable at P1 in the absence of neomycin, and has been robustly activated following neomycin induced hair cell damage (n = 3) (Figure 1G). Interestingly, we found that during embryonic development, Lgr5 was also mainly expressed in a subset of supporting cells in the striolar region (Sup-Figures 1A–D). This result suggested that during development the expression of Lgr5 was rapidly down-regulated and became undetectable after birth. Compared to P1 Lgr5 expression after damage, the Lgr5 expression at E17.5 was restricted to the striolar region and mainly in the supporting cells; however at E17.5 there was also very low expression of Lgr5 in some of the hair cells, while in P1 utricle after damage, there was no Lgr5 expression in hair cells.

Damage Activated Lgr5-Positive Cells Generated Hair Cells in Whole Organ Culture

Previous studies reported that Lgr5-positive cells in the cochlea have the ability to regenerate hair cells (Chai et al., 2012; Shi et al., 2012). To ask whether the damage activated Lgr5-positive supporting cells in the utricle could regenerate hair cells, we crossed Lgr5-EGFP-CreERT2 mice with ROSA26R-tdTomato reporter mice in which a floxed STOP cassette prevents transcription of a downstream red fluorescent protein (tdTomato). Utricles were dissected from P1 double transgenic mice, and treated with 1 mM neomycin for 24 h (1 DIV) to damage the hair cells. In control samples without neomycin treatment, there was neither Lgr5-GFP expression nor tdTomato reporter expression (n = 3) (Figures 2A,B). After neomycin treatment, 800 nM 4OH-tamoxifen was administrated for 72 h to activate the Cre for lineage tracing the Lgr5-positive cells (4 DIV). When utricle tissues were examined at 4 DIV, tdTomato reporter expression was almost only observed in a subset of supporting cells in the striolar region, and very few hair cells were found to be tdTomato positive (n = 3) (Figures 2C,E,I). When the lineage tracing was extended to 11 DIV, we found the total number of tdTomato-positive cells was significantly increased (n = 3) (Figure 2H), suggesting these lineage traced Lgr5-positive cells were highly proliferative. We also observed significant number of hair cell marker myosin7a and tdTomato double positive hair cells (n = 3) (Figures 2D,F,I), indicating that these new regenerated hair cells were indeed derived from Lgr5-positive supporting cells. However, the total hair cell number in the striolar region only slightly increased and was not statistically significant (P = 0.13, n = 3) (Figure 2G). Of the GFP-positive supporting cells, only a small population has been lineage traced with tdTomato, presumably due to the low efficiency of 4OH-tamoxifen in culture and the incomplete labeling of tdTomato reporters by Lgr5-EGFP-CreERT2 mouse (Barker et al., 2007).

FACS Isolated Lgr5-Positive Cell Divided and Generated Hair Cells in Cell Culture

Next we tested whether the damage-activated Lgr5-expressing supporting cells could act as hair cell progenitors to divide and differentiate into hair cells, when isolated by FACS. In this experiment, we first cultured the P1 utricles from Lgr5-EGFP-CreERT2 mice with 1 mM neomycin for 24 h, then allowed recovery for 24 h, followed by purifying the GFP-positive cells by FACS. We found that 6.02% of the cells were GFP-positive (n = 3) (Figure 3A). 96.6 ± 5.1% of Lgr5-positive supporting cells sorted by flow cytometry were also GFP positive (n = 3), and isolated Lgr5-positive supporting cells showed no staining of the hair cell marker myosin7a (0.0 ± 0.0%, n = 3) (Figure 3B). However, almost all of the Lgr5-positive cells displayed the supporting cell marker Sox2 (96.7 ± 4.8%, n = 3) (Figure 3C). qPCR data also demonstrated that the GFP-positive cells had significantly higher Lgr5 expression level, as well as expression of the supporting cell markers Jagged1 and Sox2, and significantly lower expression of the hair cell marker Brn3.1, compared with the GFP-negative cells (n = 3) (Figure 3D).
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FIGURE 3. FACS isolated Lgr5-positive cell divided and generated hair cells in culture. (A) Lgr5-GFP-positive and Lgr5-GFP-negative cells were isolated using FACS. (B,C) Immunostaining showed that among the FACS isolated Lgr5-EGFP-positive cells, 96.6% were GFP-positive, 96.7% were Sox2-positive, and none were Myo7a-positive. (D) Quantitative PCR showed that FACS isolated Lgr5-EGFP-positive cells had significantly higher Lgr5 expression, slightly higher Sox2 and Jagged1 expression, and significantly lower Brn3.1 expression compared to the Lgr5-EGFP-negative cells. (E,F) FACS isolated Lgr5-EGFP-positive cells generated significantly more colonies and Myo7a-positive cells than Lgr5-EGFP-negative cells. (G) Quantification of colony number generated from Lgr5-EGFP-positive and Lgr5-EGFP-negative cells. (H) Quantification of Myo7a-positive hair cells generated from Lgr5-EGFP-positive and Lgr5-EGFP-negative cells. (I) FACS isolated Lgr5-EGFP-positive cells mitotically generated hair cells in cell culture. (J) Quantification of EDU/Myo7a double positive hair cell number generated from Lgr5-EGFP-positive and Lgr5-EGFP-negative cells. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 in (D,G,H,J). Scale Bars: 20 µm.



Next, we cultured the damage activated Lgr5-positive cells with a density of 20 cells/µl for 10 days and found that these damage-activated Lgr5-positive supporting cells formed colonies (more than 5 cells) that expressed myosin7a (Figure 3E). After 10 days in culture, 2000 Lgr5-positive supporting cells generated 31.6 ± 2.8 colonies, among which 38.5 ± 3.9% colonies contained myosin7a-positive hair cells (arrow). These colonies contained a total number of 87.1 ± 15.7 myosin7a-positive hair cells, indicating that the hair cells resided in the colonies might be generated via mitotic regeneration (arrow) (n = 3) (Figures 3E,G). Moreover, 2000 Lgr5-positive supporting cells also generated around 182.5 ± 34.2 myosin7a-positive hair cells (arrow head) outside of the colonies, indicating these hair cells resided separately might be generated via direct differentiation (arrow head) (n = 3) (Figures 3E,H). In contrast, 2000 Lgr5-negative cells generated 20.2 ± 3.9 colonies, with only 1.2 ± 1.7 colonies containing myosin7a-positive hair cells. Only 4.7 ± 4.2 myosin7a-positive hair cells were generated within colonies, and 26.9 ± 13.5 myosin7a-positive hair cells resided outside the colonies (Figures 3F–H).

We next added 1.0 µM EdU to the culture medium from day 3 to day 5 to label dividing cells, and found evidence of proliferation in damage-activated Lgr5-positive supporting cells (Figure 3I). 8.2 ± 1.9% and 1.2 ± 0.9% of the myosin7a-positive hair cells were co-stained for EdU inside and outside of the colonies, respectively (Figures 3I,J). In contrast, Lgr5-negative cells also proliferated as indicated by EdU incorporation but no myosin7a/EdU double positive hair cells were observed (Figure 3J).

FACS Isolated Lgr5-Positive Cell Self-Renew to Form Spheres and Could be Passaged for 7 Generations

To assess the potential of damage-activated Lgr5-positive supporting cells to self-renew and expand the colony, we used a sphere assay to examine Lgr5-positive cells isolated from cultured utricles. As described above, we first sorted the damage activated Lgr5-positive supporting cells with FACS, then cultured 200 isolated cells to form spheres with a density of 2 cells/µl in ultra-low attachment plates. In the first generation, the sphere number derived from damage-activated Lgr5-positive cells was only slightly higher than the Lgr5-negative cells. However, from the second to the fifth generation, the Lgr5-positive cells formed significantly more spheres than the Lgr5-negative cells (Figures 4A–C). Multiple passages suggested that spheres derived from Lgr5-positive cells expanded significantly more rapidly than from Lgr5-negative cells (Figure 4C). From the sixth generation on, there were no spheres formed in the Lgr5-negative group and the total number of spheres started to decrease in the Lgr5-positive group, therefore we only passaged the spheres to the seventh generation. When we measured the size of the spheres, we found Lgr5-positive cells formed smaller and more homogenous spheres than Lgr5-negative cells in the first four generations (Figure 4D). When we compared multiple generations, we found the size of spheres also increased with the passage number (Figure 4D).


[image: image]

FIGURE 4. FACS isolated Lgr5-positive cells self-renew to form spheres. (A,B) FACS isolated Lgr5-EGFP-positive cells generated significantly more spheres than Lgr5-EGFP-negative cells. (C) Quantification of sphere number generated from FACS isolated Lgr5-EGFP-positive and Lgr5-EGFP-negative cells over seven generations. (D) Quantification of sphere size generated from FACS isolated Lgr5-EGFP-positive and Lgr5-EGFP-negative cells over seven generations. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 in (C,D). Scale Bars: 100 µm.



Spheres Derived from Lgr5-Positive Cells Maintained the Capacity to Differentiate into Hair Cells

To determine if the passaged spheres derived from damage activated Lgr5-positive supporting cells still maintained the ability to differentiate into hair cells, we collected the spheres from different generations and differentiated the spheres for 5 days. For the first generation of spheres, we found that on the first day of the differentiation the spheres from both damage-activated Lgr5-positive cells and Lgr5-negative cells contained no myosin7a-positive hair cell (Figures 5A,B), but almost all the spheres were positive for the supporting cell marker Sox2 (Figure 5D). Upon 5 days of differentiation, the spheres derived from Lgr5-positive cells generated significantly more myosin7a-positive hair cells than the Lgr5-negative cells (6.7 ± 3.5 vs. 0.4 ± 0.5 myosin7a-positive hair cells in Lgr5-positive and Lgr5-negative cells, respectively) (Figures 5C,E,F).
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FIGURE 5. Spheres derived from Lgr5-positive cells maintained the capacity to differentiate into hair cells. (A,B) The spheres derived from both Lgr5-EGFP-positive and Lgr5-EGFP-negative cells contained no Myo7a-positive hair cells at the first day of differentiation (C) Quantification of Myo7a-positive hair cell number per sphere generated from Lgr5-EGFP-positive and Lgr5-EGFP-negative cells over seven generations. (D) At the first day of differentiation, the majority of the spheres were Sox2-positive. (E,F) The sphere derived from Lgr5-EGFP-positive cells generated significantly more Myo7a-positive hair cells than the one derived from Lgr5-EGFP-negative cells. (G) The sphere derived from Lgr5-EGFP-positive cells maintained the capacity to generate Myo7a-positive hair cells after seven passages. **p < 0.01, n = 3 in (C). Scale Bars: 20 µm.



After multiple generations of passages, we found that from the first to the fourth generation there was no significant difference in the number of differentiated hair cells per sphere (Figure 5C), suggesting that hair cell regeneration ability remained robust in the early sphere generations. Although the number of differentiated hair cells per sphere decreased from the fifth to the seventh generations, the seventh generation of spheres derived from damage-activated Lgr5-positive supporting cells still generated 3.2 ± 2.6 hair cells per sphere, suggesting that the seventh generation of sphere still maintained the capacity to differentiate into hair cells (Figures 5C,G).

Discussion

In birds, both the basilar papilla and the utricle have been reported to maintain hair cell regeneration capacity (Corwin and Cotanche, 1988; Jørgensen and Mathiesen, 1988; Ryals and Rubel, 1988; Roberson et al., 1992; Weisleder and Rubel, 1993). Supporting cells in the mammalian cochlea and utricle share evolutionarily conserved marker genes and signaling pathways with those supporting cells in birds, which act as hair cell progenitors. In the mature mammalian cochlea, hair cells and supporting cells are quiescent and the mature mammalian cochlea does not regenerate hair cell spontaneously, thus severe hair cell loss leads to permanent hearing loss (Bermingham-McDonogh and Rubel, 2003; Brigande and Heller, 2009). The mammalian vestibular system still maintains a limited ability to regenerate lost hair cells (Forge et al., 1993; Warchol et al., 1993; Rubel et al., 1995; Lambert et al., 1997; Oesterle et al., 2003; Kawamoto et al., 2009; Lin et al., 2011; Burns et al., 2012a; Golub et al., 2012), therefore, the mammalian utricle could serve as a useful model to study hair cell regeneration. Multiple studies reported that utricular supporting cells have the capacity to replenish lost hair cells via both direct differentiation and mitotic division (Lin et al., 2011; Burns et al., 2012a,b; Golub et al., 2012). However, the clearly defined progenitor cell population in the mammalian utricle has not been identified. In this study, we demonstrate that in the mouse utricle, the Lgr5 expression was activated in a specific subset of striolar supporting cells after neomycin-induced hair cell loss. These damaged-activated Lgr5-positive supporting cells exhibit progenitor cell properties and have the ability to regenerate lost hair cells. Previous studies reported that the hair cell types in the striolar and extra-striolar region are different: type I hair cells are mainly located in the striolar region, while type II hair cells are mainly located in the extra-striolar region (Dechesne and Thomasset, 1988; Dechesne et al., 1988; Desai et al., 2005). In 2012, Burns found that in adult utricle, newly arising hair cells are mainly located in the peripheral edge and striola, and after hair cell ablation mitotic regeneration of hair cells was observed in the striola (Burns et al., 2012a,b). In our study, we found the damage-activated Lgr5-positive supporting cells are also restricted to the striolar region, suggesting the striolar and extra-striolar supporting cells are two distinct populations with different properties. Interestingly, the damage-activated Lgr5-positive supporting cells only cover around 25% of the whole supporting cell population in the striolar region, which also indicates that striolar supporting cells do not consist of a single population but may contain several subpopulations with distinct functions. It will be interesting to further investigate the different functions of supporting cell subpopulations in the future. More interestingly, we found that at E17.5, Lgr5 was also mainly expressed in a subset of supporting cells in the striolar region, and this expression pattern is similar to the Lgr5 expression after hair cell damage at P1, which indicates that in the postnatal stages, the damage-activated expression of Lgr5 in striolar supporting cells may be partially a recapitulation of developmental mechanisms. Further study will be performed to investigate the detailed mechanism.

Previous reports showed that after hair cell ablation, utricular supporting cells have the ability to regenerate lost hair cells (Burns et al., 2012a,b; Golub et al., 2012). Compared to Sox2, which is widely expressed in all supporting cells, Lgr5 is limited to a subpopulation of the striolar supporting cells. This suggests that this subset of supporting cells with progenitor cell properties is restricted as in non-mammalian vertebrates, in which a small subset of supporting cell population regenerates lost hair cells by proliferation followed by trans-differentiation (Stone and Cotanche, 2007).

Recent studies showed that after tissue damage, the Wnt signaling pathway is activated as a self-repair system and plays key roles in tissue repair in several organs including the liver and pancreas (Minear et al., 2010; Huch et al., 2013a,b). Lgr5, a downstream target gene of Wnt signaling, was first described as a stem cell marker in the intestine, where Lgr5-expressing cells are precursors for all cells in the intestinal crypts (Barker et al., 2007). Deletion of Lgr5 in the intestine leads to the rapid and complete loss of intestinal crypts (de Lau et al., 2011). By far, Lgr5 has been demonstrated as the stem cell marker in multiple organs, including the stomach, hair follicles, liver, pancreas and cochlea (Barker et al., 2007, 2010; Jaks et al., 2008; Chai et al., 2012; Shi et al., 2012, 2013; Huch et al., 2013a,b). Recently, damage recruited Lgr5-positive cells have also been demonstrated as stem cells that can form organoids containing all mature cell types in regeneration-inactive organs such as the liver and pancreas (Huch et al., 2013a,b). In this study, our data indicated that in the utricle, another regeneration-inactive organ, damage recruited Lgr5-positive cells exhibit progenitor cell properties and are capable of regenerating hair cells.

In the mammalian cochlea and utricle, there is little or no detectable proliferation of postnatal cells in the sensory epithelium. However, when supporting cells were isolated they could self-renew to form spheres with the ability to regenerate hair cells in vitro (White et al., 2006; Oshima et al., 2007, 2009; Jeon et al., 2011; Sinkkonen et al., 2011), although it was unclear which cell population could proliferate. A recent study showed that Lgr5-positive cells in the cochlea could self-renew to form spheres, with these spheres giving rise to hair cells derived from Lgr5-positive supporting cells (Shi et al., 2012). In the present study, our results showed that FACS sorted damage-activated Lgr5-positive supporting cell have significantly higher sphere formation capacity compared to Lgr5-negative cells. The spheres derived from Lgr5-positive cells were smaller and more homogenous solid spheres, whereas the spheres derived from Lgr5-negative cells were larger and more hollow. When we collected spheres for differentiation, our data showed that the spheres derived from Lgr5-positive cells generated significantly more hair cells than the spheres derived from Lgr5-negative cells, indicating that damage-activated Lgr5-positive supporting cells were enriched in the population of hair cell progenitors in the utricle. After seven passages, spheres derived from Lgr5-positive cells still maintained the capacity for differentiation into hair cells. However, we cannot rule out the possibility that other progenitor cell population in the utricle could contribute to regenerate hair cells after sphere formation.

In summary, we report here that neomycin-induced hair cell loss activates Lgr5 expression in a subpopulation of striolar supporting cells in the utricle. These damage recruited Lgr5-positive supporting cells act as hair cell progenitors both ex vivo and in vitro. These Lgr5-positive cells could self-renew to form spheres, which maintained the capacity to differentiate into hair cells over seven generation of passages. Therefore, we demonstrated that damage-recruited Lgr5-positive supporting cells could act as hair cell progenitors in neonatal mouse utricle, and serve as candidate therapeutic targets for hair cell regeneration in mammals.
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In humans, auditory hair cells are not replaced when injured. Thus, cochlear hair cell loss causes progressive and permanent hearing loss. Conversely, non-mammalian vertebrates are capable of regenerating lost sensory hair cells. The zebrafish lateral line has numerous qualities that make it well-suited for studying hair cell development and regeneration. Histone deacetylase (HDAC) activity has been shown to have an important role in regenerative processes in vertebrates, but its function in hair cell regeneration in vivo is not fully understood. Here, we have examined the role of HDAC activity in hair cell regeneration in the zebrafish lateral line. We eliminated lateral line hair cells of 5-day post-fertilization larvae using neomycin and then treated the larvae with HDAC inhibitors. To assess hair cell regeneration, we used 5-bromo-2-deoxyuridine (BrdU) incorporation in zebrafish larvae to label mitotic cells after hair cell loss. We found that pharmacological inhibition of HDACs using trichostatin A (TSA) or valproic acid (VPA) increased histone acetylation in the regenerated neuromasts following neomycin-induced damage. We also showed that treatment with TSA or VPA decreased the number of supporting cells and regenerated hair cells in response to hair cell damage. Additionally, BrdU immunostaining and western blot analysis showed that TSA or VPA treatment caused a significant decrease in the percentage of S-phase cells and induced p21Cip1 and p27Kip1 expression, both of which are likely to explain the decrease in the amount of newly regenerated hair cells in treated embryos. Finally, we showed that HDAC inhibitors induced no observable cell death in neuromasts as measured by cleaved caspase-3 immunohistochemistry and western blot analysis. Taken together, our results demonstrate that HDAC activity has an important role in the regeneration of hair cells in the lateral line.
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INTRODUCTION

Loss of sensory hair cells (HCs) in the inner ear as a result of aging, ototoxic drugs, or noise is the primary cause of hearing disorders in humans and most other mammals. The majority of HCs do not regenerate in the mammalian cochlea, but a limited amount of HC regeneration can occur in the neonatal mouse cochlea and vestibular sensory epithelium (Forge et al., 1993; Kawamoto et al., 2009; Burns et al., 2012; Chai et al., 2012; Golub et al., 2012; Kelly et al., 2012; Shi et al., 2013; Cox et al., 2014). In contrast, non-mammalian vertebrates such as birds, amphibians, and fish produce HCs throughout their lives and are capable of regenerating HCs after injury (Corwin and Cotanche, 1988; Balak et al., 1990; Harris et al., 2003). Significant progress has been made in elucidating the cellular and molecular mechanisms of sensory HC death and regeneration. Previous studies have reported that newly regenerated HCs in the auditory and vestibular sensory epithelia usually arise through proliferation and differentiation of progenitor cells during the process of proliferative regeneration (Corwin and Cotanche, 1988; Warchol and Corwin, 1996; Stone and Rubel, 2000). These progenitor cells are believed to be non-sensory supporting cells (SCs) that surround HCs in the sensory epithelia. Upon HC damage, SCs adjacent to the dying HCs reenter the cell cycle and divide asymmetrically during mitosis and give rise to new HCs and SCs. Alternatively, SCs have also been shown to have the ability to spontaneously convert into new HCs through an unusual process called direct transdifferentiation, which is the phenotypic conversion of SCs into HCs without cell cycle reentry (Adler and Raphael, 1996; Adler et al., 1997; Baird et al., 2000; Roberson et al., 2004).

In zebrafish, HCs are found in both the inner ear and the lateral line system. The zebrafish inner ear is responsible for sound detection and balance. Much of the work on HC regeneration in zebrafish has focused on the inner ear. One recent study investigated the effect of aminoglycosides on the regeneration of the inner ear HCs of adult zebrafish (Uribe et al., 2013) and other studies showed that proliferation is involved in the inner ear and investigated the effect of noise on cell proliferation in the adult zebrafish saccule (Schuck and Smith, 2009; Sun et al., 2011; Liang et al., 2012). Previous study showed that growth hormone (GH) promotes auditory HC regeneration in the zebrafish inner ear following acoustic overexposure, and this effect is mediated through stimulating cell proliferation and suppressing apoptosis (Sun et al., 2011). It is known that the stat3/socs3a pathway is important for HC regeneration in the inner ear of adult zebrafish following acoustic trauma (Liang et al., 2012). On the other hand, zebrafish lateral line is another important mechanosensory system that enables them to detect directional water flow. This helps the fish to avoid obstacles and predators and also facilitates prey detection (Elepfandt, 1988). The lateral line comprises a set of sense organs called neuromasts that are located on the surface of the head (anterior lateral line) and the body (posterior lateral line, PLL) in species-specific patterns (Metcalfe et al., 1985). Mature lateral line neuromasts consist of central HCs and peripheral non-sensory SCs. Because the lateral line HCs in zebrafish are very similar to those in the mammalian inner ear in terms of both morphology and function (Raible and Kruse, 2000; Nicolson, 2005), numerous studies have used the lateral line system to better understand the mechanisms of HC differentiation and regeneration. Moreover, lateral line HCs have been shown to be hypersensitive to ototoxic insults such as aminoglycoside drugs and cisplatin as well as to water-borne copper (Song et al., 1995; Harris et al., 2003; Ton and Parng, 2005; Hernandez et al., 2006; Linbo et al., 2006; Ou et al., 2007; Owens et al., 2009; Giari et al., 2012). In addition, zebrafish lateral lines have retained the ability to rapidly regenerate HCs following ototoxic drugs and provide an attractive model system for investigating HC death, protection, and regeneration and for identifying genes that are crucial for HC development and regeneration. Many studies have used 5-bromo-2-deoxyuridine (BrdU) to label mitotic cells and have shown that SCs in the zebrafish lateral line can proliferate and differentiate to renew both HCs and SCs within 72 h after injury. These results suggest that mitosis is the dominant regenerative mechanism in the zebrafish lateral line (Williams and Holder, 2000; Harris et al., 2003; Lopez-Schier and Hudspeth, 2006; Hernandez et al., 2007; Ma et al., 2008).

The precise mechanisms responsible for initiating and maintaining—or preventing—HC regeneration in non-mammalian vertebrates are still not completely understood. It has been shown that many candidate molecules and pathways are required for HC regeneration in zebrafish, including Atoh1 (Sweet et al., 2011), Rb (Lin et al., 2013), and the Notch signaling pathway (Ma et al., 2008; Jiang et al., 2014). Recently, chromatin remodeling by post-translational histone modification has been shown to be important for modulating many biological processes including cellular development and regeneration. Acetylation and deacetylation of histones in chromatin are the most common histone modifications and are essential for many developmental processes and are governed by two classes of enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs), respectively. Generally, HDAC activity is linked to transcriptional repression by removing the acetyl groups from conserved lysine residues within the N-terminal histone tails. Conversely, HATs induce transcriptional activation by adding acetyl groups to these residues. The mammalian HDAC family is subdivided into the following four major classes based on their similarity to their yeast counterparts (de Ruijter et al., 2003): Class I (HDAC1, -2, -3, and -8), Class II (HDAC4, -5, -6, -7, -9, and -10), Class III (Sir2 family of NAD+-dependent enzymes), and Class IV (HDAC11). Class I HDACs, which are related to yeast RPD3, are widely expressed nuclear enzymes and play an important role in regulating cell survival and proliferation. Class II HDACs, which are related to yeast HDA1, can shuttle between the nucleus and the cytoplasm and have tissue-specific roles. HDAC activity has been shown to be critically involved in the regulation of multiple aspects of developmental processes, including neuronal differentiation (Yamaguchi et al., 2005) and heart (Kim et al., 2012) and liver (Farooq et al., 2008) morphogenesis. HDAC activity has also been shown to be important for modulating tissue regeneration. A recent study on Xenopus tail regeneration showed that HDAC1 is expressed during the early stage of regeneration and that pharmacological blockage of HDACs could inhibit regeneration and induce aberrant expression of genes that are known to be critical for tail regeneration (Tseng et al., 2011). It has been shown that HDAC activity is required for the regeneration of sensory epithelia in the avian utricle (Slattery et al., 2009). Histone deacetylation is a positive regulator of regenerative proliferation, and inhibition of HDACs is sufficient to prevent SCs from entering into the cell cycle.

Previous studies have found that histone acetylation states and HATs are essential regulators of development in zebrafish neuromast HCs (He et al., 2014a). However, the specific functions of HDACs in epigenetic regulation of the regeneration of HCs in the zebrafish lateral line are unknown. In order to determine whether HDACs are directly involved in HC regeneration in the zebrafish lateral line after neomycin-induced cell death, we took advantage of the Tg(Brn3c:mGFP) transgenic zebrafish embryo that expresses GFP in the HCs of the inner ear and lateral line neuromasts (Xiao et al., 2005). Our data indicated that inhibition of HDAC function by trichostatin A (TSA), a Class I and II HDAC inhibitor, affected HC regeneration in zebrafish neuromasts by altering the histone acetylation state. Our BrdU experiments also demonstrated that HDAC inhibitors suppressed proliferation of the progenitor cell population in regenerated neuromasts. In addition, we did not find any significant differences in cell death between control and treated groups over the course of HC regeneration in the lateral line neuromasts. These results suggest that inhibition of HDAC activity is required for HC regeneration in the zebrafish lateral line neuromasts and that HDACs might be potential therapeutic targets for the induction of HC regeneration and SC proliferation.

MATERIALS AND METHODS

ZEBRAFISH MAINTENANCE

Zebrafish embryos were obtained from the natural spawning of wild-type adults and were maintained in our facility according to standard procedures. The Tg(brn3c:mGFP)s356t transgenic line was obtained from the laboratory of Professor Zhengyi Chen, our collaborator at Harvard University. Zebrafish larvae were staged according to Kimmel et al. (1995) and raised at 28.5°C in Petri dishes. Ages of embryos are described as days post-fertilization (dpf).

NEOMYCIN TREATMENT AND PHARMACOLOGICAL ADMINISTRATION

Neomycin sulfate (Sigma-Aldrich, Inc., St. Louis, MO, USA) was added to a final concentration of 400 μM, and the 5 dpf larvae were incubated for 1 h. This was followed by three rinses in fresh egg water, and the larvae were allowed to recover at 28.5°C. The HDAC inhibitors trichostatin A (TSA, Sigma-Aldrich) and valproic acid (VPA, Sigma-Aldrich) were dissolved either in DMSO (TSA) or ddH2O (VPA) at stock concentrations of 500 μM and 200 mM, respectively, and then diluted to their final concentrations in fresh egg water. Dose-response data were obtained by treating larvae with TSA (0.05 μM, 0.1 μM, and 0.2 μM) or VPA (50 μM, 100 μM, and 150 μM) after neomycin damage. Larvae were anesthetized with 0.02% MS-222 (ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich, Inc.) for 5 min before observation and scoring. In all experiments, control groups were maintained in parallel under the same conditions but without inhibitor treatment.

HAIR CELL LABELING AND IMMUNOHISTOCHEMISTRY

For immunohistochemistry analysis, larvae were fixed in 4% paraformaldehyde (PFA) and were permeabilized with PBS containing 0.5% Triton X-100 (PBT-2) for 30 min followed by incubation in blocking solution for 1 h. The following antibodies were used as primary antibodies: anti-myosin VI (1:200 dilution; Proteus BioSciences, Ramona, CA); anti-HC soma-1 antigen (HCS1, 1:200; Developmental Studies Hybridoma Bank); anti-Sox2 (1:200; Abcam, Cambridge, UK); anti-acetylated histone H3 (1:500; Upstate Biotechnologies Inc., Lake Placid, NY, USA); anti-acetylated histone H4 (1:500; Upstate Biotechnologies Inc.); and anti-cleaved caspase-3 (1:500; Cell Signaling Technology Inc., Danvers, MA, USA). The embryos were washed three times with PBS and incubated with secondary antibodies to detect primary antibodies. Nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) for 20 min at room temperature.

FM1-43FX LABELING

For staining of functional HCs within the neuromasts, the vital dye FM1-43FX (Invitrogen, F-35355)—which enters mature HCs through mechanotransduction-dependent activity—was applied at a concentration of 3 μM to live 5 dpf larvae for 45 s in the dark. After quickly rinsing three times with fresh egg water, the larvae were anesthetized in 0.02% MS-222 and fixed with 4% PFA in PBS for 2 h at room temperature or overnight at 4°C.

CELL PROLIFERATION ASSAY

To label proliferating cells, larvae were incubated in egg water containing 10 mM BrdU (Sigma) solution for 24 h or 48 h at 28.5°C starting at 1 h after neomycin treatment. Larvae were then fixed with 4% PFA overnight at 4°C. BrdU incorporation was detected by immunocytochemistry. The fixed larvae were washed three times in PBT-2 and placed in 2 N HCl for 0.5 h at 37°C. Larvae were blocked in 10% normal goat serum for 1 h at room temperature and incubated with the monoclonal primary anti-BrdU antibody (1:200 dilution; Santa Cruz Biotechnology, Inc., CA, USA) overnight at 4°C. The next day, the larvae were washed three times for 10 min each with PBT-2 and then incubated with the secondary antibody for 1 h at 37°C. Specimens were examined by Leica confocal fluorescence microscope (TCS SP5; Leica, Wetzlar, Germany).

WESTERN BLOT ANALYSIS

Total protein was isolated with the AllPrep DNA/RNA/Protein Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Protein concentrations were measured using a bicinchoninic acid (BCA) protein assay kit, and samples were separated by 12% SDS-PAGE. After electrophoresis, the proteins were transferred onto PVDF membranes (Immobilon-P; Millipore, Bedford, MA, USA) that were blocked with 5% non-fat dried milk in TBST (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.1% Tween-20) for 1 h at room temperature. After washing, primary antibodies were added to blocking buffer overnight at 4°C. The following antibodies were used as primary antibodies: anti-acetylated histone H3 (1:1000 dilution); anti-acetylated histone H4 (1:1000); anti-cleaved caspase-3 (1:1000); anti-p21Cip1 C-19 (1:1000; Santa Cruz Biotechnology, Inc., CA, USA); anti-p27Kip1 (1:500; Santa Cruz Biotechnology); anti-p53 (1:1000; Santa Cruz Biotechnology); anti-HDAC1 (1:1000; Cell Signaling Technology Inc., Danvers, MA, USA); anti-HDAC2 (1:1000; CST); anti-HDAC3 (1:1000; CST); anti-HDAC4 (1:1000; CST); anti-HDAC5 (1:1000; CST); anti-HDAC6 (1:1000; CST); anti-HDAC8 (1:1000; Abcam, Cambridge, UK); and anti-β-Actin (1:2000).

QUANTITATIVE ANALYSIS

For quantitative real time PCR (qPCR), total RNA was obtained with the AllPrep DNA/RNA/Protein Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. cDNA was synthesized from total RNA using first-strand cDNA synthesis kit (Promega, USA). qPCR was performed on an ABI StepOneTM Real-Time PCR System (Applied Biosystems) with GoTaq qPCR Master Mix kit (Promega, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as reference genes. Gene expression levels were normalized to GAPDH and calculated as 2−ΔΔCt according to the manufacturer's instructions (Applied Biosystems). All primers were listed in Supplemental Table.

CELL COUNTS AND STATISTICAL ANALYSIS

Cells in the first five posterior lateral line (PLL) neuromasts (L1–L5) were counted. All statistical analysis was performed with SPSS (version 13.0 for Windows) and SigmaPlot (version 12.0 for Windows). Prior to analysis, all data were first examined for normality and homogeneity of variances by the Shapiro-Wilk test and Levene's test, respectively. Data were analyzed using either t-tests or analysis of variance (ANOVA) with multiple comparisons. All data are presented as the mean ± s.e.m. p < 0.05 was considered statistically significant and p < 0.001 was considered highly significant.

RESULTS

THE EFFECT OF HDAC INHIBITORS ON THE NUMBER OF REGENERATED HCS AND SCS IN THE ZEBRAFISH LATERAL LINE

To induce regeneration, we treated 5 dpf zebrafish larvae with 400 μM neomycin for 1 h to kill mature lateral line HCs. To facilitate visualization of regeneration, we used Tg(brn3c:mGFP) zebrafish that expressed GFP in differentiated HCs under the control of the pou4f3 promoter. After neomycin treatment, most of the HCs were damaged and lost but regeneration occurred rapidly in the fish over the following 2 days (Figures 1A1,B1; Supplemental Figure 1). To investigate the role of HDAC inhibition in HC regeneration, neomycin-treated larvae were placed in 6-well plates and exposed to TSA for 24 h and 48 h recovery periods. We found that larvae treated with 0.1 μM TSA for both 24 h and 48 h (Figures 1A2,B2) had fewer regenerated HCs relative to DMSO vehicle controls (Figures 1A1,B1). To quantify changes in the numbers of regenerated HCs after neomycin-induced damage, specific labeling of regeneration of HCs was observed and quantified using Myosin VI immunostaining. The numbers of HCs in neuromasts L1–L5 were counted in 6–13 fish at each time period. In the 24 h group, we found an average of five Myosin VI+ HCs in neuromasts of the vehicle control (Figure 1C1), but at the most only three Myosin VI+ HCs were seen in the TSA-treated neuromasts (Figure 1C2). At 48 h post-treatment, we found an average of 10 Myosin VI+ HCs in the DMSO controls (Figure 1D1) compared to at most five in the TSA-treated neuromasts (Figure 1D2).


[image: image]

FIGURE 1. HDAC inhibitor treatment decreases regeneration of HCs in lateral line neuromasts. (A and B) We treated 5 dpf Tg(pou4f3:gap43-GFP) zebrafish with 400 μM neomycin for 1 h and then treated them for 24 h or 48 h with TSA or VPA and subsequently imaged GFP+ HCs (green). Nuclei are stained with DAPI and scale bars = 10 μm. (C and D) Lateral line HCs are stained with Myosin VI. (E and F) The average number of Myosin VI+ cells per neuromast (NM) in larvae treated with or without HDAC inhibitor for 24 h or 48 h after neomycin damage. Bars are mean ± s.e.m. and n = total number of embryos. *p < 0.05.



To confirm that the reduction of regenerated HCs in the presence of TSA was related to an inhibitory effect on HDACs, we performed the same experiment with another HDAC inhibitor, VPA. Compared with controls, the group treated with 100 μM VPA for 24 h showed a decrease in the number of HCs (Figures 1A3,C3), and there was an even greater decrease of HCs per neuromast after exposure to 100 μM VPA for 48 h (Figures 1B3,D3). To further assess the concentration effect, we treated neomycin-damaged larvae with TSA or VPA at varying concentrations ranging from 0.05 μM to 0.2 μM or 50 μM to 150 μM, respectively. Both TSA and VPA treatment for 24 h and 48 h reduced the number of regenerated HCs in a dose-dependent manner (Figures 1E,F).

To test the functionality of the regenerated HCs, larvae were stained with the vital dye FM1-43FX, which is a marker of functional mechanotransduction channels in HCs (Seiler and Nicolson, 1999). We imaged and quantified the FM1-43FX+ HCs in neuromasts in control and inhibitor-treated zebrafish larvae after neomycin exposure at two time points during the recovery period. Again, we found that 0.1 μM TSA or 100 μM VPA treatment induced a significant decrease in FM1-43FX+ cell numbers when compared to controls at 24 h and 48 h post-treatment (Figure 2). Therefore, we conclude that the regeneration process in larvae is severely impaired in the presence of HDAC inhibitors.
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FIGURE 2. HDAC inhibitors reduce the number of FM1-43FX+ cells. (A and B) We treated 5 dpf zebrafish with neomycin for 1 h and then treated them for 24 h and 48 h with TSA or VPA and subsequently imaged FM1-43FX+ cells (red). Nuclei are stained with DAPI and scale bars = 10 μm. (C and D) The average number of FM1-43FX+ cells per neuromast (NM) in larvae treated with or without TSA (C) and VPA (D) at 24 h and 48 h after neomycin damage. Bars are mean ± s.e.m. and n = total number of embryos. **p < 0.001.



We next evaluated the effect of HDAC inhibitor treatment on the number of SCs in the neuromasts after neomycin exposure. In order to visualize the SCs, we identified them with an antibody against Sox2, which is highly expressed in the SCs of the neuromasts (Figures 3A,B). We counted the Sox2-labeled cells in the neuromasts after treatment with HDAC inhibitors at 24 h and 48 h post-treatment and observed a significant reduction in the number of stained SCs (Figures 3C,D).


[image: image]

FIGURE 3. HDAC inhibitors significantly suppress SC production. (A and B) We treated larvae at 5 dpf with neomycin and monitored SC numbers over the following 2 days. Lateral line SCs are stained with Sox2 antibody. (C and D) Quantification of the number of SCs in control and TSA- or VPA-treated larvae at 24 h and 48 h after neomycin incubation. Bars are mean ± s.e.m. and n = total number of embryos. **p < 0.001.



IMPACT OF HDAC INHIBITORS ON NEUROMAST CELL PROLIFERATION

Previous studies have reported that most regenerated HCs arise from SC proliferation within 72 h after neomycin treatment (Harris et al., 2003; Ma et al., 2008), so we next determined whether inhibition of HDAC affects cell proliferation during this regeneration process. After neomycin injury, zebrafish larvae were continuously incubated in fresh egg water containing 10 mM BrdU and either TSA or VPA for 24 h and 48 h. Cellular proliferation was determined by counting the number of BrdU+ cells in the L1–L5 neuromasts. As Figure 4 illustrated, compared with control, 24 h groups treated with 0.1 μM TSA or 100 μM VPA showed significant decrease in the number of BrdU+ cells per neuromast (control larvae harbor 15.9 ± 0.5 BrdU+ cells, TSA treated-larvae harbor 6.9 ± 0.2, p < 0.001; control larvae harbor 15.5 ± 0.5 BrdU+ cells, VPA treated-larvae harbor 6.3 ± 0.3, p < 0.001). In 48 h groups, there was an intensive decrease of BrdU+ cells per neuromast after the exposure to TSA or VPA (control larvae harbor 24.8 ± 0.7, TSA treated-larvae harbor 9.6 ± 0.5, p < 0.001; control larvae harbor 25.3 ± 0.8, VPA treated-larvae harbor 10.1 ± 0.3, p < 0.001). These data suggest that TSA and VPA significantly inhibit the proliferation of neuromast cells.
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FIGURE 4. HDAC inhibition decreases the proportion of cells in S-phase. (A and B) Lateral line HCs are stained with Myosin VI, and the BrdU antibody shows dividing cells in the neuromasts of zebrafish. (C and D) BrdU+ cells were counted in control and inhibitors-treated larvae at 24 h and 48 h after neomycin damage. (E and F) Quantification of the ratio of BrdU+ HCs in control and inhibitors-treated larvae at 24 h and 48 h after neomycin incubation. Bars are mean ± s.e.m. and n = total number of embryos. **p < 0.001.



To distinguish the newly regenerated HCs from cell proliferation, we double-stained the larvae with an anti-BrdU antibody (green in Figures 4A,B) and with an anti-Myosin VI antibody (red in Figures 4A,B) at 24 h and 48 h after neomycin damage. Our analysis showed that fish treated with TSA or VPA for 24 h had fewer HCs in the neuromasts and that virtually none of them were co-labeled with the anti-BrdU antibody. However, in vehicle-only control larvae we found on average two double-stained cells per neuromast indicating that they arose from proliferating cells. Among the 48 h groups, a significant increase in BrdU+ and Myosin VI+ cells was observed in control fish and there was a significant decrease in double-stained cells per neuromast after exposure to TSA or VPA (Figures 4A–D). Furthermore, on comparing the ratio of BrdU+ and Myosin VI+ double-labeled cells to the total number of Myosin VI+ cells in the different groups, fewer BrdU+ HCs were found in the TSA- or VPA- treated groups compared with the vehicle control groups at 24 h and 48 h post-treatment (Figures 4E,F). These findings suggest that HDAC inhibitors decreased the proportion of cells in S-phase.

Because the number of SCs in HDAC inhibitor-treated neuromasts is different from that of control neuromasts, we next examined the rates of SC division among different groups after neomycin damage at 24 h and 48 h by BrdU and Sox2 immunolabeling. Similar to the results described above, at 24 h after neomycin treatment we found fewer double-stained cells in the presence of TSA or VPA compared with the vehicle controls (Figure 5A). Furthermore, there was a significant difference between the ratio of BrdU+ SCs (Figures 5C,D). By 48 h after neomycin insult, the control larvae and the HDAC inhibitor-treated larvae showed a striking difference in the number of double-stained cells (Figure 5B). The ratio of BrdU+ SCs in the treated neuromasts were drastically reduced, and this most likely explains the reduction in the number of newly regenerated HCs in the inhibitor-treated embryos (Figures 5C,D). Taken together, these results show that HDAC inhibition has a significant negative impact on proliferation in the regenerating neuromast.
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FIGURE 5. HDAC inhibitors significantly suppresses cell proliferation. (A and B) Lateral line SCs are stained with Sox2, and the BrdU antibody shows dividing cells in the neuromasts of zebrafish. (C and D) Quantification of the ratio of BrdU+ SCs in control and TSA- or VPA-treated larvae at 24 h and 48 h after neomycin incubation. Bars are mean ± s.e.m. and n = total number of embryos. **p < 0.001.



INDUCTION OF P21CIP1 AND P27KIP1 BY HDAC INHIBITORS

HDAC plays a central role in the regulation of cell cycles (Xiao et al., 2014). We investigated the effect of HDACs on the expression of cell cycle-regulated proteins during the recovery period. The results revealed that HDAC inhibition significantly decreased the expressions of cyclin B1, cyclin D1, cyclin D3, cyclin E1, cyclin-dependent kinase (CDK) 2, and CDC2, whereas increased the expression of p21 and p27 (Supplemental Figure 2). These results suggest that HDAC inhibitors might inhibit the proliferation of neuromast cells by inducing p21 and p27, leading to G1 phase cell cycle arrest. To further confirm the effect of HDAC inhibition on p21Cip1 and p27Kip1 expression during the recovery period, embryos were treated with TSA or VPA after neomycin-induced injury and protein expression was detected using antibodies specific to p21Cip1 and p27Kip1. The levels of p21Cip1 and p27Kip1 in the inhibitor-treated groups increased compared to controls (Figure 6). Because it is well-known that the p21Cip1 gene is physiologically induced by p53 (Sherr, 1994), we next examined the expression of p53 by western blotting. The expression of p53 was not significantly altered in fish treated with TSA or VPA compared to controls, and this suggests that the induction of p21Cip1 expression in response to HDAC inhibitors might be mediated by a p53-independent pathway.
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FIGURE 6. Effects of HDAC inhibitors on the expression of p21Cip1, p27Kip1, and p53 protein. After treatment of larvae with 0.1 μM TSA or 100 μM VPA for 48 h, protein extracts were prepared and subjected to western blot assay using antibodies against p21Cip1, p27Kip1, and p53. β-Actin was included as the control. Mean ± s.e.m. for three experimental replicates. *p < 0.05.



IMPACT OF HDAC INHIBITORS ON APOPTOSIS

Previous studies have suggested that HDAC inhibitors can induce cell cycle arrest and apoptosis in many different cell types (Riester et al., 2007). Because the reduced number of regenerated HCs might also be caused by increased cell death, we further monitored cell death using an antibody against cleaved caspase-3 over the time course of HC regeneration. We did not find any significant differences in cell death in the lateral line neuromasts between control and inhibitor-treated groups (Figure 7), and these results suggest that the inhibition of proliferation in HDAC inhibitor-treated neuromasts was mainly due to cell cycle arrest and not apoptosis.
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FIGURE 7. Effects of HDAC inhibitors on apoptosis. (A) Cleaved caspase-3 staining in the neuromast from a control and TSA- or VPA-treated larva. White arrows indicate cells with cleaved caspase-3. Scale bar = 10 μm. (B) After treatment of larvae with 0.1 μM TSA or 100 μM VPA for 48 h, protein extracts were prepared and subjected to western blot assay using an antibody against cleaved caspase-3. β-Actin was included as the control.



HDAC INHIBITION INCREASES HISTONE ACETYLATION IN NEUROMASTS

To confirm that the deficiency in HC regeneration was, indeed, caused by the inhibition of HDAC activity, we examined the level of histone acetylation in zebrafish after treatment with 0.1 μM TSA or 100 μM VPA for 48 h. Western blot analysis showed that the levels of acetylated histone H3 and H4 in controls were low, but incubation with TSA and VPA resulted in the accumulation of acetylated histones H3 and H4 (Figure 8A). To more accurately localize acetylated H3 and H4 expression to the specific cell types in the neuromast, we performed immunostaining for the HC marker HCS-1 (green). In controls, both acetylated H3+ (red) and acetylated H4+ (red) cells are expressed outside the central HCs and there was little or no overlap of signals (Figure 8B). However, the acetylated H3 and H4 signals were elevated in inhibitor-treated neuromast cells, particularly in the SCs, and more overlap was seen between the signals (Figure 8B). These results provide evidence that HDAC inhibitor-mediated histone acetylation in neuromast cells might indeed be responsible for the decreased HC production. We next investigated which members of HDAC family are affected by HDAC inhibitors treatment during the recovery period. We found a significant downregulation of HDAC1, HDAC3, and HDAC4 protein levels in zebrafish treated with the VPA or TSA. Reduction of HDAC2 protein levels is also found after 48 h HDAC inhibitor treatment. Furthermore, VPA and TSA treatment do not cause a reduction in protein levels of HDACs 5, 6, and 8 (Supplemental Figure 3).
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FIGURE 8. HDAC inhibition increases histone acetylation during HC regeneration. (A) Western blot analysis of acetylated H3 (Ace H3) and acetylated H4 (Ace H4) protein extracts from control and 0.1 μM TSA- or 100 μM VPA-treated larvae at 48 h after neomycin damage. β-Actin was included as the control. Mean ± s.e.m. for three experimental replicates. *p < 0.05. **p < 0.001. (B) Acetylation of histone H3 and H4 were stained (red) by Ace H3 and Ace H4 antibody. HCs were labeled with HCS-1 (green) antibody and nuclei were stained with DAPI (blue). Scale bar = 10 μm.



DISCUSSION

HDAC activity has been demonstrated to play an important role in the regulation of diverse physiological processes in the cell—including cell differentiation, apoptosis, migration, proliferation, and survival—via the formation of complexes with various transcription factors (for example, Sp1, Sp3, p53, and nuclear factor-kappa B) (Haberland et al., 2009). We have previously shown that HDAC activity is necessary for the control of proliferation and migration of the PLL primordium and the concomitant deposition of the neuromasts during the early stages of PLL development in zebrafish (He et al., 2014b). We have also demonstrated that HDAC activity is involved in the development of HCs and SCs in zebrafish lateral line neuromasts (He et al., 2014a). Our previous study revealed that HDAC activity is involved in lateral line development and might have a role in neuromast formation by altering cell proliferation through the expression of cell cycle regulatory proteins. However, there is no existing report concerning the role of the HDACs in HC regeneration. In this study, we have demonstrated the role of HDAC in HC regeneration in the zebrafish lateral line. We observed that TSA and VPA administration decreased the numbers of newly regenerated HCs and SCs in the neomycin-damaged neuromast. We also showed that TSA and VPA treatment dramatically reduced cell proliferation in neuromasts as detected by BrdU immunostaining, and this activity is believed to be the primary mechanism behind the decreased regeneration of HCs in the zebrafish lateral line. It has been shown that the anti-proliferative effect of HDAC inhibitors is responsible, at least in part, for the induction of G1 cell cycle arrest of various types of cells.

Cell cycle regulation is of pivotal importance for the control of growth and development, and deregulation of the cell cycle has been shown to be associated with proliferation defects and carcinogenesis (Massague, 2004). The coordinated interactions between Cyclins and cyclin-dependent kinases (CDKs) play key roles in promoting the progression through the different phases of the cell cycle. CDK activity is negatively regulated by two types of CDK inhibitors (CKIs), the CIP/KIP subfamily (p21Cip1, p27Kip1, and p57Kip2) and the INK4 subfamily (p15Ink4b, p16Ink4a, p18Ink4c, and p19Ink4d) (Sherr and Roberts, 1995). CKIs can inhibit a broad range of Cyclin/CDK complexes and act as key regulators of the timing of cell cycle arrest. Previous work has shown that several CKI family members are expressed in inner ear HCs and SCs during embryogenesis and that the expression of these regulators becomes more restricted with maturation. For instance, p27Kip1 remains strongly expressed in SCs during adulthood, but becomes down-regulated in mature HCs suggesting that it plays a particularly important role in maintaining differentiated SCs in a non-proliferative status (Chen and Segil, 1999). Another CIP/KIP family member, p21Cip1, and the INK4 family member p19Ink4d help to maintain the postmitotic state of HCs. Mutations of both p21Cip1 and p19Ink4d in mice lead to HC death and reentry into the cell cycle, but these differentiated HCs quickly die by apoptosis (Laine et al., 2007). Together these studies reinforce the fact that direct manipulation of cell cycle regulatory genes has not yet been successfully used for the production of functional auditory sensory epithelium in mammals, and they suggest that it is important to understand the detailed mechanisms that activate cell cycle reentry in many regenerating systems. It is possible that manipulating signaling events through epigenetic regulation will be a more promising therapeutic avenue for stimulating mammalian HC regeneration.

A great number of studies have demonstrated that expression of HDACs may contribute to the development and regeneration of many tissues (Tseng et al., 2011). In the present study, we identified that protein levels of HDAC1-4 were downregulated in TSA or VPA treated zebrafish, whereas the expression of other HDAC family members (HDAC5, HDAC6, and HDAC8) were not significantly changed after 48 h TSA or VPA treatment. These results suggest that several family members of class I and II HDACs might play key roles in HC regeneration in zebrafish. Emerging evidence is increasingly showing that the intrinsic relationship between cell cycle progression and HDAC activity is essential for embryogenesis. The CKI p21Cip1, which mediates cell cycle arrest, apoptosis, and differentiation, was previously shown to be a crucial target of the transcriptional corepressor HDAC1 in mouse ES cells (Lagger et al., 2002) and human tumor cells (Lagger et al., 2003; Gui et al., 2004). Lagger et al. (2002) demonstrated that HDAC1 acts as a positive regulator of proliferation in mouse ES cells and mouse embryonic fibroblasts by repressing the expression of p21Cip1. Targeted deletion of HDAC1 in mice results in embryonic lethality before embryonic day 10.5 due to severe proliferation defects and suggests a key role for HDAC1 in regulating cell proliferation. Reduced proliferation rates in HDAC1-deficient embryos and embryonic stem cells (ES cells) are also correlated with elevated levels of p21Cip1 and p27Kip1 (Lagger et al., 2002). In contrast, ablation of p21Cip1 rescues the proliferation phenotype of HDAC1-null ES cells but not the embryonic lethality of HDAC1-deficient mice (Zupkovitz et al., 2010). Recently, the promoter regions of the p21 gene were shown to be common targets of HDAC1 and HDAC2 indicating that HDAC1 and HDAC2 directly regulate p21 gene expression to control G1 to S-phase progression (Lin et al., 2008). Combined deletion of HDAC1 and HDAC2 results in G1 cell cycle arrest and is accompanied by up-regulation of p21 in primary and oncogenic-transformed fibroblasts (Wilting et al., 2010). HDAC inhibitors such as suberoylanilide hydroxamic acid (SAHA) and TSA induce differentiation and apoptosis and alter the expression of p21 in transformed cells. Richon et al. (2000) have shown that SAHA induces the activation of the p21 gene via acetylation of histones H3 and H4 that are associated with the promoter and coding regions of the p21 gene. Yamaguchi et al. (2010) also demonstrated that HDAC1 and HDAC2 directly regulate the G1 to S-phase transition of the cell cycle by repressing the expression of p21 and p57. These findings indicate that multiple HDACs regulate cell cycle progression through the G1/S-phase checkpoint by repressing CKI expression, in particular through transcriptional repression of p21 in different cell types. In agreement with this, our data show that HDAC inhibitors significantly inhibited proliferation and upregulated the expression of the CKIs p21Cip1 and p27Kip1. This was associated with increased H3 and H4 acetylation and decreased HDAC (1, 2, 3, and 4) expression suggesting that p21Cip1 and p27Kip1 might be involved in mediating the anti-proliferative effects of HDAC inhibitors on neuromast cells. However, the underlying mechanism of HDAC in the regulation of regeneration in HCs remains unidentified. So it will be interesting and valuable to determine the possible mechanisms of HDACs, especially HDACs1-4, in HC regeneration in future studies.

Expression of the p21Cip1 gene is tightly controlled by a variety of factors, including the MAPK signaling pathway (Simboeck et al., 2010) and the tumor suppressor p53—which is important in the DNA damage checkpoint (Sherr, 1994). p21Cip1 expression has been shown to be regulated in a p53-dependent and p53-independent manner (Michieli et al., 1994; Gartel and Tyner, 1999). We next examined the expression of p53 protein. In our experiments, TSA or VPA treatment does not activate p53 but can increase p21 protein, suggesting that the effect of TSA and VPA on p21 expression might be independent of p53 status. This is consistent with the previously reported observations that HDAC inhibitors can activate p21 transcription through its promoter Sp1 sites in a p53-independent manner (Nakano et al., 1997; Sowa et al., 1997; Huang et al., 2000). However, it remains a possibility that both p53-dependent and p53-independent signaling pathways are involved in our study. To confirm that TSA- and VPA-mediated induction of p21 is independent of p53, we plan to investigate the stability of p53 protein in HDAC inhibitor-treated fish because it is well-accepted that p53 function is tightly controlled through stability of the protein. The stability of p53 protein is regulated predominantly by the oncoprotein Mdm2 that acts as a repressive regulator of p53 (Oliner et al., 1993), and the analysis of Mdm2 activity will also be investigated in future work.

In conclusion, our results indicate that inhibition of HDAC activity with TSA and VPA downregulates several family members of class I and II HDACs and significantly decreases the numbers of SCs and regenerated HCs in zebrafish lateral line neuromasts during the regeneration process. Furthermore, administration of HDAC inhibitors strongly inhibit cell proliferation in response to HC death. HDAC function is important for regulating the expression of cell cycle regulators as an critical component during HC regeneration, and this strengthens and extends the importance of HDAC activity that was previously shown to be important during the development of the neuromasts in zebrafish (He et al., 2014a). Our findings suggest that HDAC is a potential target for therapies aimed at promoting HC regeneration.
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The Wnt/β-catenin signaling pathway plays important roles in mammalian inner ear development. Lgr5, one of the downstream target genes of the Wnt/β-catenin signaling pathway, has been reported to be a marker for inner ear hair cell progenitors. Lgr6 shares approximately 50% sequence homology with Lgr5 and has been identified as a stem cell marker in several organs. However, the detailed expression profiles of Lgr6 have not yet been investigated in the mouse inner ear. Here, we first used Lgr6-EGFP-Ires-CreERT2 mice to examine the spatiotemporal expression of Lgr6 protein in the cochlear duct during embryonic and postnatal development. Lgr6-EGFP was first observed in one row of prosensory cells in the middle and basal turn at embryonic day 15.5 (E15.5). From E18.5 to postnatal day 3 (P3), the expression of Lgr6-EGFP was restricted to the inner pillar cells (IPCs). From P7 to P15, the Lgr6-EGFP expression level gradually decreased in the IPCs and gradually increased in the inner border cells (IBCs). At P20, Lgr6-EGFP was only expressed in the IBCs, and by P30 Lgr6-EGFP expression had completely disappeared. Next, we demonstrated that Wnt/β-catenin signaling is required to maintain the Lgr6-EGFP expression in vitro. Finally, we demonstrated that the Lgr6-EGFP-positive cells isolated by flow cytometry could differentiate into myosin 7a-positive hair cells after 10 days in-culture, and this suggests that the Lgr6-positive cells might serve as the hair cell progenitor cells in the cochlea.
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Introduction

The mammalian inner ear cochlea is a very sophisticated organ. The organ of Corti in the inner ear is responsible for hearing in mammals and contains two types of mechanosensory hair cells (inner hair cells and outer hair cells) and six types of supporting cells [Deiters' cells, Hensen's cells, Claudius' cells, pillar cells, inner phalangeal cells, and inner border cells (IBCs)] (Chai et al., 2012). Cell proliferation and differentiation are coordinated in the development of the organ of Corti, but many molecular mechanisms involved in regulating this proliferation and differentiation remain undiscovered (Cremisi et al., 2003; Pagano and Jackson, 2004). During the development of the mouse cochlea, the otic placode—which will give rise to the auditory and vestibular sensory organs of the inner ear (Fritzsch et al., 1998)—forms on embryonic day 8.5 (E8.5). The placode invaginates to form the otocyst on E11. By this time, the regions that will give rise to sensory neuroepithelia have already been specified (Morsli et al., 1998). At E12, the progenitors of hair cells and supporting cells are still dividing (Ruben, 1967). At E12.5, apical progenitors begin to exit the cell cycle, and this is followed by the progenitor cells in the base of the cochlea. By E14, all progenitor cells of the inner ear have exited the cell cycle (Ruben, 1967; Lee et al., 2006). Hair cell differentiation first appears in the mid-basal region of the cochlea at E13.5 and spreads bidirectionally during the development of the organ of Corti (Chen et al., 2002). Hair cell differentiation finishes between E17 and E18 (Sher, 1971; Li and Ruben, 1979; Lim and Anniko, 1985; Chen et al., 2002).

The Wnt/β-catenin signaling pathway is reported to play important roles in mammalian cochlear development and hair cell regeneration by regulating both proliferation and differentiation of prosensory cells. The Wnt/β-catenin signaling pathway is also critical for otocyst induction, dorsal patterning of the otocyst, and the eventual formation of the vestibular organs (Hollyday et al., 1995; Jasoni et al., 1999; Riccomagno et al., 2005; Lillevali et al., 2006; Ohyama et al., 2006; Rakowiecki and Epstein, 2013). Wnt/β-catenin signaling also plays a key role in hair cell formation in the cochlea, and this is clearly demonstrated by the inability of hair cells to differentiate from sensory progenitors when Wnt/β-catenin is knocked out (Jacques et al., 2012; Shi et al., 2014).

Recently, the Wnt/β-catenin downstream target genes Lgr5 and Axin2 have been reported to be markers for inner ear hair cell progenitors. The Lgr5-positive hair cell progenitors can self-renew to regenerate hair cells after isolation by flow cytometry in vitro, and they can also spontaneously regenerate hair cells after hair cell loss in neonatal mouse cochleae in vivo (Chai et al., 2011, 2012; Shi et al., 2012, 2013; Jan et al., 2013; Cox et al., 2014). Recent studies also showed that Wnt/β-catenin signaling plays dual roles in controlling the proliferation and differentiation of hair cell progenitor cells (Jacques et al., 2012; Shi et al., 2014). Lgr6 is a member of the leucine-rich repeat-containing G-protein-coupled receptors (LGRs) (Barker and Clevers, 2010). In other organs, including the skin, taste buds, and lungs, Lgr6 has been identified as a stem cell marker (Snippert et al., 2010; Oeztuerk-Winder et al., 2012; Ren et al., 2014), and these Lgr6-positive stem cells have been reported to be involved in wound repair and hair follicle development (Barker and Clevers, 2010; Snippert et al., 2010; Leushacke and Barker, 2012). Lgr6 expression is sometimes up-regulated in gastric cancer, and Lgr6 expression is significantly correlated with patient survival; patients with Lgr6-positive tumors tend to live longer than patients with Lgr6-negative tumors (Krejs, 2010; Garlipp et al., 2011).

Lgr6 shares approximately 50% sequence homology with Lgr5, which is a marker of Wnt-regulated hair cell progenitor cells in the postnatal mouse cochleae. The expression pattern and characterization of Lgr5 have been well studied in the mouse inner ear (Chai et al., 2011, 2012; Shi et al., 2012, 2013; Jan et al., 2013; Cox et al., 2014). At E15.5, Lgr5 is expressed in the whole prosensory region of the cochlear duct, and the expression continues to decrease during development. From E18.5 to neonatal ages, Lgr5 expression is restricted to the third row of Deiters' cells, inner pillar cells (IPCs), medial inner phalangeal cells, and the lateral GER (greater epithelium region). By P30, Lgr5 expression is only detectable in the third row of Deiters' cells (Chai et al., 2011). However, the detailed expression profiles of the homologous Lgr6 protein during development have not yet been investigated in the mouse inner ear. In the gastrointestinal and integumentary systems, Lgr5 expression is regulated by Wnt signaling (Jaks et al., 2008; Ootani et al., 2009). In the inner ear, Wnt activation increases Lgr5 expression, and Wnt inhibition decreases Lgr5 expression (Chai et al., 2011, 2012; Shi et al., 2012, 2013). However, whether Wnt signaling can regulate the expression of Lgr6 has remained unknown. In mouse cochleae, the Lgr5-positive cells can regenerate hair cells both in vivo and in vitro and thus, serve as the inner ear hair cell progenitor cells (Chai et al., 2012; Shi et al., 2012, 2013; Cox et al., 2014; Li et al., 2015). However, the characterization of the Lgr6-positive cells has not been investigated in the mouse inner ear.

In this study, we first utilized transgenic Lgr6-EGFP-Ires-CreERT2 reporter mice to characterize the spatiotemporal expression of Lgr6 in the embryonic and postnatal mammalian cochlear duct. Next, we showed that Wnt signaling is required to maintain the expression of Lgr6. Last, we isolated the Lgr6-positive cells by flow cytometry and demonstrated that Lgr6-positive cells could differentiate into hair cells in vitro.

Methods

Animals

Lgr6-EGFP-Ires-CreERT2 mice in a C57BL/6J background were purchased from the Jackson Laboratory (stock no. 016934). These mice were generated by homologous recombination in embryonic supporting cells that placed an EGFP-Ires-CreERT2 cassette at the transcriptional start site of the Lgr6 gene. Insertion of the EGFP-Ires-CreERT2 into the transcriptional start site of the gene enabled green fluorescent labeling of cells that normally express Lgr6. All of the transgenic mice used for our research were heterozygotes. All animal procedures were performed according to protocols approved by the Animal Care and Use Committee of Fudan University and were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used and to prevent their suffering.

Genotyping, RT-PCR, and qPCR

Genomic DNA was isolated from transgenic mouse tails using a DNA extraction kit (pc 3202, Biomed) according to the manufacturer's instructions. We used the following genotyping primers: wild-type Lgr6 (forward) CTG TGG CTT TGC GCT GTG; (reverse) AAG GGC ACC AAA CGA GTG T; mutant Lgr6 (forward) GCC CAC CGA CGG CGC AGC CC; (reverse) GCT GAA CTT GTG CCG TTT A.

The total RNA from the cochlear sensory epithelium was processed with an RNeasy micro kit (Cat. #74004, Qiagen). cDNA was synthesized from 1 μg total RNA by reverse transcription using random primers (Promega) and Superscript III reverse transcriptase (Life Technologies). Quantitative real-time PCR (qPCR) was performed using SYBR Green PCR Master Mix (Life Technologies) on an AB 7500 Real-Time PCR System (Life Technologies). Each PCR reaction was carried out in triplicate, and the relative quantification of gene expression was analyzed using the ΔΔCT method with GAPDH as the endogenous reference. Primer pairs for the qPCR were designed using the online Primer3 software. Lgr6: (forward) GTA TGA ACA ACC TCA CGG AGC; (reverse) TTG GAG GCC AGA GAA TGC C; Sox2: (forward) ATG AAC GGC TGG AGC AAC GGC A; (reverse) TCA CAT GTG CGA CAG GGG CAG T; GAPDH: (forward) AAC GGG AAG CCC ATC ACC ATC TT; (reverse) CAG CCT TGG CAG CAC CAG TGG; Lgr5: (forward) TCT TCA CCT CCT ACC TGG ACC T; (reverse) GGC GTA GTC TGC TAT GTG GTG T; Brn3.1: (forward) CCC AAA TTC TCC AGC CTA CAC; (reverse) GGC GAG ATG TGC TCA AGT AAG T.

Cryosectioning

Heads from E15.5 mice and the otic bullae from E18.5–postnatal day 3 (P3) mice were isolated and fixed with 4% paraformaldehyde (Sigma-Aldrich) in 0.01 M phosphate-buffered saline (PBS, pH 7.4) at 4°C overnight. For P7 and older animals, decalcification was performed with 10% EDTA in PBS for 1–3 days at 4°C. Samples were immersed in 15% and then 30% sucrose in PBS at 4°C overnight, and then embedded in OCT compound (Sakura Finetek) at 4°C overnight. Serial frozen sections of 10–12 μm thickness were made with a Leica CM3050 cryostat (Leica).

Cell Sorting by Flow Cytometry

Cochleae from P3 Lgr6-EGFP-Ires-CreERT2 mice were dissected out and the stria vascularis and spiral ganglia were removed. The cochleae were incubated in 0.125% trypsin (Invitrogen) at 37°C for 8 min, and the same volume of 10 mg/mL trypsin inhibitor (Worthington Biochem) was added. Following trituration, cells were passed through a 40 μm filter (BD Biosciences) and labeled with 1 μg/mL propidium iodide (Sigma) to remove the dead cells. Wild-type cochleae were used to determine the background labeling levels in each sorting. The dissociated cells were sorted on a MoFlo® SX FACS cytometer (Beckman Coulter) using the channels for GFP, and the positive fractions were collected. We consistently achieved over 90% cell viability and over 95% purity for sorted cells. The purity of the sorted cells was assessed by re-sort analysis, immunohistochemistry, and quantitative RT-PCR. For staining, sorted cells were plated on fibronectin-coated slides (Sigma) and incubated for 1 h at 37°C before fixation and immunohistochemistry.

Culture of Sorted Cells

Flow cytometry-isolated Lgr6-positive cells (2000 cells with a density of 20 cells/μL) were plated on a laminin-coated 4-well dish and cultured for 10 days in DMEM/F12 media with 2% B27, 1% N2, EGF (20 ng/mL, Chemicon), bFGF (10 ng/mL, NIH), IGF-1 (50 ng/mL, Chemicon), and heparin sulfate (50 ng/mL, Sigma). The cells were fixed and immunostained for hair cell markers after 10 days of culture.

Tissue Cultures

P1 mice were sacrificed and their cochleae were carefully dissected to separate the organs of Corti from the spiral ganglia, the stria vascularis, and Reissner membranes under sterile conditions with fine forceps. Whole-mount cochleae were then transferred onto 10-mm coverslips (Fisher Scientific) pre-coated with poly-L-lysine (Sigma-Aldrich). Whole organs were cultured in DMEM/F12 (Invitrogen) supplemented with N2 (Invitrogen), B27 (Invitrogen), and ampicillin (50 μg/mL; Sigma-Aldrich) in four-well Petri dishes (Greiner Bio-one). After 12 h, Bio (5 μM, Sigma) or IWP-2 (25 mM, Sigma) was added to the culture medium for 3 days. Culture media were replenished every day. After this final culture, the basal membranes were fixed with 4% paraformaldehyde for 30 min at room temperature.

Immunofluorescence, Image Acquisition, and Image Analysis

Immunofluorescence was performed as reported previously (Jiang et al., 2014). Fixed tissues were blocked with 10% donkey serum in 10 mM PBS (pH 7.4) with 1% Triton X-100 (Sangon Biotech) for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C in a humidified chamber. The following day, tissues were rinsed with PBS and then incubated with secondary antibodies for 1 h at room temperature. After washing with PBS, tissues were mounted in antifade fluorescence mounting medium (DAKO) and coverslipped. The primary antibodies included anti-Lgr6 (1:500 dilution, Santa Cruz Biotechnology), anti-myosin 7a (1:1000 dilution, Proteus Bioscience), anti-GFP (1:1000 dilution, Abcam), and anti-Sox2 (1:500 dilution, Santa Cruz Biotechnology). The secondary antibodies were conjugated with FITC, Cy3, or Cy5 (1:500 dilution, Jackson ImmunoResearch). The nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, 1:800 dilution, Sigma-Aldrich) for 15 min at room temperature. Negative control experiments were performed as above by omitting the primary antibodies. Cochleae were dissected into the apical, middle, and basal turns, and photographs were taken using a Leica SP5 confocal fluorescence microscope (Leica) and analyzed with Photoshop CS4 (Adobe Systems).

Auditory Brainstem Responses

The auditory brainstem response (ABR) was measured to determine the hearing threshold of the mice. P30 mice were anaesthetized with ketamine (100 mg/kg) and xylazine (25 mg/kg; i.p.) and then placed on a thermostatic heating pad in a sound-attenuating chamber to maintain their body temperatures at 38°C. Electrodes were placed on the scalp of the mouse to record the electrical activity of the brain in response to sound. Four frequencies (8, 16, 24, and 32 kHz) were assessed with a TDT system 3 device (Tucker Davies Technologies).

Cell Counts

To quantify the Lgr6-positive cells in the three turns of the cochlea, we imaged the entire cochlea using a 40× objective and counted the EGFP-positive cells. For all experiments, only one cochlea from each mouse was used for immunofluorescence and quantification. Thus, n represents the number of mice examined.

Statistical Analysis

Statistical analyses were conducted using Microsoft Excel (Microsoft) and GraphPad Prism v5.0.3. The data were expressed as the mean ± SD. Immunofluorescence analysis was performed with a two-tailed, unpaired Student's t-test when comparing two groups or with a one-way ANOVA followed by a Dunnett's multiple comparisons test when comparing more than two groups. P < 0.05 was considered statistically significant.

Results

Lgr6 Expression in the Embryonic Cochlear Duct

We first investigated the expression pattern of the Wnt downstream target gene Lgr6. Here we took advantage of the Lgr6-EGFP-Ires-CreERT2 transgenic mice in which EGFP-Ires-CreERT2 is inserted into the transcriptional start site of the Lgr6 gene. The cells in these mice that normally express Lgr6 are labeled with green fluorescent protein. At E13.5, we did not observe any Lgr6-EGFP-positive cells in the organ of Corti (data not shown). Two days later, at E15.5, we detected Lgr6-EGFP expression in one row of Sox2-positive progenitor cells, and the Lgr6 expression appeared as a gradient from the base to the apex in the cochlear duct floor epithelium (Figures 1B, 2A). Lgr6-EGFP was mainly expressed in the middle and basal turns of the organ of Corti, and no Lgr6-EGFP was observed in the apical turn (n = 4) (Table 1). Starting at E15.5, myosin 7a, one of the hair cell-specific markers, was expressed in the base of the organ of Corti, and Sox2, the prosensory cell marker, was expressed in the prosensory region that gives rise to the organ of Corti (Kiernan et al., 2005; Dabdoub et al., 2008). In the basal turn, Lgr6-EGFP expression was only seen in one row of prosensory cells between the inner hair cells and outer hair cells (Figure 1B).
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FIGURE 1. Expression of Lgr6-EGFP in cochlear cryosections at E15.5 and E18.5. (A) At low magnification, expression of Lgr6-EGFP at E18.5 was restricted to one supporting cell in the middle and basal turns, and no expression was seen in the apical turn. (B) Lgr6-EGFP was expressed in one supporting cell in the middle and basal turns of the organ of Corti at E15.5. At E18.5, Lgr6-EGFP was expressed in the inner pillar cells in the middle and basal turns. IHC, inner hair cell; OHCs, outer hair cells; GER, greater epithelium region.
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FIGURE 2. Lgr6-EGFP expression in the whole mount cochleae of mouse embryos at E15.5 and E18.5. (A) Lgr6-EGFP was expressed in one row of supporting cells in the middle and basal turns of the organ of Corti at E15.5 and E18.5. There was no Lgr6-EGFP expression in the apical turn. (B) The percentage of Lgr6-EGFP-positive IPCs at E15.5 and E18.5. The Lgr6-EGFP expression increased in both the middle and basal turns of the organ of Corti from E15.5 to E18.5 (n = 4). IPCs, inner pillar cells.



Table 1. Quantification of Lgr6-EFGP/Sox2 double-positive inner pillar cells per 100 μm cochlear length at E15.5 and E18.5.
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Hair cells complete their differentiation between E17 and E18. We examined the E18.5 cochlear duct and found a similar Lgr6-EGFP expression pattern with a gradient from base to apex as seen at E15.5. Lgr6-EGFP was expressed in the IPCs in the middle and basal turns (Figure 1A), and the Lgr6-EGFP expression was increased compared to E15.5 (n = 4) (Figures 1, 2, and Table 1). The percentage of Lgr6-EGFP-positive cells out of the total IPCs was 24.42 ± 4.43% and 65.33 ± 5.13% in the middle and basal turns, respectively. We did not detect any Lgr6-EGFP-positive cells in the apical turn. At this development stage, we detected four rows of myosin 7a-positive hair cells in the organ of Corti (Figure 2A). In the apical and middle turn, Sox2 was expressed in hair cells, the adjacent supporting cells, and the GER medially (Figure 1B). This hair cell-bearing area at this stage is henceforth referred to as the prosensory region. Sox2 levels were down-regulated in more differentiated hair cells in the basal region (Figure 1B), and this down-regulation of Sox2 in hair cells was consistent with previous reports (Hume et al., 2007).

Lgr6-EGFP Expression is Restricted to the IPCs in the Cochlea at P1 and P3

Like the E18.5 cochlear duct, Lgr6-EGFP was also expressed in the IPCs in the middle and basal turns of P1 and P3 cochleae (Figures 3A,C,D and Table 2). There was no Lgr6-EGFP expression in the apical turn. At P1, Lgr6 expression increased in both the middle and basal turns compared to E18.5 (n = 4) (Tables 1, 2). To confirm the expression of Lgr6, we stained the P1 cochleae with the Lgr6 antibody and found that the Lgr6 expression detected by immunohistochemical staining was identical to the Lgr6-EGFP reporter expression (Figure 3B). At P3, the Lgr6 expression decreased in both the basal and middle turns of the organ of Corti compared to the expression at P1 (n = 4) (Figure 3C, Figure S1, and Table 2).
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FIGURE 3. Lgr6-EGFP expression is restricted to the IPCs in the cochlea at P1. (A) At low magnification, only one row of Lgr6-EGFP-positive cells was detected, and Lgr6-EGFP was only expressed in the middle and basal turns in the cochlear epithelium at P1. (B) Immunostaining with an anti-Lgr6 antibody in wild-type cochlea showed that Lgr6 expression was restricted to the IPCs at P1. (C) The percentage of Lgr6-EGFP-positive IPCs (IPCs) at P1 and P3 (n = 4). (D) At P1, Lgr6-EGFP was expressed only in the IPCs in the middle and basal turns. IPCs, inner pillar cells.



Table 2. Quantification of Lgr6-EFGP/Sox2 double-positive inner pillar cells per 100 μm cochlear length from P1 to P30.
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Lgr6-EGFP Expression is Restricted to Both IPCs and IBCs from P7 to P15

Interestingly, at P7 we found that the Lgr6-EGFP expression was not only in the IPCs but also in the IBCs in both the middle and basal turns. There was no EGFP expression in the apical turn. The Lgr6 expression in the IPCs decreased at P7 compared to that of P3 (n = 4) (Figure 6D, Table 2). The Lgr6 expression in IBCs was similar to that in IPCs (n = 4) (Figures 4, 5A,B, 6E and Table 3). The percentage of Lgr6-EGFP-positive IPCs was 40 ± 3.6% and 85 ± 4.7% in the middle and basal turns, respectively. The percentage of Lgr6-EGFP-positive IBCs was 41.5 ± 4.1% and 87.3 ± 3.53% in the middle and basal turns, respectively.
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FIGURE 4. Lgr6-EGFP expression is restricted to both inner pillar cells (IPCs) and inner border cells (IBCs) from P7 to P15. At P7, Lgr6-EGFP was expressed both in the IPCs (arrow head) and IBCs (arrow) in the middle and basal turns, and there was no Lgr6-EGFP expression in the apical turn. Between P10 and P15, Lgr6-EGFP was expressed only in the IPCs (arrow head), but in the basal turn Lgr6-EGFP was expressed in both the IPCs (arrow head) and IBCs (arrow).
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FIGURE 5. Lgr6-EGFP expression decreased in the IPCs and increased in the IBCs from P7 to P15. (A) From P7 to P15, Lgr6-EGFP was expressed in both the IPCs and IBCs in the middle and basal turns. In the apical turn, there was no Lgr6-EGFP expression at P7, and Lgr6-EGFP was only expressed in the IBCs at P10 and P15. (B) From P7 to P15, the percentage of Lgr6-EGFP-positive IPCs gradually decreased (n = 4), (C) From P7 to P15, the percentage of Lgr6-EGFP-positive IBCs gradually increased (n = 4). IPCs, inner pillar cells; IBCs, inner border cells.
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FIGURE 6. Lgr6-EGFP expression was restricted to IBCs at P20 and completely disappeared at P30. (A) Lgr6-EGFP was expressed only in the IBCs at P20, and Lgr6-EGFP expression disappeared at P30. (B) Lgr6-EGFP expression decreased gradually from the basal to apical turn at P20 (n = 4). (C) The P30 heterozygous Lgr6-EGFP-Ires-CreERT2 mice had normal hearing. (D) The number of Lgr6-EGFP-positive IPCs per 100 μm cochlear epithelium from E15.5 to P30. The number of Lgr6-EGFP-positive IPCs started to increase at E15.5, peaked at P1, and then gradually decreased and disappeared by P20 (n = 4). (E) The number of Lgr6-EGFP-positive IBCs per 100 μm cochlear epithelium from E15.5 to P30. The Lgr6-EGFP-positive IBCs first appeared at P7. The number of cells increased and reached a peak at P15 and then decreased and disappeared by P30 (n = 4). IPCs, inner pillar cells; IBCs, inner border cells.



Table 3. Quantification of Lgr6-EFGP/Sox2 double-positive inner border cells per 100 μm cochlear length from P1 to P30.
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At P10, Lgr6-EGFP expression in the middle and basal turns was similar to P7 (n = 4) (Figures 4, 5, 6D,E, Tables 2, 3). The percentage of Lgr6-EGFP-positive IPCs was 15.19 ± 3.56% and 76.53 ± 4.12% in the middle and basal turns, respectively. The percentage of Lgr6-EGFP-positive IBCs was 92.1 ± 4.78% and 95.08 ± 4.61% in the middle and basal turns, respectively. However, Lgr6-EGFP expression also appeared in the IBCs of the apical turn (n = 4) (Table 3), and the percentage of Lgr6-EGFP-positive IBCs was 91.76 ± 3.53% in the apical turn.

At P15, the Lgr6-EGFP expression in the middle and basal turns was similar to the expression at P10 (n = 4) (Figures 4, 5, 6D,E, Tables 2, 3). The percentage of Lgr6-EGFP-positive IPCs was 14.21 ± 3.43% and 70.32 ± 5.12% in the middle and basal turns, respectively. The percentage of Lgr6-EGFP-positive IBCs was 99.79 ± 3.56% and 98.34 ± 4.12% in the middle and basal turns, respectively. In the apical turn, Lgr6-EGFP was expressed only in the IBCs (n = 4) (Table 3), and the percentage of Lgr6-EGFP-positive IBCs was 98.12 ± 4.1%.

Lgr6-EGFP Expression is only seen in IBCs at P20 and Completely Disappears at P30

At P20, Lgr6-EGFP was expressed only in the IBCs, not in the IPCs, in all three turns. The Lgr6 expression level decreased gradually from the basal to apical turn (n = 4) (Figure 6 and Table 3). The percentage of Lgr6-EGFP-positive IBCs was 19.23 ± 3.49%, 59.43 ± 4.23%, and 90.67 ± 5.01% in the apical, middle, and basal turns, respectively. At P30, we did not detect any Lgr6-EGFP expression in any cells in any of the turns (n = 4) (Figure 6).

Heterozygous Lgr6-EGFP-Ires-CreERT2 Mice have Normal Hearing

Heterozygous Lgr6-EGFP-Ires-CreERT2 mice have been reported to be healthy (Snippert et al., 2010), but data about their auditory function have not yet been provided. According to our ABR measurements, there was no significant threshold difference between the heterozygous Lgr6-EGFP-Ires-CreERT2 mice and their age-matched wild-type littermates at P30 (One-Way ANOVA, P = 0.79) (Figure 6C).

Wnt Signaling is Required to Maintain the Expression of Lgr6

To investigate whether Wnt signaling can regulate Lgr6 expression, we dissected out the cochlea from P3 Lgr6-EGFP-Ires-CreERT2 mice and treated the cochlear explants with the Wnt agonist Bio (5 μM) or the Wnt antagonist IWP-2 (25 μM) for 3 days. DMSO treatment was the vehicle control. In control cochleae, there were no Lgr6-EGFP-positive cells in the apical turn. When treated with the Wnt agonist Bio, the number of Lgr6-EGFP-positive cells increased significantly in the apical turn (n = 4, P < 0.01) (Figures 7A,C and Table 4); however, the Lgr6-EGFP-positive cell numbers in the middle and basal turns did not change significantly compared to controls (n = 4, P = 0.25, and P = 0.95, respectively) (Figures 7A,C and Table 4). When treated with the Wnt antagonist IWP-2, the Lgr6-EGFP-positive cell number decreased significantly both in the middle and basal turns compared to controls (n = 4, P < 0.01) (Figures 7A,C and Table 4). qPCR experiments showed similar results. We found that Bio treatment increased the Lgr6 expression level, but the increase was not statistically significant (n = 4, P = 0.76) (Figure 7B), while IWP-2 significantly decreased the Lgr6 expression level (n = 4, P < 0.01) (Figure 7B). These results suggested that Wnt signaling is required to maintain the expression of Lgr6 in vitro.
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FIGURE 7. Wnt signaling regulates the expression of Lgr6. (A) Bio treatment significantly increased Lgr6-EGFP expression in the apical turn, but the Lgr6-EGFP expression level did not change in the middle and basal turns compared with the PBS vehicle group. IWP-2 treatment significantly decreased Lgr6-EGFP expression in both the middle and basal turns. (B) Quantitative PCR results showed Bio treatment slightly increased Lgr6 expression and IWP-2 treatment significantly decreased Lgr6 expression. (C) The quantification of Lgr6-EGFP-positive inner pillar cells per 100 μm cochlear epithelium. **p < 0.01, ***p < 0.001.



Table 4. Quantification of Lgr6-EFGP/Sox2 double-positive inner pillar cells per 100 μm cochlear length after Wnt agonist/antagonist treatment.
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Lgr6-Positive Cells Isolated by Flow Cytometry can Generate Hair Cells In Vitro

To further characterize the Lgr6-positive cells, we isolated these cells with FACS (florescence-activated cell sorting) and cultured them to test whether the Lgr6-positive cells could generate hair cells in vitro. In this experiment, we dissected out the cochlea from 40 to 50 Lgr6-EGFP-Ires-CreERT2 mice and purified the Lgr6-EGFP-positive cells by FACS. We found that around 0.8% of the cells were Lgr6-EGFP-positive (n = 3) (Figure 8A). Immunohistochemical staining showed that 94.43 ± 3.67% of the Lgr6-positive cells sorted by flow cytometry were also EGFP positive (n = 3). Isolated Lgr6-EGFP-positive cells showed no staining for the hair cell marker myosin 7a (n = 3) (Figure 8D), but almost all cells were positive for the supporting cell marker Sox2 (95.65 ± 44.35%, n = 3) (Figure 8D). qPCR data also showed that the Lgr6-EGFP-positive cells had significantly higher Lgr6 expression (P < 0.001), slightly higher Sox2 expression (P < 0.05), and significantly lower hair cell marker Brn3.1 expression (P < 0.001) compared to the EGFP-negative cells (n = 3) (Figure 8B). We then cultured the flow cytometry-isolated Lgr6-EGFP-positive cells at a density of 20 cells/μL for 10 days and found that these Lgr6-EGFP-positive cells could generate myosin 7a-positive hair cells. After 10 days of culture, 2000 Lgr6-EGFP-positive cells could generate 802 ± 27 myosin 7a-positive hair cells. In contrast, 2000 Lgr6-negative cells could only generate around 9 ± 2 myosin 7a-positive hair cells (n = 3) (Figures 8C,E). This result indicated that Lgr6-positive cells might also have the ability to serve as hair cell progenitors.
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FIGURE 8. Flow cytometry-isolated Lgr6-positive cells can generate hair cells in vitro. (A) Lgr6-GFP-positive and Lgr6-GFP-negative cells were isolated using flow cytometry. (B) Quantitative PCR showed that isolated Lgr6-EGFP-positive cells had significantly higher Lgr6 expression, slightly higher Sox2 expression, and significantly lower Brn3.1 expression compared to the Lgr6-EGFP-negative cells. (C) Isolated Lgr6-EGFP-positive cells generated significantly more myosin 7a-positive cells than Lgr6-EGFP-negative cells. (D) Immunostaining showed that among the hair cells that developed from isolated Lgr6-EGFP-positive cells, 95% were Lgr6-EGFP-positive, 96% were Sox2-positive, and none were myosin 7a-positive. (E) Isolated Lgr6-GFP-positive cells can generate myosin 7a+ hair cells after 10 days of in vitro culture. *p < 0.05, ***p < 0.001.



Discussion

In this study, we used Lgr6-EGFP-Ires-CreERT2 knock-in mice to determine the expression pattern of the Lgr6 gene. During embryonic development, Lgr6 was first observed at E15.5 in one row of Sox2-positive progenitor cells. We observed the highest level of expression in the basal turn of the organ of Corti followed by reduced expression in the middle turn and no expression in the apical turn. Lgr6 expression in the IPCs increased from E15.5 to P1 at which time it began to decrease. From P7 to P15, we observed Lgr6-EGFP expression not only in the IPCs but also in the IBCs. From P7 to P15, the Lgr6 expression level gradually decreased in the IPCs and gradually increased in the IBCs. At P20, Lgr6 expression in the IPCs disappeared and Lgr6 expression was only observed in the IBCs with a gradient from the basal to apical turns. At P30, Lgr6 expression had completely disappeared in all three turns.

The Lgr6 gene is homologous to Lgr5. Previous studies reported that Lgr5 is expressed in the prosensory region during embryonic development and is expressed in the third row of Deiters' cells, the IPCs, the medial inner phalangeal cells, and the lateral GER at P3. From P3 to P7, the level of Lgr5-EGFP expression gradually decreased in the IPCs, the inner phalangeal cells, and the lateral GER. At P15, only the third row of Deiters' cells expressed Lgr5-EGFP (Chai et al., 2011; Shi et al., 2012). In this study, when we compared the gene expression of Lgr6 and Lgr5, we found different expression patterns during the development and maturation of the organ of Corti. Generally speaking, during embryonic development Lgr6 is expressed in a sub-population of Lgr5-positive prosensory cells, and we observed Lgr6 expression in the Lgr5-positive IPCs from E18.5 to P3. From P7 to P15, Lgr5 expression in the IPCs, the medial inner phalangeal cells, and the lateral GER almost completely disappeared and Lgr5 expression was restricted to the third row of Deiters' cell. However, at the same developmental stage Lgr6 was expressed in both the IPCs and IBCs. At P20, Lgr5 was restricted to the third row of Deiters' cells and Lgr6 was restricted to the IBCs. At P30, Lgr5 was still expressed in the third row of Deiters' cells, but Lgr6 expression completely disappeared. The other difference between Lgr5 and Lgr6 expression is the expression pattern along the apical—basal axis. Lgr6 expression had a clear gradient from the basal to apical turns, and prior to P7 Lgr6 expression was restricted to the middle and basal turns and no Lgr6 was expressed in the apical turn. However, Lgr5 was expressed in all three turns with no clear difference between the turns.

The canonical Wnt/β-catenin signaling pathway is known to play crucial roles in cochlear duct development by regulating proliferation and hair cell differentiation (Jacques et al., 2012; Shi et al., 2014). Wnt/β-catenin signaling regulates the expression of downstream target genes, including Lgr5 and Axin2, and modulates the proliferation of Lgr5-positive and Axin2-positive progenitor cells (Chai et al., 2011, 2012; Shi et al., 2012, 2013). In cell cultures, the Wnt agonist Wnt3a increases the Lgr5 mRNA expression in vitro, and exogenous Wnt3a prevents the decline of Lgr5-EGFP expression in cultured P6 Lgr5-EGFP cochleae. In addition, the Wnt antagonist Fz8CRD decreases Lgr5 mRNA expression in vitro; in P3 Lgr5-EGFP cochleae, Lgr5-EGFP expression cannot be detected when treated with Fz8CRD, suggesting Lgr5-EGFP expression is dependent on active Wnt signaling (Chai et al., 2011). In this study, we investigated the effect of Wnt/β-catenin signaling on another Wnt downstream gene, Lgr6. We found that activating Wnt/β-catenin signaling with the exogenous Wnt agonist Bio significantly increased Lgr6 expression in the apical turn, but Lgr6 expression in the middle and basal turns was not significantly changed. On the other hand, inhibition of Wnt/β-catenin signaling with Iwp2 significantly reduced Lgr6 expression in the cochleae suggesting that Wnt signaling is required to maintain the expression of Lgr6.

Lgr6 has been reported to be a stem cell marker in numerous organs, including the skin, taste buds, and lungs (Snippert et al., 2010; Oeztuerk-Winder et al., 2012; Ren et al., 2014). In hair follicles, Lgr6 is expressed in a stem cell population above the follicle bulge, and these Lgr6-positive stem cells have the ability to generate all cell lineages found in the skin (Snippert et al., 2010). In taste buds, both Lgr5 and Lgr6 mark the stem cells, and the individually Lgr5-positive or Lgr6-positive cells can regenerate functional taste cells ex vivo (Ren et al., 2014). In the inner ear, previous studies have demonstrated that the Wnt downstream target gene Lgr5 marks the inner ear progenitor cells and the Lgr5-positive cell can generate hair cells both in vitro and in vivo. After hair cell damage, these Lgr5-positive progenitors also have the ability to regenerate new hair cells via both mitotic regeneration and direct differentiation (Chai et al., 2012; Shi et al., 2012, 2013; Jan et al., 2013; Cox et al., 2014). In this study, we used Lgr6-EGFP-Ires-CreERT2 mice and flow cytometry to characterize the identity of Lgr6-positive cells. We found that Lgr6-positive cells isolated by FACS also have the ability to differentiate into hair cells in vitro, and this suggests that Lgr6 might also mark hair cell progenitors in the organ of Corti. The detailed identity of the Lgr6-positive cells and the mechanisms involved in regulating these cells are worthy of study in the future.

In summary, we have determined the detailed expression pattern of the Wnt downstream target gene Lgr6 in the mouse cochlear duct from embryonic to adult ages, and we demonstrated that Wnt signaling is required to maintain the expression of Lgr6 in whole organ cultures in vitro. In addition, we demonstrated that when isolated by FACS, Lgr6-positive cells can differentiate into hair cells in vitro, indicating that Lgr6-positive cells might have the potential to be inner ear hair cell progenitors. These findings suggest that the Lgr6-positive cells might also serve as candidate therapeutic targets for hair cell regeneration.
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Figure S1. At P3, Lgr6-EGFP was expressed only in the inner border cells in the middle and basal turns, and there was no Lgr6-EGFP expression in the apical turn.
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Gene symbol Function Annotation p-value in HC dataset  Fold Change in HC dataset

\gs in nephrotoxicity  Consistent

PppIr10 Phosphatase 5.84E-06 4524746 Upregulates Yes
Ddit3 Transcription factor 2.626-05 2751878 Upregulates Yes
Jun Transcription factor 0.00245 2732088 Upregulates Yes
Cenlt RNA splicing 4.46E-06 2482795 Upregulates Yes
Gni3 P53 pathway regulation 7E-06 2427794 Upregulates Yes
Chia Phospholpid synthesis 6.28E-07 2029311 Upregulates Yes
Ddx39 RNA splicing 4.98E-06 1991224 Upregulates Yes
Nops8 Ribosome biogenesis 7.68E-08 1.941254 Upregulates Yes
Pppirisa Phosphatase 0.000454 1739694 Upregulates Yes
K12 Unkown 0.008232 1649551 Upregulates Yes
Ptbp1 RNA splicing 3.83E-05 1.636352 Upregulates Yes
Eed Transcription repressor 8.35€-06 1601639 Upregulates Yes
Eif2b2 Translation 3.21E:06 1572336 Upreguiates Yes
cu2 Ubiquitin igase 7.77€-06 1510081 Upregulates Yes
Zip622 Transcription regulator 4.77E-06 1.483148 Upregulates Yes
Neals N-acetylransferase 0.000102 1461136 Upregulates Yes
smnt RNA spicing 0.000161 145206 Upregulates Yes
Phax RNA export 0.006074 1.438425 Upregulates Yes
Ligd DNA repair 5.82E-05 141918 Upreguiates Yes
Azint Metabolism 0.001597 1.388636 Upreguiates Yes
A6 Res superfamily 0.000076 1.388019 Upregulates Yes
2310044G17RK  Unkown 0.005972 1.37605 Upregulates Yes
Eafl Transcription factor 0.000222 1369313 Upreguiates Yes
Cak13 Transcription elongation 0.000244 1365288 Upregulates Yes
Pafahibi Inactivates platelet-act. factor 0.000164 1.346669 Upreguiates Yes
Ger Growth factor 0001933 1324081 Upreguiates Yes
Pelo Mitosis 0.000148 1319478 Upreguiates Yes
Tec22d1 Transcription regulator 0.000157 1315102 Upregulates Yes
Dxs0 RNA helicase 000147 1.313465 Upregulates Yes
Gadddsa MAPK pathway reguiator 0.007003 130902 Upregulates Yes
Tars 1RNA synthesis 0001263 1202011 Upregulates Yes
Mdm2 P53 pathway reguiation 0.005424 1.28435 Upreguiates Yes
Dnaja2 Chaperone 0.001429 1282581 Upregulates Yes
Eif2b4 Translation 0.001361 1.270756 Upreguiates Yes
Sfpa RNA splicing 0.000749 1.252767 Upreguiates Yes
Crksr3 Sodium transport 000051 1.240831 Upregulates Yes
Candt Ubiquitin igase 0.003349 1215329 Upregulates Yes
Mybbpia Transcription regulator 0.000056 1214954 Upregulates Yes
Nel Ribosome biogenesis 000327 1.208809 Upreguiates Yes
Decr2 Metabolism 0.003445 -1.21269 Downregulates Yes
Asl Urea cycle 0.000314 —1.27227 Downregulates Yes
Acsi3 Metabolism 0000638 —1.27564 Downreguiates Yes
Gstm1 Antioxidant 0.00249 ~1.32453 Downregulates Yes
s100at Calcium binding 0.006299 -1.37041 Downregulates Yes
Abat Metabolism 0.002967 —1.38497 Downregulates Yes
Mipi23 Mitochondrial ribosome 0003565 —1.38508 Downregulates Yes
Haclt Metabolism 0.002033 ~1.43919 Downregulates Yes
Stégalnac3 Glycolipid synthesis 0.005244 ~1.46649 Downreguiates Yes
Pox Metabolism 000279 —1.65712 Downregulates Yes
Eeftal Translation 2.356-05 ~20177 Downregulates Yes
Zip3s4a Unkown 0.001648 1544937 Downregulates No
Hyout Stress 0002056 —1.22211 Upregulates No
Neddd Ubiqitin igase 2.45E-06 -1.27335 Upreguates No
Ctsd Protease 000174 -1.33083 Upregulates No
Hspas Stress 0004463 ~1.3884 Upregulates No
Calr Galcium binding 0000413 ~1.4266 Upregulates No
Hspg0b1 Chaperone 5.87E-05 ~1.56328 Upregulates No
Egrt Transcription regulator 0004467 -1.61013 Upregulates No
Zip3eit Growth factor response 0001571 ~1.65211 Upregulates No
Pdiad Protein folding 0002689 172559 Upregulates No
Tubbs Cytoskeleton 0001836 ~20123 Upregulates No

Spp1 Cell-matrix interaction 0.004118 -4.30391 Upregulates No
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Comparing dataset Activation  # Genes

2-score.

Cell death of kidney cells 5.76E-03 0.664 73
Cell death of kidney cell lines 1.09E-03 0579 67
Neuronal cell death 2.80E-04 0312 149
Cell death of brain cells 4.10E-04 0.024 63
Cell death of central nervous system cells ~ 6.80E-04 0015 66
Cell death of fibroblast cell lines. 271E-04  -0539 %
Cell death of cerebellar cortex cells. 277605 -0574 17
Cell eath of tumor cell lines. 4.70E-06  —0.656 331
Cell death of lymphoma cell lines 254503 —1.148 46
Cell eath of fibroblasts. 9.27E-05 181 61

Selected entries are shown. The p-value, which is calcuiated using the right-tailed Fisher
Bxact Test by IPA, is a measure of the likelihood that the association between a set of
focus genes in two datasets is due to random chance. Activation z-score is a quantiative
measure of how simiar the hair cel dataset is to the “comparing dataset’: larger positive
number indicates there are more genes with expression changes in the same direction in
both datasets, while larger negative number means there are more genes with changes
in oppostte direction between datasets. # Genes indicates number of overtapping genes
in the comparison.
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96 dB SPL 91dB SPL*

N Mean & s.e.m. Tukey's test® N Mean & s.e.m. Tukey’s test®
OHCs Control 18 39.49 + 2,696 p <0001 4 3813+ 4541 p <0001
Sound-treated 24 72.70 + 4.306 8 76.96 + 9.068
Pillar cells Control 17 17.50 £ 1.740 p>005(ns) 4 15.70 + 0.8995 p>005(ns)
Sound-treated 19 29.87 +4.473 10 30.20 + 4.803

“Only cells from the middle coil of 91 diB SPL sound-exposed cochleae (and their respective controls) were imaged, while cells from apical, middle and basal cochlear
regions of 96 dB SPL sound-exposed cochleae (and their respective controls) were imaged and GTTR fluorescence quantified (arbitrary uni). *Tukey's multiple comparison
test from one-way ANOVA including all four conditions: Control-OHC, Sound-treated-OHC, Control-PC and Sound-treated-PC. p < 0.05 is significant. PC = Pillr celss.
N = number of images, multiple cells per image were averaged.
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Control 91dB SPL

Animal ID Row Mean % +s.e.m. Animal ID Row Mean % + s.e.m.
2 1 13.08 +3.541 5 1 3.061 +1.287
2 42.04 +5.008 2 1.891 +0.9688
3 4497 +4.703 3 11.62+£1.673
Overall 33.35 + 3.654 Overall 5.492 + 1.092
3 1 3820 +2.720 6 1 10.25 +1.388
2 4751455 2 10.29 +1.921
3 61.25 +£3.947 3 21.41+£4.864
Overall 48.99 + 2.951 Overall 13.98 +1.995
4 1 38.46 + 3.062 7 1 61.45 +6.571
2 66.73 +3.150 2 47.88 £6.124
3 68.12 +5.681 3 46.06 + 6.046
Overall 54.44 +£3.237 Overall 51.80 + 3.709

Ten hair bundies in each OHC row from the mid-cochiear region (12-16 kHz region) of each cochlea were examined (3 mice per group). The percentage of tip ink survival
was calculated as the number of visible tip links divided by identifiable stereociliary tips (bar the tallest row of stereocilia) x 100.





OPS/images/fncel-09-00003/fncel-09-00003-g008.gif
750 1000

—0 Dihexa —1uM Dihexa
500

S © o o o o o
a8 & ©®© © ¥ «

(10u09 %) [AINING (|90 JIeH

Cisplatin (uM)





OPS/images/fncel-09-00003/fncel-09-00003-g005.gif
>

Hair Cell Survival (% Control)

Hair Cell Survival (% Control)

N B 9 ® 3 R
o 8 8 8 8 88

120
100
80
60
40
20

— OuM 6AH

—-1uM 6AH

50

100 200 400
Neomycin (M)

—0M Dihexa — 1M Dihexa —+1uM Dihexa + 1uM 6AH

50

100 200 400
Neomycin (M)





OPS/images/fncel-09-00003/fncel-09-00003-g004.gif
0 Dihexa

©
X
[
£
a
=
El

1uM Dihexa

|
0 Dihexa

A O ©® © ¥ « o

(siun Aseqly) @ousodsaion|4 uesjy





OPS/images/fncel-09-00003/fncel-09-00003-g007.gif
Hair Cell Survival (% Control)

120
100
80
60
40
20

ok

EM 1uM __ 1aM Modified
Dihexa Dihexa

200uM Neomycin






OPS/images/fncel-09-00003/fncel-09-00003-g006.gif
>

Hair Cell Survival (% Control)

1 (% Control)

Hair Cell Survi

120
100]
80
60
40
20

—0Dihexa  ==-1uM Dihexa + 1M UO126
— 1M Dihexa +-1uM Dihexa + 1uM Akt Inhibitor VIlI

0 50 100 200 200
Neomycin (uM)

—O0Dihexa  —-10pM Rapamycin
—1uM Dihexa -+ 1M Dihexa + 10pM Rapamycin

0 50 100 200 400
Neomycin (uM)





OPS/images/fncel-09-00079/fncel-09-00079-g007.gif
A E105

o9z DAPY






OPS/images/fncel-09-00079/fncel-09-00079-g008.gif
== geio * EIDEIN, OE12.5: pE
Saga vanserse sagtal ansverse

o

A 5 1‘,,\

3 €05 800






OPS/images/fncel-09-00079/fncel-09-00079-g005.gif





OPS/images/fncel-09-00079/fncel-09-00079-g006.gif
2

Foaagim






OPS/images/fncel-09-00079/fncel-09-00079-g003.gif
Humina Beadchp Microaay DataotsFrom Sikbonon ol 2011 GSEG2682
© PCA of il ampie, thr atic sansory lneage groups and two non-otc groups.

f . asevicn
H *: . IR ——
£ . eriotic Tissue
—
© oo siap ot 300 prtes
mat s 0

iy

ST

i

i





OPS/images/fncel-08-00248/pg1-1.jpg





OPS/images/fncel-09-00079/fncel-09-00079-g004.gif





OPS/images/fm.jpg





OPS/images/fncel-09-00096/fncel-09-00096-i001.gif





OPS/images/fncel-09-00096/fncel-09-00096-i003.gif





OPS/images/fncel-09-00096/fncel-09-00096-i002.gif





OPS/images/fncel-09-00231/fncel-09-00231-t004.jpg
Gene symbol logFC AveExpr adj.p.val Gene symbol logFC AveExpr adj.p.val

HSPAG (160092) —154 10.49 <001 HRK 064 882 <001
DDIT4 -1.26 1018 <001 CSorf13 -064 927 <0.01
CLEC2D —097 9.47 <0.01 LRAP 063 1328 <001
ZNF256 -091 9.10 <001 CLEG2D -061 1472 <0.01
TOP1 -087 10.90 <001 GUSBL1 -0.60 1004 <0.01
LRPSL. -0.84 876 <001 [y ~0.60 1047 <0.01
CTH (60138) -0.80 10.40 <001 ZSCAN16 -0.58 866 <0.01
SNORD15B -0.78 876 <001 CTH (1470576) -0.58 875 <001
C17or48 -076 845 <0.01 LOCE54194 -0.58 1347 <0.01
LOC389816 -073 857 <001 SNORDES -058 1047 <001
HSPAG (1710553) -071 9.28 <001 ZNF205 —057 783 <001
ZMAT3. -0.70 12.59 <001 2ZNFa16 -057 856 <0.01
PMS2L3 -067 869 <001 LRRC26 -057 8.19 <001
PCDHGA9 -066 7.61 <001 Hs 537645 -057 754 <001
CTH (6220504) -065 829 <0.01 ATF3 (4780128) -056 1195 <0.01
Corfa4 -064 12.64 <0.01 ACOT2 -0.85 915 <0.01
FANCE -064 9.35 <0.01 PCK2 -0.55 922 <0.01

LogFC, logarthm of fold change, down-reguiation in mutDFNAS yeast samples using WIDFNAS as a reference; adj.p.value, p-value djusted for multiple hypothesis testing. The array
address of the specific splice variant on the microarray is provided between parentheses. Genes involved in processes related to protein folding are indicated in bold.
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Gene name LogFC AveExpr adj.p.val Gene name LogFC AveExpr adj.p.val

ENO2 -3.00 16.12 001 ERG25 177 14.05 0.05
ssA2 -2.68 14.66 001 YNRO21W 1130 <001
VHT1 -254 13.48 002 YBT1 -1.73 12,67 0.05
DET1 —2.44 16.33 001 KAP122 171 9.48 <001
RPS22A -244 14.70 <001 cpc19 171 1694 0.02
PGK1 -2.39 16.90 0ot YDRS09W -1.70 6.06 <001
TDH3 -2.30 15.32 001 RPS9B -1.67 15.08 <001
™I -2.08 17.08 001 GNP1 —1.64 1219 0ot
PDC1 -2.05 16.95 003 FTR1 ~161 13.04 0.04
TDH2 —2.02 14.26 001 GPD1 161 1324 0.05
YHR140W -1.95 834 003 RPL16B -161 15.38 001
T084 —194 10.23 005 YGR266W —161 9.7 003
YRO2 -191 14.89 003 RPA43 -1.60 10.54 <001
FBA1 —191 17.14 001 ARC1 -1.59 1385 001
RPLOA -1.90 14.27 003 PG -1.58 16.09 0.03
RPL22A -1.86 14.33 001 RPL18B —1.57 961 001
URA7 -1.83 12.90 <001 SPE3 -1.56 1270 001

LogFC, fogarithm of fold change, down-regulation in mUtDFNAS yeast samples using WIDFNAS s a reference; ad].p.value, p-value adjusted for multiole hypothes's testing. Genes
involved in processes related to the giycolysis or the pentose phosphate pathways are indicated in boid.
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Gene symbol

ZCCHC12
ETV5
LOC387763
EGR1

ARC

FOSB.
KCTD12
JUNB
ADAMTS
EGR2

FoS
CITED1
MAFB
GPR3
TNFRSF12A
TRIBT
ANXA1

logFC.

263
1.88
1.86
1.83
161
1.58
1.40
1.40
1.24
1.19
118
1.16
112
1.07
1.06
1.04
1.08

AveExpr

12,07
91
10.00
11.82
876
885
10.32
9.09
9.88
8.12
1017
11.66
932
829
9.77
11.60
898

adj.p.val

<001
<001
<001
<001
<001
<001
<001
<001
<001
<001
<001
<001
<001
<001
<001
<001
<001

Gene symbol

PMAIP1 (2750367)
ETV4

SPRY2

PMAIP1 (6020598)
CCNAT

TRIMY

MAFF

FAMB4B

EPHA2

CYP1BI

NDRG1

SERTAD1

MeL1

SPRY4

VGF

NEFM

GEM

logFC.

1.00
0.99
097
0.96
094
092
0.90
0.90
0.89
0.88
087
085
081
081
079
0.79
079

AveExpr

10.76
771
9.96
9.30
7.60

10.00
795

12.04
7.98
852
954

1014

10.20
7.66
830

11.58
7.88

adjp.val

<0.01
<0.01
<0.01
<001
<001
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<001
<001
<0.01
<001
<0.01
<0.01

LogFC, logarithm of fold change, down-reguiation in mutDFNAS yeast samples using WiDFNAS as a reference; adj.p.value, p-value adjusted for multiple hypothesis testing. The array
adaress of the specific spice variant on the microaray is provided between parentheses. Genes involved in processes related o either the MAPK pathway, CAMP response or the
mitochonairia are indicated in bold.
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Gene name LogFC AveExpr val Gene name LogFC AveExpr adjp.val
MALT2 416 908 004 YOL047C 239 10.40 001
coxs 413 746 <001 Qo207 238 7.24 001
MALZ2 391 819 004 MND1 227 7.08 001
ANB1 360 959 001 VAR1 223 418 002
szt 3.08 638 <001 YPLI4IC 222 949 001
PRM7 807 11.62 001 HXT4 222 18.42 005
YPRO77G 305 944 <001 YNROGAW-A 220 1388 002
PRM7 304 1.0t 001 YDRO34W-B 217 917 002
HXT7 302 14.80 003 coxz 216 619 001
YDRS74C 294 669 002 oL 215 15.96 <001
YPLO1AW 289 859 002 YBLOBSW 215 687 001
AlS_ALPHA 289 1049 004 SPR28 213 7.20 <001
RTA1 283 7.90 <001 cox1 212 7 001
YPRO78C 265 7.06 <001 DRE2 205 1258 001
YLR194C 245 13.79 001 YKRO75C 201 1364 <001
suc2 244 1.79 004 YoL218w 200 692 004
$PO20 243 906 001 YLR338W 195 7.52 001

LogFC, ogarithm of foid change, up-regulation in mutDFNAS yeast samples using WHDFNAS s a reference; adj,p.value, p-value adjusted for muttple hypothesis testing. Genes involved
in processes related to the COX activity are indicated in bold.





OPS/images/fncel-09-00052/fncel-09-00052-g005.jpg
S U

Caspase 3 -—

DA g S R






OPS/images/fncel-09-00052/fncel-09-00052-g004.jpg
DNA Content (%Control)

120

100

80

70+

60

40-

20

D Untransfected
. Transfected (-Dox)
. Transfected (+Dox’

HEI-OC1 Cells






OPS/images/fncel-09-00052/fncel-09-00052-g003.jpg
1 2 3 C
re1 D ]

-Dox +Dox  +/-Dox +Dox

HAClin e T






OPS/images/fncel-09-00052/fncel-09-00052-g002.jpg





OPS/images/fncel-09-00052/fncel-09-00052-g001.jpg
A EcoRI Rb1 For primer Xbal Rb1 Rev primer

—_— =

Rb11243-2826bp

/

CB 35-1047bp

Myc6
PCs2-CB-Myc6 Vector

¥

/—| CB 35-1047bp . Rb11243-2826bp |

Mycé6
Sall CB For primer EcoRV Rb1 For primer
— -—
[ B 35-10470p . Rb1 1243-2826bp

Myc6 7

TetO Promoter > SV 40 Intron + PolyA

PCs2-CB-Myc6 Vector

Notl ‘ Not/
Rb11243-2826bp VLN RN L7

TetO Promoter CB 35-1047bp

Myc6





OPS/images/fncel-09-00046/fncel-09-00046-i001.gif
CIm/HCA






OPS/images/fncel-09-00052/fncel-09-00052-g009.jpg
A Nl-r\ Ey' Lunﬂ Cnehlll
M .Jn-.‘l..n

-

.

Exprosion Loves

Fold itrence (normalzed fold)

[e—





OPS/images/fncel-09-00052/fncel-09-00052-g008.jpg
Group 1 Group2 Group 3

RB1 PR i S S et (A

-Dox + Dox +/-Dox

B-Actin T D e e - —— - -





OPS/images/fncel-09-00052/fncel-09-00052-g007.jpg
A R B owmi

- cars” T
Re1 —
1 204 1 03 0w

cmye - — —
i‘“‘".- - ey

rer S— .
Camye. —_— ——

Expression Levels.

en Trechmiadis





OPS/images/fncel-09-00052/fncel-09-00052-g006.jpg
B-Actin D S TS - - -

-Dox + Dox





OPS/images/fncel-09-00079/fncel-09-00079-g001.gif
A Embryonic origins of the otic sensory lineage

e vesile 106 “Nelrons.





OPS/images/fncel-09-00079/fncel-09-00079-g002.gif





OPS/images/fncel-09-00276/fncel-09-00276-t001.jpg
Age

Drugs

Noise

Pathology
Organ of Corti

Stia vascularis (and spiral ligament)

Spiral gangiion and auditory nerve
Reactive oxidant species

Evidence
Likely sources

Effects on mitochondria

Potential cell death pathways
Apoptosis

Necrosis

MAPK pathway

Caspase-dependent
Caspase-independent
Potential cell rescue pathways

Nutrtional supplements

Loss of hair cels in sensorineural
hearing loss.

Compromised structure and possibly
function in some forms of hearing loss

Reduced in sensorineural hearing loss;
loss of synaptic connections

Causal retation largely not supported
Mitochondria

MIDNA mutations might impair auditory
function; specific mutations correlate
with presbycusis in human

+
Not determined
+
g

Inconsistent in animals
Inconclusive evidence in clinical trials

Loss of (primarily outer) hair cells

Aminoglycosides: endolymphatic
potential (EP) unaffected

Cisplatin: EP may be decreased

Loss considered mostly secondary; loss
of synaptic connections possible

+
Aminoglycosides: non-enzymatic;
mitochondria; NADPH oxidase
Cisplatin: mitochondria,

NADPH oxidase

‘Aminoglycosides: Bind to mtRNA and
impair mitochondiial protein synthesis
and function; inhibition of the electron
transport chain

+
Aminoglycosides: +

Gisplatin: 7

Aminoglycosides: +

Gisplatin: JNK ?

Evidence mostly from in vitro studies.
Invivo +

+
Aminoglycosides: +
Aminoglycosides: +
&

Aminoglycosides: Consistent protection
n animals; successful clinical trials.
Cisplatin: success in animal studies

Dislocation of tectorial membrane from
stereocila; breaking of tip inks; loss of
hair cells

May reduce EP; loss of fiorocytes

Loss of synaptic connections

4
mitochondria; NADPH oxidase; calcium
influx may cause oxidative stress

Reduced biood flow may impair
oxidative phosphorylation

o+

oo

Mostly protective in animal studies
Inconclusive in clinical or fied trals,
‘which are largely of temporary
hearing loss

+, supporting evidence exists; ?, ot known or inconclusive. For drug-induced hearing loss, preference was given to results from studies in vivo or with cochiear tissues in
vitro; for age-related hearing loss, resuts from confounded models (See text: mice with Cdh23 mutations or catastrophic mitochondrial mutations) were de-emphasized.
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Protective drug Protects against  Ototoxins tested  Function (if known) Reference
Amodiaquine$ G.N G.N Histamine N-methyltransferase inhibitor ~ Ou et al. (2012)
Amsacrine® G.N G.N Topoisomerase 2 poison Ou etal. (2009, 2012)
Benzamil C.GKN C.GKN Na+/Ca2* channel blocker Viasits et al. (2012)
Carvedilol N N Beta-2 adrenergic blocker Ou etal. (2009)
Cepharanthine N N Antiinflammatory Ou etal. (2009)
Chloroquine$ G.N G.N Inhibits SLC19A3 Oueetal. (2012)
Cinchonidine® G.N GN - Oucetal. (2012)
Cinchonine® G, N GN - Ou etal. (2012)
Drofenine N N Acetylcholinesterase inhibitor Ou etal. (2009)
Fluoxetine Glst N C.GKN Selective serotonin reuptake inhibitor Vasits et al. (2012)
Fluspirilene Glst N C.GKN Dopamine antagonist Vasits et al. (2012)
Hexamethyleneamiloride N N Na+/H+ antiport inhibitor Ou etal. (2009)
Loperamide GKN C.GKN w-opioid receptor agonist Vasits et al. (2012)
Mefloquine® G.N G.N Inhibitor of histamine-N-methyl transferase  Ou et al. (2012)
Methiothepin GN C.GKN Serotonin and dopamine agonist Vasits et al. (2012)
Paroxetine C.GN C.GKN Selective serotonin reuptake inhibitor Viasits et al. (2012)
Phenoxybenzamine GN C.GKN Alpha-1 adrenergic blocker Ou et al. (2009), Viasits et al. (2012)
PROTO-1 N N - Owens et al. (2008)
PROTO-2 N N - Owens etal. (2008)
Quinine® GN GN - Ouetal. (2012)
Ractopamine G.N.K C.GKN Beta-adrenergic agonist Vasits et al. (2012)
Raloxifene GN C.GKN Estrogen receptor modulator Viasits et al. (2012)
Tacrine N N Acetylcholinesterase inhibitor Ou etal. (2009)
Tamoxifen Glst N C.GKN Estrogen receptor modulator Viasits et al. (2012)

C = Cisplatin, G = Gentamicin, K = Kanamycin. N = Neomycin, ST = short-term. $ = Quinine ring derivative.
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Gene. Forward primer Reverse primer

Actb: 5~ CCCTAAGGCCAACCGTGAAA -3 - CAGCCTGGATG

GCTACGTAC -3/

Gapdh  5'- AGACGGCCGCATCTTCTT -3' - TICACACCGACC
TTCACCAT -3/

Aig-Control &'~ AGGAACTTCGTCGACATTTAAATCA -3' &'~ CTGCAGGTCGA
GGGACCTAA -2/

Fgir3 5~ AGGATTTAGACCGCATCCTCAC -3 5'- CCTGGCGAGTAC
TGCTCAAA -3

Cdknib  5'- CAGTGTCCAGGGATGAGGAA -3' 5- TICGGGGAACCGTC
TGAAA -3

Sox2 5- TGAAGGAGCACCCGGATTATA -3 5'- CGGGAAGCGTGT
ACTTATCC -3

Jag1 5'- AACGACCGTAATCGCATCGTA -3 5'- TCCACCAGCAAAGT
GTAGGAC -3

Jag2 &- CTCGTCGTCATTCCCTTTCA -3 - GGTGTCATTGTC
CCAGTCC -3

Hest 5~ TGAAGCACCTCCGGAACC -3 - CGCGGTATTTCC
CCAACAC -3

Hess 5~ AAGAGCCTGCACCAGGACTA -3' - GTGCAGGGTCAGG
AACTGTAC -8

Hey! 5~ ACGAGACCATCGAGGTGGAA -3' 5~ CGTTGGGGACAT
(GGAACACA -3

Hey2 5'- ACTAGTGCCAACAGCTTTTGAA -2 5'- TGTAGCCTGGAGC
ATCTTCA -3

LFng &- TCGATCTGCTGTTCGAGACC -3 - CCTCCCCATCAG
TGAAGATGAA -3
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Gene  Forward primer Reverse primer

Atoht  5-ATGCACGGGCTGAACCA-3" 5-TCGTTGTTGAAGGAC
GGGATA-3'

Notch 5-GCCGCAAGAGGCTTGAGAT-3  5-GGAGTCCTGGCATC
GTTGG-3'

Notch3 5-GCACTTGCCGTGGTTACATG-3  5-CCTCACAACTGTCACCAGC
ATAG-3

Heyl  5-CACTGCAGGAGGGAAAGGTTAT-2' 5'-CCCCAAACTCCGATAG
TCOAT-3

Hey2 ~5-AAGCGCCCTTGTGAGGAAA-3  5-TCGCTCCCCACGT
CGAT-3'

Heyl 5-GCGCAGAGGGATCATAGAGAA-3  5-TCGCAATTCAGAAAGGC
TACTG-3

Hes5  5-GCACCAGCCCAACTCCAA-Z' 5-GGCGAAGGCTTTGC
TGTGT-2'

Jagl  5-AAAGACCACTGCCGTACCAC-3'  5-GGGGACCACAGACG
TTAGAA-2'

Jag2  5-TGCGAACTAGAGTACGACAA-3  5-TTGGTTCACAGAGAT
CCATG-8

DIt §-TCCGATTCCCCTTCGGCTTCA-3  5-TCTGTTGCGAGGTCA
TCGGGA-8'

DI3  5-CCGCTTTCCCAGACGCTGAT-?  5-GGCCTGGCCCGAAA
GAATGA-3

Gapdh 5-AGGTCGGTGTGAACGGATTTG-'  5-TGTAGACCATGTAGTTGA
GGTCA3'

U9 5-GGTCTGGTTGGATCCCAATG-3'  5-CCCGGGAATGGA

CAGTCA-3'
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Human disease Gene Type of hearing

loss
DNA
methytransterase
Autosomal dominant cerebellar  DNMT1 Sensorineural
ataxia, deafness, and
narcolepsy (ADCADN)
Hereditary sensory neuropathy ~ DNMT1 Sensorineural
type IE (HSN1E)
Histone
methyttransferase
Sotos syndrome: NSD1 Conductive
Weaver syndrome EZH2 Conductive
Kleefstra syndrome EHMT1 Sensorineural,
Kabuki syndrome KMT2D Sensorineural
Conductive,
or Mixed
Histone
acetyltransferase
Say-BarberBiesecker variant  KAT6B Sensorineural
of Ohdo syndrome:
Genitopatellar syndrome KAT6B Sensorineural
(GPS)
Chromatin
remodeler
CHARGE syndrome CHD? Sensorineural

Human diseases associated with hereditary hearing loss or deafness caused
by heterozygous mutation in genes whose protein prodct is involved in DNA
methylation, histone madification, or chromatin remodeling.
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Vehicle 0 1.05+039 14.80 +0.88
Bio 088018 1067 +0.25 14.03+0.37
WP-2 0 3.95+036 965033

All the data are shown as the average + S.D. n = 4 for all the samples.
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P1 0 9.67 £035 15.0840.25
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P10 0 2204030 837+025
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Zebrafish Rodent
Low husbandry cost/space per animal + Higher husbandry cost/space per animal -
Large # of synchronous developing embryos per mating + Production of 3-14 pups/ltter -
Embryos and larvae translucent for ex utero visualization + Embryos opaque and in utero -
Easier acoess of sensory hair cells + Hair cells embedded in bony capsule -
Hearing range lower frequency than humans - Hearing range comparable to humans +
Large-scale mutagenesis + ‘Several years to develop knockout mice -
High-throughput genetic/drug screening + Lower-throughput genetic/drug screening -
In vivo model using neuromast hair cells + Inner ear must be dissected out -
Transgenic models available + Transgenic models available +
70% homology with human genome* - 90% homology with human genome* +

+/— Relative advantage/disadvantage. *Percentages are approximations.
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Gene E10.5 ofic vesicle Ofic vesicle vs. Max non-otic Periotic vs. Embryo

Mean intensity D OV Fold A q-value OV rank Fold A (abs) UpReg (q > 0.05)
0c90 10.97366167 0.419246795 15.316797 2.08E-09 1 1132771783 NS
Fbxo2 10.87404333 0.072690153 14.622012 1.74E-12 2 1.023630354 NS
Lmxia 11.06934217 0056113649 11.061509 3.38E-04 3 1.448138913 Periotic
Kit1-23 10.26196333 0288865995 10.184871 2.04E-09 4 1220269579 NS
Spp1 9.971883833 0.332888479 8454517 1.67E-10 5 1136606365 NS
Cidn6 13.18188567 0089216859 7.5281053 3.69E-08 6 235525402 Embryo
Widc2" 13.53477267 0.213203 7.073592 5.336-09 7 2.496286749 Embryo
Gata3. 11364921 0142121662 7.0340185 1.49€-09 8 1173139844 NS
Col9a2 10.07369633 0.153509332 6.894713 1.49E-09 9 1.008878076 NS
Arhgef19 9.768474333 0.09629171 6341925 2.08E-09 10 1.218514062 NS
Rbm3sa 12.29022383 0143019237 6.3149257 6.10E-09 " 2.368308192 Embryo
Plekhb1 10.08439517 0.16829363 5.946511 6.30E-11 12 1.312607244 NS
Hsast1 10.46399633 0195136572 5.8575263 2.70E-09 13 1.048332013 No
Rgee 1077107167 0.161833702 5.628432 1.19E-08 14 1.990202734 Embryo
Tox2 9.984906 0297733516 5626228 9.24E-08 15 1.702381408 Embryo
Prss8 10.105778 0.16620698 55848174 1.456-07 16 1.200586405 NS
Shagl2 9.860674833 0.135098031 5.195888 8.67E-11 17 1002118118 NS
Wdc2" 9.499769333 0.302036446 5.1527414 2.46E-08 18 1227582286 NS
Marveld3 9.041756667 0133118972 5.006034 3.826-09 19 1.094974091 NS
Vwa2 9.691604 0.165306445 4.864665 5.78E-08 20 1.376504348 NS
Bonf 9.836624667 0.178453967 478742 8.09E-09 21 1246577778 NS
Espn 10.76721233 0250324449 47623343 1.196-08 22 2.301431921 Embryo
Plekhad 9.914148 0.299348822 47167573 8.07E€-09 23 1.282688658 NS
Fgt10 10.70834767 0.021669661 4700219 2.49€-09 24 2198222734 Embryo
Card 10.77693067 0369327027 463751 223606 2 1171838835 NS
P15 9.310321667 0225649081 4.6330085 2.20E-08 2 1146866527 NS
Coleat 10.12810567 0204186116 4.622068 2.27€-09 27 1199047241 NS
Sixt 11.91456133 0.035842889 45915775 2.49E-09 28 1492275262 Embryo
Socs2 12.30277283 0234257353 4547705 2.49E-09 29 1.097722074 NS
Myo7a 9.023172167 0481244122 4538013 1.31E-07 30 1027957463 NS

OV rank was determined based on fold & in mean OV intensity vs. that of the maximum expressing non-otic group for a given probe. Genes that appear more than once () are
represented by multiple probe sets and those in bold are included in validation studies in later sections. OV, otic vesicle; SD, standard deviation; NS, not significant.
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Gene HC/Max non-otic SC/Max non-otic Otic consensus. Otic consensus. otic

expression groups score: sum of consensus

HC fold A HC rank SCfold A SC rank fold A > 4 three ofic ranks rank:
0c90 37.191532 36 133.68132 7 OV/HC/SC a4 3
Fbxo2 233.46231 3 200.10844 4 OV/He/SC 9 1
Lmxta 1.071335 7460 21826358 1496 ov 8959 1220
Krt1-23 17182626 2426 7.448142 229 ovise 2659 259
Spp? 1.1694639 5352 1.0023074 16967 ov 22324 4802
Clon6 1.8450933 2163 41600483 528 ov/se 2697 264
Wide2" 32619166 904 14.833333 88 ov/se 999 85
Gata3 17.05968 99 22630722 39 OVHC/SC 146 6
Col9a2 64.73929 16 99.665436 13 OV/HC/SC 38 2
Arhgef19 42322383 639 14.127765 £ OVHC/SC 742 49
Rbm35a 21024952 1724 4913607 432 ov/se 2167 206
Pleknb1 28310795 56 33.40806 2 OVHC/SC £ 4
Hs3st1 49308343 517 2205562 44 OVHC/SC 574 33
Rgee 4.3943467 600 9030337 175 OVHC/SC 789 56
Tox2 46268463 553 31064396 849 ovHe 1417 119
Prss8 5.4411964 42 12.075007 123 OVHC/SC 581 35
Shagiz 10.561689 174 11.849528 125 OVHC/SC 316 10
Widc2' 2.319336 1489 9.602433 161 ovise 1668 148
Marvelds 5016969 502 9084135 17 OVHC/SC 692 45
Va2 1.0021158 10270 55677967 364 ovisC 10654 1500
Banf 9485823 208 1.0017089 19301 ovHe 19530 3740
Espn 21.954702 79 11772411 5296 ovHC 5397 653
Plekhad 41990533 647 6789616 262 OVHC/SC 932 75
Fgf10 13.830492 125 17.822388 64 OVHC/SC 213 7
Card 3679346 25122 34888153 24946 ov 50093 18760
P15 6245964 378 7.0138445 249 OVHC/SC 653 a2
Colat 1.2619817 21404 1.151628 5720 ov 27151 7282
Sixt 58167586 403 5891639 328 OVHC/SC 759 52
Socs2 51087866 498 58204165 339 OVHC/SC 861 64
Myo7a 28.857481 55 1.0124729 11440 ovHC 11525 1651

The top 30 OVeranked probes (as in Table 1) are shown here with HC and SC Fold As and rankings, ofic consensus group designations, and ofic consensus Scores and ranks. Genes
that appear more than once (') are represented by multiple probe sets and those in bold are included in validation studies in later sections.
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Gene OV/Max non-otic HC/Max non-otic SC/Max non-otic Ofic consensus

OVfoldA  OVrank  HCfoldA  HCrank  SCfoldA  SCrank  Groups > 4-Fold A  Score: OV/SC/HC  Rank

rank sum

Fbxo2 14.62200927 2 233.462206 3 209.1084184. a OV/HC/SC 9 1

Col9a2 6.894714915 9 64.73931483 16 99.66541579 13 OV/HC/SC 38 2
0c90 15.31678675 1 37.19151468 36 133.6813688 7 OV/HC/SC a4 3
Plekhb1 5946512068 12 28.31080827 56 33.40807691 2 OV/HC/SC 93 4

S100a7 2.908877684 83 118.1935475 8 106.9791597 1" HC/SC 102 5

Gata3 7034011368, 8 17.05957342 99 22.63071352 39 OV/HC/SC 146 6
Fgt10" 4.700220155 24 13.8394988 125 17.82238697 64 OV/HC/SC 213 7

Fgf10” 4314080209 37 1359648272 128 16.99160918 71 OV/HC/SC 236 8

Btbd14a 2583935277 107 129935202 138 24.78606653 34 HC/SC 279 9

Shagl2 5195690282 17 1056169338 174 1184953165 125 OV/HC/SC 316 10
Ap1m2" 4.401733497 34 16.98844137 100 8620079783 190 OV/HC/SC 324 1"
Cidn3 4.28578566 39 8527481874 247 21.97050859 45 OV/HC/SC 331 12
Otolin 2613673625 104 13.00452906 137 1271711488 110 HC/SC 351 13
Faah' 3.024489321 75 9.804033123 197 12.65490027 11 HC/SC 383 14
Colat” 4520159455 31 7.506419492 289 1759092164 65 OV/HC/SC 385 15
Cd9 3355323417 67 8.23008117 257 1633853718 74 HC/SC 398 16
Colat” 4.232269996 40 7.827652714 271 14.83067647 89 OV/HC/SC 400 17
Kail 1.755355331 205 19.26278326 8 20.30006957 55 HC/SC 438 18
Matn1 2017228994 189 8.875465831 229 39.5214772 21 HC/SC 439 19
Gal3st1 2881826605 86 1055670683 175 8735986943 186 HC/SC 447 20
Gip2" 1.679839813 340 23.0501633 74 23.74169556 38 HC/SC 452 21
Ap1m2" 3.920424836 52 13.46897818 132 6.465748986 291 HC/SC 475 22
Rab25 3.077388814 73 8457112871 251 9.816023707 156 HC/SC 480 23
BCO19731  2.606254615 105 24.07525961 68 6.247095999 308 HC/SC 481 24
Ushic 1.613973622 381 21.22888215 83 33.21939745 26 HC/SC 490 25
Ltbp3 1.657999303 354 14.0823195 122 35.97926226 23 HC/SC 499 26
Cybs61 2949823565 80 106399017 172 6.880909012 255 HC/SC 507 27
Gip2" 1.521293061 452 38.97023609 32 35.00867751 24 HC/SC 508 28
Kenk1 4.208354088 38 6723838937 332 10.01882675 151 HC/SC 521 29
Faah' 2569395243 109 8469575034 250 913829701 168 HC/SC 527 30

Genes that appear more than once () are represented by multiple probe sets and those in bold are included in validation studles in later sections.
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Gene

Xiap NM 009688
Diablo NM023232
Xaf1 NM001037713
Htra2 NM 019752
Casp3 NM009810
Casp 9 NM 015733
B-actin NM_007393.3

Forward sequence

5/-TTCCCAAATTCAACAAACTCTCCA3!
§'-CTGGGGGCCCTGGGGTCCTA3
5-CTGCCTGCGCTTCATAGTCCTT3
5-AGTAGGGCGGGCGAGGAGAGT3
CGGGGTACGGAGCTGGACTGTS
&-AGGCCCGTGGACATTGGTTCT3

5 -TGACGGCCAGGTCATCACTA-3'

Reverse sequence

§-ACTTCACTTTATCGCCTTCACCTA'
5-GAAAACTGGTCCCTGGTGGTCA-
5"-TGCACGGCCAGCTCACAGAAC-3"
5-AGCAGAGCCCGGAGGTCAGG-3'
5-ATGCTGCAAAGGGACTGGATGAAC3
5-AGTTGGAGCCCGTGCGTGTG-3
5-ACGGATGTCAACGTCACACTTC-3"
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