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The auditory perception of sounds (environmental, vocal or music) is one of the 5 principal senses consciously monitored by our brains, and is crucial for many human endeavors as well as quality of life.  Loss of optimal performance in this principal sensory system leads to loss of effective communication and intimacy, as well as increased risk of isolation, depression, cognitive decline, and greater vulnerability to predators.

The vestibular system ensures that individuals remain upright and effectively monitor their posture within their spatial surroundings, move effectively, and remain focused on visual targets during motion. The loss of vestibular sensitivity results in postural instability, falls, inability to observe the environment during motion, and a debilitating incapacity to function effectively. The sensory cells for both auditory and vestibular systems are located within the inner ear of the temporal bulla.

There are many causes of auditory and vestibular deficits, including congenital (or genetic) events, trauma, aging and loud sound exposures. Ototoxicity refers to damage of the auditory or vestibular structures or functions, as the result of exposure to certain pharmaceuticals, chemicals, and/or ionizing radiation exposure that damage the inner ear. Ototoxicity is a major contributor to acquired hearing loss and vestibular deficits, and is entirely preventable.

In 2009, the United States Department of Defense initiated the Hearing Center of Excellence (HCE), headquartered in San Antonio, Texas, in response to the prevalence of acquired auditory and vestibular deficits in military and veteran populations. The knowledge shared in this eBook supports the HCE’s mandate to improve aural protection of military and civilian populations worldwide.

The last few years have seen significant advances in understanding the cellular mechanisms underlying ototoxic drug-induced hearing loss and vestibular deficits. In this eBook, we present some of these advances and highlight gaps where further research is needed. Selected articles discuss candidate otoprotective agents that can ameliorate the effects of ototoxicity in the context of how they illustrate cellular mechanisms of ototoxicity. Our goal in illustrating these advances in mechanisms of ototoxicity is to accelerate the development of clinical therapies that prevent or reverse this debilitating disorder.
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Editorial on the Research Topic
 Cellular Mechanisms of Ototoxicity



Spoken language allows most people1 to communicate with loved ones, friends and/or colleagues. Those who lose their ability to hear may experience isolation, depression, loss of mental acuity, and diminishing integration within wider society (Lin et al., 2013). Children unable to acquire the full range of listening and spoken language skills that are present in peers with normal hearing can face delayed academic, linguistic and psychosocial milestones (Gurney et al., 2007; Dedhia et al., 2013). These outcomes in turn can reduce professional opportunities, emotional connectivity, and intimacy with others (Jarvelin et al., 1997; Hornsby and Kipp, 2016). On an evolutionary level, hearing loss reduces the perception of environmental auditory cues associated with beneficial or detrimental outcomes (e.g., localizing sounds associated with mating or predators). Thus, the ability to hear well is crucial. Loss of vestibular function is similarly debilitating, with reduced mobility and integration within society, often leading to depression, and cognitive decline (Smith and Darlington, 2013; Smith and Zheng, 2013). Both peripheral auditory and vestibular sensory organs are closely located anatomically, within the inner ear, and both rely on sensory hair cells to detect sound, gravity, rotation, and acceleration.

Our ability to hear and maintain postural control can be affected by many factors, including congenital genetic mutations, aging, noise exposure, trauma, selected infections, and a variety of environmental exposures and pharmaceutical interventions. Ototoxicity refers to damage to the inner ear, specifically cochlear and vestibular structures and functions, due to exposure to pharmaceuticals, chemicals, and/or ionizing radiation. Ototoxic compounds can also damage the auditory and/or vestibular neural pathways to the brainstem, and beyond to the auditory cortex. However, we generally define ototoxicity as affecting the peripheral inner ear, inducing auditory dysfunction (cochleotoxicity) or vestibular deficits (vestibulotoxicity).

This Research Topic, Cellular Mechanisms in Ototoxicity, contains both original research articles and focused reviews on current and fundamental questions of how ototoxic substances damage the inner ear, and it includes therapeutic approaches to prevent or repair ototoxic injury. Aminoglycoside antibiotics (Jiang et al.) and platinum-based drugs (Sheth et al.) are the primary ototoxins reviewed here. Intriguingly, a more recent study demonstrated that cisplatin (Breglio et al., 2017), like aminoglycosides (Aran et al., 1999), is retained by cochlear tissues for extended periods of time, likely contributing to the intracellular mechanisms of cytotoxicity and cell death reviewed here (Francis and Cunningham; Nicholas et al.) that can continue after cessation of drug administration. Several articles discussed how candidate otoprotectants revealed and/or ameliorated postulated mechanisms of ototoxicity (Fransson et al.; Jadali et al.; Kirkwood et al.; Wiedenhoft et al.).

These studies will inform future research aimed at: (i) characterizing the mechanisms underlying the damage caused by individual ototoxins, including a recently-identified ototoxin (Crumling et al.), elucidating the causes of drug-induced cochleotoxicity and vestibulotoxicity (Sultemeier and Hoffman), and (ii) identifying novel pharmaceutical interventions to reduce ototoxicity (Noack et al.; O'Sullivan et al.; Kim et al.). One novel otoprotective strategy described here is the delivery of steroids using magnetic nanoparticles to ameliorate cisplatin-induced hearing loss (Ramaswamy et al.).

In addition, candidate strategies that are otoprotective in one species can inadvertently potentiate ototoxicity in another, or when translated from an in vitro model to an in vivo model (Majumder et al.; Yang et al.). Determining the structure-activity relationships (i.e., how chemical structures affect the efficacy and/or safety) of candidate otoprotectants and their derivatives against ototoxicity and noise-induced hearing loss will accelerate the translation of candidate otoprotectants into clinical trials, similar to those described since these articles were published (Chowdhury et al., 2017; Kenyon et al., 2017). This arena is rapidly advancing with several promising lines of drug discovery and optimization strategies.

Inflammation can potentiate ototoxicity, and four articles discussed the role of inflammation during ototoxic injury and subsequent recovery (Jiang et al.; Kalinec et al.; Mwangi et al.; Wood and Zuo). Another area of increasing interest is the role of microRNAs in disease and infections, including ototoxicity and noise-induced hearing loss (Prasad and Bondy). Additional areas where we can expect new research include: (i) antibiotic stewardship and (ii) inadvertent protection of bacteria and tumors by otoprotectants. National antibiotic stewardship programs aim to reduce the clinical (and agricultural) use of antibiotics to slow the evolution of antibiotic-resistant microbes. Stewardship programs will also alter current clinical prescribing practices to sustain the bactericidal efficacy of existing antibiotics. Ultimately, multidrug-resistant bacteria frequently remain susceptible only to ototoxic aminoglycoside antibiotics, and dosing with the ototoxic aminoglycosides could increase sharply in the future. Secondly, candidate otoprotectants need to be screened to ensure they do not inadvertently protect bacteria or tumor cells from the crucial cytotoxic effects of aminoglycosides and platinum-based drugs.

Currently, sensorineural hearing loss is irreversible, and there is a great need to protect the hearing of patients, workers and others exposed to cochleotoxic and vestibulotoxic substances. Developing efficacious otoprotective strategies is an area of intense research, and progress will accelerate as the mechanisms underlying ototoxicity are identified. Otoprotection can presumably be more readily achieved to protect those with normal hearing, while other research groups continue longer-term strategies to develop a viable, and much-needed, intervention to restore hearing for those with existing hearing loss. Protection, rehabilitation, repair and ultimately restoration of the ability to hear and coordinate body posture will enhance the quality of life for millions of individuals and reap enormous socioeconomic benefits.

On behalf of all the authors in this Research Topic, we want to thank the Hearing Center of Excellence (headquartered in San Antonio, Texas) for ensuring these contributions to the scientific literature are freely accessible to all, enabling scientists to best direct our research efforts as we move toward establishing a future free of ototoxicity.
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FOOTNOTES

1 Manual languages, which are rich in expression of thoughts, and feelings, are utilized by ~1% of the population, often due severe to profound hearing loss. This editorial focused on how acquired hearing loss can affect spoken communication.
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Evidence of significant hearing loss during the early days of use of cisplatin as a chemotherapeutic agent in cancer patients has stimulated research into the causes and treatment of this side effect. It has generally been accepted that hearing loss is produced by excessive generation of reactive oxygen species (ROS) in cell of the cochlea, which led to the development of various antioxidants as otoprotective agents. Later studies show that ROS could stimulate cochlear inflammation, suggesting the use of anti-inflammatory agents for treatment of hearing loss. In this respect, G-protein coupled receptors, such as adenosine A1 receptor and cannabinoid 2 receptors, have shown efficacy in the treatment of hearing loss in experimental animals by increasing ROS scavenging, suppressing ROS generation, or by decreasing inflammation. Inflammation could be triggered by activation of transient receptor potential vanilloid 1 (TRPV1) channels in the cochlea and possibly other TRP channels. Targeting TRPV1 for knockdown has also been shown to be a useful strategy for ensuring otoprotection. Cisplatin entry into cochlear hair cells is mediated by various transporters, inhibitors of which have been shown to be effective for treating hearing loss. Finally, cisplatin-induced DNA damage and activation of the apoptotic process could be targeted for cisplatin-induced hearing loss. This review focuses on recent development in our understanding of the mechanisms underlying cisplatin-induced hearing loss and provides examples of how drug therapies have been formulated based on these mechanisms.

Keywords: cisplatin, ototoxicity, otoprotection, oxidative stress, apoptosis, antioxidants, anti-inflammatory agents

CISPLATIN OTOTOXICITY

Cisplatin is a widely used and effective drug for the treatment of solid tumors ranging from ovarian, lung, head, and neck to testicular cancer. Dose limiting side effects, such as ototoxicity, neurotoxicity, and nephrotoxicity, are generally encountered with a majority of patients treated with cisplatin-based chemotherapy. Methods to increase diuresis, such as hydration, have been shown to reduce nephrotoxicity. However, to date no effective FDA approved treatment for ototoxicity is available. Cisplatin-induced hearing loss is primarily in the high frequency range. It is bilateral and permanent and severely affects the quality of life for cancer patients. The incidence of cisplatin-induced hearing loss in children ranges from 22 to 77% (Knight et al., 2005; Kushner et al., 2006; Coradini et al., 2007). This range reflects hearing loss observed with the different doses and duration of cisplatin treatment in addition to the different age groups of the patients who were treated. Accordingly, children show greater risk for developing hearing loss following cisplatin treatment than adults (Knight et al., 2005; Kushner et al., 2006; Gurney et al., 2007). Hearing loss is especially difficult for children who are undergoing treatment for brain tumors, such as neuroblastoma. It could affect early speech development and hamper social integration. Development of effective therapies for treating hearing loss is therefore of primary importance.

Several approaches have been undertaken over the past two decades to treat cisplatin ototoxicity. These include the use of localized or systemic administration of antioxidants or drugs which activate endogenous antioxidant systems. Cisplatin induces apoptosis of hair cells through activation of mitochondrial pathway which can be targeted to inhibit cell death. Another approach involves using anti-inflammatory agents which target the pro-inflammatory mechanisms associated with cisplatin treatment in the cochlea. Recent insights into the entry processes of cisplatin in hair cells and other cells in the cochlea should stimulate the development of drugs which specifically block entry of drugs into these cells without affecting cisplatin entry into cancer cells. This report reviews the currently accepted mechanisms underlying cisplatin-induced damage or death to cochlear cells and highlights how these mechanisms could guide the future development of effective otoprotective agents.

COCHLEAR ROS GENERATION AND ANTIOXIDANT DEFENSE SYSTEM

The normal function of the cochlea requires its high metabolic activity in areas such as the stria vascularis, spiral ligament, and spiral prominence (Salt et al., 1987; Ryan, 1988). This high metabolic activity leads to leakage of electrons from the mitochondrial respiratory chain which can react with oxygen (O2) to form superoxide ([image: image]). Environmental stimuli which increase the metabolic activity of the cochlea, such as loud noise, are expected to increase oxidative stress in the cochlea. The metabolic demand on the cochlea renders it very sensitive to hypoxic events and ischemia-reperfusion injuries (Seidman et al., 1991). Ototoxic drugs, such as cisplatin have been shown to increase the generation of reactive oxygen species (ROS) (Clerici and Yang, 1996; Kopke et al., 1997) by either stimulating enzyme systems linked to this process or by inactivating antioxidant systems (Church et al., 1995; Rybak et al., 1995). Rats injected with cisplatin demonstrate reduced cochlear glutathione (GSH) and antioxidant enzyme activities (Ravi et al., 1995). A primary target of cisplatin for generation of ROS is the NOX3 NADPH oxidase system (Banfi et al., 2004). NOX3 is induced by cisplatin and knockdown of this enzyme by trans-tympanic delivery of siRNA protects against cisplatin-induced ototoxicity (Mukherjea et al., 2010). Since NOX3 is localized primarily to the cochlea, systemic administration of inhibitors of NOX3 could effectively reduce enzyme activity and treat hearing loss. Another active ROS generating system in the cochlea is xanthine oxidase. This enzyme converts hypoxanthine (a metabolite derived from the breakdown of adenosine by adenosine deaminase) to uric acid. Inhibition of this enzyme by allopurinol contributes to reductions in cisplatin-induced ototoxicity and nephrotoxicity when administered with ebselen, a glutathione peroxidase (GSH.Px) mimetic (Lynch et al., 2005).

The cochlea possesses an efficient antioxidant defense system. This includes antioxidants such as vitamin C, vitamin E, and low molecular weight thiols, such as GSH (Kopke et al., 1999). Studies in the guinea pig cochlea show that the highest levels of GSH are present in the basal and intermediate cells of the stria vascularis and in cells of the spiral ligament (Usami et al., 1996). This distribution matches well with the distribution of glutathione S-transferase (el Barbary et al., 1993), an enzyme which conjugates and detoxifies xenobiotics (such as cisplatin). Increased levels of glutathione S-transferase in cancer cells can aid in the inactivation of cisplatin and contribute to resistance to cisplatin in the cochlea. In addition, the cochlea expresses several antioxidant enzymes, which include superoxide dismutase (SOD), GSH.Px, and catalase (CAT). SOD catalyzes the conversion of [image: image] to H2O2 and O2 while CAT converts H2O2 to O2 and H2O. GSH.Px reduces H2O2 and possibly other peroxides. The enzyme GSH.Px also catalyzes the conversion of reduced GSH to its oxidized form (GSSG), in the process of detoxifying H2O2. In addition, glutathione reductase (GR) is important for the defense against ROS by aiding in the regeneration of GSH from GSSG (Figure 1). Two forms of SOD are expressed in the cochlea. A Cu/Zn isoform of SOD is localized in the cytosol, while a Mn-regulated isoform (Mn-SOD) is localized to the mitochondria (Yao and Rarey, 1996). Mn-SOD is localized to metabolically active sites in the cochlea such as stria vascularis, spiral ligament, spiral prominence, spiral limbus, and organ of Corti (Lai et al., 1996). Activities of SOD were higher in the subcellular fractions of stria vascularis and spiral ligament compared to the organ of Corti (Pierson and Gray, 1982; Yao and Rarey, 1996). High activities of other antioxidant enzymes were also observed in the lateral wall tissues compared to the rest of the cochlea, suggesting their roles in mitigating oxidative stress in these regions (Pierson and Gray, 1982). In the absence of this ROS detoxification system, ROS can produce cellular damage by lipid peroxidation, with increased levels of the lipid peroxide, malondialdehyde, and 4-hydroxynonenal.
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FIGURE 1. Cisplatin’s interaction with the cochlear antioxidant defense system. Cisplatin is converted to a cis-diammine(aqua)chloroplatinum(II) (a monohydrate cisplatin complex) upon entering the cell cytoplasm. These reactive platinum species can react with molecular oxygen (O2) to generate superoxide ([image: image]) which is detoxified by superoxide dismutase (SOD) to hydrogen peroxide (H2O2) and oxygen. Hydrogen peroxide is further detoxified by catalase to water (H2O) and oxygen. Cisplatin reactive intermediates readily bind to and oxidizes the antioxidant reduced glutathione (GSH) to oxidized glutathione (GSSG). Glutathione peroxidase (GSH.Px) consumes GSH to produce GSSG in the process of converting H2O2 into H2O. Glutathione reductase (GR) reduces GSSG to GSH by using the reduced from of nicotinamide adenine dinucleotide phosphate (NADP+), NAPDH, as cofactor.



INCREASED ROS GENERATION CONTRIBUTES TO CISPLATIN-INDUCED HEARING LOSS

Exposure of explants to ROS induces bleb formation and changes in length of outer hair cells which were attenuated by co-administration of the antioxidant, deferoxamine, or antioxidant enzymes (Clerici et al., 1995). Infusion of ROS into the guinea pig ear led to increased compound action potential (CAP) threshold amplitudes, which were reduced by co-administration of antioxidant or antioxidant enzymes (Clerici and Yang, 1996). Furthermore, it was observed that cochleae obtained from cisplatin-treated animals showed depletion of GSH and reduced activities of antioxidant enzymes, such as SOD, CAT, GSH.Px, and GR along with increased evidence of lipid peroxidation (Rybak et al., 2000). This reduction in antioxidant capacity in the cochlea could result from: (1) covalent binding of cisplatin to sulfhydryl groups within the antioxidant enzymes, causing enzyme inactivation; (2) loss of metal cofactors, such as copper and selenium, which are vital for activity of SOD and GSH.Px; (3) increased ROS which could exhaust antioxidant enzymes; and/or (4) depletion of cochlear antioxidant enzyme cofactors, such as GSH and NADPH, which are essential for GSH.Px and GR activities, respectively (for review see Rybak et al., 2000). The increased oxidative stress within the cochlea could increase lipid peroxidation of membranes, inactivate essential cellular enzymes and membrane transporters, and disrupt ion channel function. The ultimate effect of increased ROS generation is to promote apoptotic and necrotic cell death. These data suggest that ROS plays a critical role in cisplatin-induced ototoxicity and that its inhibition could ameliorate hearing loss.

As discussed below, one important result of increased oxidative stress is induction of inflammatory processes in the cochlea. The importance of managing ROS in mediating otoprotection is underscored by the observation that polymorphisms of glutathione S-transferase gene increase susceptibility to cisplatin hearing loss (Oldenburg et al., 2007). In this report, it was shown that patients inheriting the 105Ile/105Ile-GSTP1 or 105Val/105Ile-GSTP1 alleles had greater hearing loss than those inheriting the 105Val/105Val-GSTP1 alleles (Oldenburg et al., 2007).

TARGETING OXIDATIVE STRESS FOR TREATING CISPLATIN-INDUCED HEARING LOSS

The cochlea is endowed with a number of distinct cellular mechanisms which could contribute to otoprotection. These include various endogenous antioxidant enzymes and antioxidants (detailed above), heat shock proteins, kidney injury molecule-1, anti-apoptotic proteins, transcription factors such as nuclear factor erythroid 2-related factor 2 (Nrf2) and signal transducer and activator of transcription (STAT) proteins, and a number of hormone and G-protein-coupled receptors (Ford et al., 1997; Oh et al., 2000; Mukherjea et al., 2006; So et al., 2006; Borse et al., 2017). Therefore, it is very surprising that these mechanisms are not able to effectively protect against cisplatin ototoxicity. However, it is possible that over the course of cisplatin treatment in animal models and humans that these protective systems become overwhelmed and are no longer able to manage the toxicity. It is believed that exogenously administered antioxidants or other drugs can boost the local protective mechanism to ensure otoprotection.

Early studies were directed at examining the effects of drugs which reduce oxidative stress for treating hearing loss. Studies performed in animals indicated that antioxidants protected against cisplatin-induced hearing loss. Many of these antioxidants are thiol compounds which have high affinities for platinum. This forms the basis for their protection against cisplatin toxicity but also could account for the antitumor interference with cisplatin. Studies showed that N-acetyl cysteine (NAC) protected against cisplatin-ototoxicity in rats (Dickey et al., 2008) and guinea pigs (Choe et al., 2004). Sodium thiosulfate (STS) was also effective against cisplatin-induced hearing loss (Otto et al., 1988). However, systemic administration of this drug led to formation of cisplatin–STS complex, which reduced the levels of cisplatin in circulation needed for effective antitumor therapy (Wimmer et al., 2004). Thus, local application of STS into the cochlea would be required to provide effective otoprotection (Wimmer et al., 2004), as was shown previously (Wang et al., 2003). Several studies have shown that D-methionine, another sulfur-containing compound, protects against cisplatin-induced hearing loss when administered by both the systemic and local routes (Campbell et al., 1996; Korver et al., 2002). At the cellular level, the otoprotection mediated by this compound was associated with its ability to increase the activity of intrinsic antioxidant enzymes (Campbell et al., 2003). Other antioxidants which show promise against cisplatin-induced hearing loss include ebselen, lipoic acid, diethyldithiocarbamate, and 4-methylthiobenzoic acid (Rybak et al., 1999). Similarly, high doses of amifostine provided otoprotection in hamsters but its use was associated with neurotoxicity (Church et al., 2004).

Contrary to the pre-clinical findings, studies performed in humans showed that STS protected against cisplatin-induced nephrotoxicity (Goel et al., 1989) but was ineffective against cisplatin-induced hearing loss (Zuur et al., 2007). Amifostine was also ineffective as an otoprotectant in patients with metastatic melanoma (Ekborn et al., 2002) and in children suffering from neuroblastoma or germ cell tumors and were on a chemotherapeutic regimen including cisplatin (Marina et al., 2005; Sastry and Kellie, 2005). However, later studies showed that higher doses of amifostine were able to provide significant otoprotection (Fouladi et al., 2008).

Several G-protein-coupled receptors have been characterized in the cochlea, activation of which confer protection against cisplatin-induced hearing loss. Immunolabeling studies show distribution of the A1 adenosine receptors (A1ARs) in the stria vascularis, spiral ganglion cells, and organ of Corti (Vlajkovic et al., 2009). In the organ of Corti, the greatest distribution of A1AR is in the inner hair cells, Deiter’s cells and lower levels in the outer hair cells. Expression of A1AR was also observed in mouse organ of Corti-derived cell lines including the UB/OC-1 cells (Kaur et al., 2016) and HEI-OC1 cells (unpublished data). Localized application of A1AR agonist resulted in an increase in the activities of the antioxidative enzymes GSH.Px and SOD (Ford et al., 1997). Furthermore, A1AR agonist also reduced the cisplatin-mediated increase in malondialdehyde levels in the cochlea resulting in protection against cisplatin-induced hair cell damage and hearing loss (Whitworth et al., 2004). No significant benefits was observed following activation of the A2aAR and A3AR (Whitworth et al., 2004) which are also distributed in the cochlea (Vlajkovic et al., 2009). Systemic administration of the adenosine amine congener (ADAC) was shown to protect against cisplatin ototoxicity, presumably by activating the A1AR (Gunewardene et al., 2013). Recent data support an anti-inflammatory role of A1AR activation in the cochlea mediated by suppression of the NOX3 isoform of NADPH oxidase and suppression of STAT1-mediated inflammatory pathway (Kaur et al., 2016). STAT1 activation plays an integral role in cisplatin ototoxicity, as inhibition or knockdown of this transcription factor reduced cisplatin-induced hearing loss (Schmitt et al., 2009; Kaur et al., 2011; Mukherjea et al., 2011). A recent study from our laboratory has further documented an essential role of STAT1 in mediating cisplatin-induced hearing loss, as inhibition of this factor by a green tea extract and a known STAT1 inhibitor, epigallocatechin-3-gallate (EGCG), provided otoprotection (Borse et al., 2017). In a rodent model, EGCG protected against cisplatin-induced hearing loss without compromising cisplatin antitumor efficacy (Borse et al., 2017) (see model depicted in Figure 2). In vitro studies performed in HEI-OC1 cells demonstrate that cannabinoid 2 receptor (CB2) agonists reduce cisplatin-induced cell killing (Jeong et al., 2007). CB2 are also expressed in the stria vascularis, inner hair cells and spiral ganglion cells of the cochlea from adult albino rats (Martin-Saldana et al., 2016). Recent studies from our laboratories support an otoprotective role of CB2 activation in the cochlea, which is mediated at least in part, through inhibition of STAT1 (Ghosh et al., 2016; unpublished data). Thus, the protective action of CB2 could share a similar mechanism as observed by A1AR, namely inhibition of STAT1.
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FIGURE 2. Mechanism of cisplatin-induced hearing loss and A1 adenosine receptor (A1AR)-dependent otoprotection. Cisplatin mediates NOX3 activation and reactive oxygen species (ROS) generation. The generation of ROS promotes signal transducer and activator of transcription 1 (STAT1) activation which stimulates the inflammatory process. Activated STAT1 association with active p53 promotes the apoptosis of cochlear cells. The otoprotective effects of A1AR activation is mediated by reducing oxidative stress in the cochlea by activating antioxidant enzymes (AOE) and/or by suppressing the induction of NOX3. EGCG, a known inhibitor of STAT1, has been shown to protect against cisplatin-induced hearing loss.



Additional studies from our laboratory implicated transient receptor potential vanilloid 1 (TRPV1) channels in cisplatin-mediated ototoxicity (Mukherjea et al., 2008). In a rat model, we showed knockdown of these channels by trans-tympanic administration of short interfering (si) RNA protected against cisplatin-induced hearing loss and damage to the outer hair cells (Mukherjea et al., 2008) (Figure 3). Protection was likely mediated by reducing the expression of a downstream target of TRPV1, such as NOX3, activation of which promotes ROS generation and STAT1 activation, as indicated above. STAT1 can promote both the inflammatory and pro-apoptotic actions of cisplatin in the cochlea (Kaur et al., 2011). This study suggests that inhibition of TRPV1 or NOX3 could serve as useful approaches for reducing cisplatin ototoxicity.
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FIGURE 3. Round window administration of siRNA against TRPV1 protects against cisplatin-induced ototoxicity in rats. (A) Round window application of TRPV1 siRNA reduced both, basal and cisplatin-stimulated TRPV1 protein levels in the cochlea, assessed 24 h following cisplatin administration. (B) TRPV1 siRNA suppressed TRPV1 expression in the rat cochlea. (C) Functional studies show that TRPV1 siRNA (0.9 μg) administered by round window application protected against cisplatin-induced elevations in hearing thresholds at all frequencies tested and for click stimuli. Cisplatin (13 mg/kg i.p.) was administered 48 h following siRNA or a scrambled siRNA sequence and post-treatment ABRs were determined after an additional 72 h period. ∗p < 0.05 versus scrambled siRNA-treated cochleae and ∗∗p < 0.05 versus TRPV1 siRNA (n = 5). This figure was adapted from Mukherjea et al. (2008), with permission.



Characterization of cisplatin-induced cell death in HEI-OC1 cells showed induction of apoptosis by increased lipid peroxidation and altered mitochondrial permeability transition. It was shown that the calcium-channel blocker, flunarizine, attenuated cisplatin-induced cell death (So et al., 2006). The mechanism underlying the otoprotective action of flunarizine appears to involve activation of Nrf2 and increased expression of hemeoxygenase-1 (HO-1) (So et al., 2006). Flunarizine also exhibited an anti-inflammatory role, as evidenced from its ability to inhibit the ERK1/2 MAP kinase-nuclear factor (NF)-κB-dependent pathway (So et al., 2008).

MITOCHONDRIAL TARGETS OF CISPLATIN-INDUCED OTOTOXICITY

Bcl-2 Family

The Bcl-2 family of proteins consists of members that form the mitochondrial apoptotic pathway and function as regulators of cell death and cell survival. Among its members, Bcl-2 and Bcl-xL promote cell survival, whereas Bax, Bak, Bcl-XS, Bid, Bad, and Bim induce apoptosis (Siddiqui et al., 2015). The balance between the pro-apoptotic and anti-apoptotic proteins is crucial for the well-being of the cell. However, cellular damage caused by noxious stimuli can tilt this balance in favor of apoptosis. This process is initiated when pro-apoptotic protein such as Bax and Bid translocate from the cytoplasm to the mitochondria. This triggers a sequence of events leading to the permeabilization of the outer mitochondrial membrane, which results in the loss of mitochondrial membrane potential, generation of ROS, and release of cytochrome c from mitochondria into the cytoplasm (Siddiqui et al., 2015).

Several studies have implicated the mitochondrial pathways in the apoptosis of auditory cells after cisplatin treatment. Mongolian gerbils administered cisplatin showed deterioration in the responses of both distortion product otoacoustic emissions (DPOAE) and the endocochlear potential as compared with age-matched controls (Alam et al., 2000). The cisplatin-induced hearing loss was correlated with increased levels of Bax and decreased expression of Bcl-2 in the cells of organ of Corti, spiral ganglion and the lateral wall, as determined by immunohistochemistry. Moreover, cisplatin significantly elevated the ratio of Bax to Bcl-2, an important indicator of apoptosis, in the three representative regions in all turns of the cochlea. Similarly, cochlear hair cells from cisplatin-treated guinea pigs demonstrated apoptosis which was linked to the activation and redistribution of cytosolic Bax and the release of cytochrome c from the mitochondria (Wang et al., 2004). In another study conducted in HEI/OC1 cells, cisplatin-induced apoptosis through mitochondrial pathway which involved truncation of Bid, mitochondrial translocation of Bax, and release of cytochrome c (Devarajan et al., 2002). Recently, cisplatin treatment in UB/OC-1 cells significantly increased expression of Bax, but reduced the levels of Bcl-xL (Borse et al., 2017). Treatment with EGCG, a known inhibitor of STAT1, reversed these cisplatin-mediated effects on the expression of Bax and Bcl-xL (Borse et al., 2017) and protected against hearing loss (Figure 4). These data indicate that cisplatin induces apoptosis through activation of mitochondrial pathway and that inhibiting elements of this pathway could alleviate hearing loss.
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FIGURE 4. Epigallocatechin-3-gallate (EGCG) inhibited cisplatin-induced apoptosis and hearing loss. (A) UB/OC-1 cells pretreated with either vehicle or EGCG (100 μM) followed by cisplatin (20 μM) for 24 h were analyzed for pro-apoptotic proteins, such as p53, cleaved caspase-3 and Bax and anti-apoptotic protein, Bcl-xL. The expression of pro-apoptotic proteins was substantially reduced by EGCG while the reductions in Bcl-xL were attenuated. (B) The bar graph represents results from A after normalization with β-actin bands and are presented as the mean ± SEM. ∗p < 0.05 versus vehicle and ∗∗p < 0.05 versus vehicle + cisplatin (n = 4). (C) Pre-treatment ABR thresholds were recorded in Wistar rats, which were then treated with oral EGCG (100 mg/kg body weight). Cisplatin (11 mg/kg) was administered intraperitoneally 24 h later and animals were continued on daily oral EGCG treatments for additional 3 days. Post-treatment ABRs were performed on day 4. Daily oral administration of EGCG protected from cisplatin-induced ABR threshold shifts at all frequencies tested. ∗p < 0.05 versus vehicle and ∗∗p < 0.05 versus vehicle + cisplatin (n = 4). This figure was adapted from Borse et al. (2017), with permission.



Caspases

Stress signals from the mitochondria also regulate the cleavage of pro-caspase-9 into its active form, caspase-9 (Hengartner, 2000). Activated caspase-9 can then cleave and activate the downstream effector caspase, caspase-3, resulting in apoptotic destruction of the cell. Caspase-3 is also activated by caspase-8, which is an initiator caspase activated by plasma membrane death receptors (Salvesen and Dixit, 1997). Cisplatin induces apoptosis of auditory hair cells and cochlear cell lines via activation of initiator caspase-9 and its effector caspase-3. Cisplatin-induced activation of caspase-9 and caspase-3 was also seen in HEI/OC1 (Devarajan et al., 2002; Chung et al., 2008) cells and UB/OC1 cells (Borse et al., 2017). Wang et al. (2004) reported the activation of caspase-9 and caspase-3, but not caspase-8, in cochlear hair cells of pigmented guinea pigs treated with cisplatin. Furthermore, intracochlear perfusion of specific inhibitors of caspase-9 and caspase-3 protected against cisplatin-induced hair cell death and hearing loss in these animals (Wang et al., 2004). In another study, treatment of neonatal rat organ of Corti explants with caspase-1- and caspase-3-specific inhibitors and a general caspase inhibitor protected more than 80% of the auditory hair cells from cisplatin-induced apoptosis (Liu et al., 1998). Unlike other caspases, caspase-1 is not linked with the induction of apoptosis in cells. Caspase-1 is studied for its role in initiating inflammatory immune responses through formation of inflammasomes. Activation of caspase-1 was recently reported to induce hearing loss after cytomegalovirus (CMV) infection in the inner ear through upregulation of its downstream inflammatory factors, such as interleukin-1β and interleukin-18 (Shi et al., 2015). Therefore, it is possible that caspase-1-specific inhibitor may protect from cisplatin ototoxicity by inhibiting cisplatin-induced inflammation in the cochlea.

Several mechanisms underlying cisplatin-induced caspase activation has been proposed. For example, cisplatin-induced apoptosis and caspase-3 activation in HEI/OC1 cells was reduced after treatment with NF-κB inhibitors, Bay 11-7085 and SN-50 (Chung et al., 2008). This finding indicates that NF-κB is activated by cisplatin and plays a pro-apoptotic role in HEI/OC1 cell death. Cisplatin-induced apoptosis and activation of caspase-3, -8, and -9 were also inhibited by activation of CB2 receptors (Jeong et al., 2007), which are present in the cochlear cells and upregulated by cisplatin (Martin-Saldana et al., 2016). Cisplatin-mediated expression of cleaved-caspase-3 in UB/CO1 cells was inhibited by treatment with EGCG through inhibition of STAT1 (Borse et al., 2017). Taken together, loss of auditory cells as a result of cisplatin-induced apoptosis involves activation of caspases as a final common pathway activated by different upstream signaling pathways described above. Inhibition of one or more of these signaling pathways could effectively rescue hair cell loss and restore hearing.

p53

The general mechanism of action of cisplatin in tumor cells is that it forms crosslinks with the purine bases of the DNA, causing DNA damage. The overwhelming DNA damage caused by formation of DNA adducts interferes with the DNA replication and repair mechanisms, which subsequently induces apoptosis (Dasari and Tchounwou, 2014). The apoptotic signal is initiated by activation (through phosphorylation) of p53, a tumor suppressor gene and an important mediator of DNA damage-induced apoptosis. Accumulating evidence suggest that in response to stress signal, a fraction of activated p53 rapidly translocates to the mitochondria, where it interacts with the various pro- and anti-apoptotic members of Bcl-2 family to either activate or inhibit them, respectively (Vaseva and Moll, 2009). In the mitochondria, p53 also induces loss of mitochondrial membrane potential, cytochrome c release and caspase-3 activation, triggering apoptosis (Marchenko et al., 2000). These findings were consistent with those in p53-deficient cells, where Bax translocation, cytochrome c release, and caspase-3 activation were downregulated, confirming that p53 acts upstream of mitochondrial apoptotic regulators (Morris et al., 2001). Interestingly, overexpression of anti-apoptotic Bcl-2 or Bcl-xL prevented stress signal-mediated mitochondrial accumulation of p53 and apoptosis, suggesting a feedback loop between p53 and mitochondrial apoptotic regulators (Marchenko et al., 2000).

The role of p53 in the regulation of cisplatin-induced apoptosis in the auditory system has been investigated. Application of the p53 inhibitor, pifithrin-α, to cochlear organotypic cultures exposed to cisplatin attenuated hair cell damage (Zhang et al., 2003; Benkafadar et al., 2017). The protection was associated with reduction in the expression of p53, caspase-1, and caspase-3 (Zhang et al., 2003). The validity of these in vitro results was tested in hair cells derived from p53-deficient mice, which exhibited resistance to cisplatin-induced apoptosis (Benkafadar et al., 2017) and reduced caspase-3 activation (Cheng et al., 2005a,b). Although systemic inhibition of p53 protects against cisplatin-induced ototoxicity, this treatment strategy would interfere with the anti-cancer efficacy of cisplatin, restricting its use for treatment in humans. To overcome this problem, Benkafadar et al. (2017) demonstrated that intra-tympanic application of pifithrin-α protects auditory function without compromising the chemotherapeutic efficacy of systemically administered cisplatin. They further showed that systemic administration of pifithrin-α even sensitizes TP53-mutant tumors to cisplatin. These results illustrate the role of p53 as an important regulator of cisplatin-induced apoptosis in auditory hair cells.

CISPLATIN TARGETS DNA IN THE COCHLEA

Previous studies have shown that platinated DNA accumulates in the nuclei of outer hair cells, supporting cells, marginal cells of the stria vascularis and cells in the spiral ligament (van Ruijven et al., 2005). Other studies have also shown DNA adduct in spiral ganglion neurons following cisplatin administration. The cochlear cells express DNA repair enzymes which can reduce the level of DNA adduct formed over time. These repair enzymes, known as nucleotide excision repair (NER) enzymes, are classified as transcriptional-coupled repair (TCR) enzymes or global DNA repair (GDR) enzymes which differ in their targets. Defective TCR function is observed in Cockayne syndrome which is characterized by progressive hearing loss. Outer hair cells from Cockayne syndrome group A (Csa-/-) and group B (Csb-/-) mice were hypersensitive to cisplatin. In contrast, Xpc-/- mice which were deficient in global genome repair enzymes showed normal sensitivity to cisplatin (Rainey et al., 2016). This study implicates DNA damage as one mechanism of cisplatin-induced loss of outer hair cells and hearing loss and suggests that TCR plays a primary role in protecting hair cells from cisplatin-induced hearing loss. The effects of eight single-nucleotide polymorphisms in excision repair cross-complementing group 1, 2, 4, and 5 (ERCC1, ERCC2, ERCC4, and ERCC5) genes and xeroderma pigmentosum complementary group C and A (XPC and XPA) genes were assessed in patients with osteosarcoma who were treated with cisplatin. These studies showed that polymorphisms in DNA repair gene, XPC, was associated with increased cisplatin-induced ototoxicity in cancer patients. Increased ototoxicity was associated with the CC genotype of XPC Lys939Gln (Caronia et al., 2009).

UPTAKE OF CISPLATIN INTO THE COCHLEA

One of the major entry ports for cisplatin in the cochlea is the mammalian copper transport 1 (Ctr1). Ctr1 is highly expressed in the cochlea where it is localized to outer hair cells, inner hair cells, stria vascularis, and spiral ganglion neurons and contributes to drug entry and cell apoptosis. Decreasing cisplatin entry by intra-tympanic administration of copper sulfate, a substrate of Ctr1, protects against hearing loss induced by cisplatin (More et al., 2010). Cisplatin entry into cochlear cells is also mediated by organic cation transporter (OCT). Three isoforms of this protein exists, OCT1-3, which are present mainly in the kidneys and liver. Expression of OCT2 has also been detected in the organ of Corti and stria vascularis (Ciarimboli et al., 2010). Inhibition of these transporters with cimetidine protects against cisplatin-induced nephrotoxicity and ototoxicity. OCT knockout mice exhibit reduced toxicity to cisplatin. Single-nucleotide polymorphism in OCT-2 gene protects against ototoxicity in children (Lanvers-Kaminsky et al., 2015). Several studies have reported that the entry of aminoglycosides into cochlear hair cells is mediated by mechanotransducer (MET) channels (Gale et al., 2001; Marcotti et al., 2005; Dai et al., 2006; Wang and Steyger, 2009; Alharazneh et al., 2011). In fact, changes in the structure of aminoglycosides which limits their entry through MET channels are less ototoxic (Huth et al., 2015). Cisplatin has also shown to block MET channels in chick cochlear hair cells (Kimitsuki et al., 1993). Recent studies have indicated that cisplatin-induced damage to hair cells in the zebrafish is dependent on functional MET channels (Thomas et al., 2013). These investigators showed that inhibition of mechanotransduction channels by quinine or EGTA protected against cisplatin-induced hair cell death. Furthermore, these investigators showed that zebrafish mutants which lacked mechanotransduction channels were also resistant to cisplatin-induced hair cell death. These studies suggest that mechanotransduction channels are a major contributor to the entry of cisplatin into hair cells, at least in the zebrafish. Interestingly, chemical inhibition of Ctr1 and OCT-2 did not provide significant protection against killing of lateral line hair cells in zebrafish (Thomas et al., 2013). Preliminary data from our lab indicate a similar pathway of entry of transplatin, the inactive isomer of cisplatin, which protects against cisplatin ototoxicity (Dhukhwa et al., 2017). These studies suggest that MET channels could serve as an additional entry ports for cisplatin into cochlear hair cells. Several other ion channels might also contribute to aminoglycoside uptake into hair cells. In addition to TRPV1, several TRP channels including TRPV4, TRPA1, TRPC3, and TRPML3 are expressed in the cochlea (Cuajungco et al., 2007; Asai et al., 2010). These channels have been shown to allow entry of aminoglycoside into kidney cells (Myrdal and Steyger, 2005). The potential role of these channels in mediating the entry of aminoglycosides and cisplatin into hair cells has not yet been established.

Megalin is a low-density lipoprotein which is highly expressed in the kidney and in the stria vascularis of the cochlea which accumulate high levels of platinum DNA adducts. Patients who showed cisplatin-induced hearing impairment demonstrate a higher frequency of megalin gene polymorphism compared to those with no hearing loss after cisplatin therapy. These findings implicate megalin gene polymorphisms in susceptibility to cisplatin ototoxicity (Riedemann et al., 2008). In the kidneys, megalin has been shown to bind β2-microglobulin, cytochrome c, retinal binding proteins, and polybasic antibiotics (such as gentamicin). These investigators show that the accumulation of cisplatin in the renal proximal tubules is mediated by binding of cisplatin-metallothionein complex to megalin (Klassen et al., 2004). The expression of megalin in the stria vascularis might similarly allow the accumulation of cisplatin into the stria vascularis.

CONCLUSION

Studies described above have identified a number of different mechanisms which mediated cisplatin ototoxicity and provide the basis for rational drug design to treat this debilitating condition. While most of the drugs which target these mechanisms have shown promise, efficacy studies are still in the experimental animal stage (see Table 1 for list of drugs/drug targets). These studies need to be extended in human clinical trials for final validation. The routes of drug administration would be a major issue, as systemic administration of these drugs could compromise cisplatin chemotherapeutic efficacy. In this regard, the use of a number of cisplatin transporters (namely Ctr1 and OCT2) and antioxidants would have the greatest likelihood of interfering with cisplatin antitumor efficacy (as discussed above). Localized delivery of these drugs into the cochlea would eliminate potential systemic toxicities but would require an additional minor surgical procedure to accomplish this goal. This would allow the use of a majority of the agents listed in this table for protection against hearing loss. Several of these drugs are currently in clinical use or in clinical trials for other indications. These include TNF-α antagonists which are used for the treatment of chronic inflammatory diseases (Aggarwal et al., 2012) and EGCG which is in various clinical trials for the treatment of cancer (Singh et al., 2011). These agents which are effective systemically could serve as initial candidates for treating cisplatin-induced hearing loss and other forms of hearing loss. Other drugs which could be advanced quickly into clinical use are MET channel blockers, such as bulky aminoglycoside antibiotics, which demonstrate low potential for ototoxicity (Huth et al., 2015). Continued research in this area would uncover new mechanisms underlying cisplatin-induced hearing loss and validate novel targets and drugs to treat this condition.

TABLE 1. Potential drug targets for treatment of cisplatin ototoxicity.
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The sensory hair cells of the inner ear are exquisitely sensitive to ototoxic insults. Loss of hair cells after exposure to ototoxic agents causes hearing loss. Chemotherapeutic agents such as cisplatin causes hair cell loss. Cisplatin forms DNA mono-adducts as well as intra- and inter-strand DNA crosslinks. DNA cisplatin adducts are repaired through the DNA damage response. The decision between cell survival and cell death following DNA damage rests on factors that are involved in determining damage tolerance, cell survival and apoptosis. Cisplatin damage on hair cells has been the main focus of many ototoxic studies, yet the effect of cisplatin on supporting cells has been largely ignored. In this study, the effects of DNA damage response in cochlear supporting cells were interrogated. Supporting cells play a major role in the development, maintenance and oto-protection of hair cells. Loss of supporting cells may indirectly affect hair cell survival or maintenance. Activation of the Phosphoinositide 3-Kinase (PI3K) signaling was previously shown to promote hair cell survival. To test whether activating PI3K signaling promotes supporting cell survival after cisplatin damage, cochlear explants from the neural subset (NS) Cre Pten conditional knockout mice were employed. Deletion of Phosphatase and Tensin Homolog (PTEN) activates PI3K signaling in multiple cell types within the cochlea. Supporting cells lacking PTEN showed increased cell survival after cisplatin damage. Supporting cells lacking PTEN also showed increased phosphorylation of Checkpoint Kinase 1 (CHK1) levels after cisplatin damage. Nearest neighbor analysis showed increased numbers of supporting cells with activated PI3K signaling in close proximity to surviving hair cells in cisplatin damaged cochleae. We propose that increased PI3K signaling promotes supporting cell survival through phosphorylation of CHK1 and increased survival of supporting cells indirectly increases hair cell survival after cisplatin damage.
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INTRODUCTION

Sensorineural hearing loss caused by the exposure to loud sounds and ototoxic drugs results in the loss of sensory hair cells and spiral ganglion neurons of the inner ear. Cisplatin is a potent antitumor agent used for its wide clinical activity against many different types of tumors (Wang and Lippard, 2005). A side effect of cisplatin-induced hearing loss is the loss of cochlear hair cells (Rybak et al., 2009; Schacht et al., 2012). Systemic injection of cisplatin results in discernable cisplatin-DNA adducts in hair cells and supporting cells that reside in the organ of Corti (van Ruijven et al., 2005). Supporting cells have distinct morphology and specific anatomical locations within the organ of Corti. Dieters’ cells reside below the outer hair cells (OHC), inner and outer pillar cells form the tunnel of Corti while Hensen’s and Claudius cells are located in the outer sulcus. These cells contribute to the microarchitecture observed in the sensory epithelium (Monzack and Cunningham, 2013; Wan et al., 2013). In addition to maintaining the cytoarchitecture in the cochlea, supporting cells such as inner border cells and inner phalangeal play critical roles in development, maintenance and synaptogenesis of hair cells (Gómez-Casati et al., 2010; Mellado Lagarde et al., 2014). Supporting cells can phagocytose dying hair cells to clear up cellular debris in the sensory epithelium (Bird et al., 2010; Monzack et al., 2015). Supporting cells can protect hair cells from damage by secreting the Heat Shock Protein 70 (HSP70; May et al., 2013). Systemic application of cisplatin shows that supporting cells are structurally damaged and could contribute to delayed hair cell loss (Ramírez-Camacho et al., 2004). Furthermore, after cisplatin damage, phagocytosis of dead hair cells by supporting cells is impaired (Monzack et al., 2015). These studies suggest that supporting cells play distinct cellular roles to maintain proper cochlear function and may be targets of cisplatin damage.

Cytotoxicity after cisplatin exposure is caused by the formation of intra- and inter-strand DNA crosslinks as well as cisplatin DNA adducts (Wang and Lippard, 2005). DNA damage activates several signal transduction pathways that include Ataxia Telangiectasia and Rad3 Related Protein (ATR), p53, p73 and Mitogen-Activated Protein Kinase (MAPK) and results in either cell survival or apoptosis (Siddik, 2003). Checkpoint Kinase 1 (CHK1) is a key downstream target that is phosphorylated by ATR at serine residues 345 and 317 (Zhao and Piwnica-Worms, 2001). Phosphorylation of CHK1 increases kinase activity and initiates the DNA damage response by activating DNA damage repair, DNA damage checkpoints and cell death proteins (Zhang and Hunter, 2014). DNA damage-mediated apoptotic signals can be attenuated as observed in cisplatin resistant tumor cells. Cisplatin resistant cancer cells arise when propagation of the DNA damage signal to the apoptotic machinery is inhibited. These mechanisms include activation of the Phosphoinositide 3-Kinase (PI3K)/RAC-Alpha Serine Threonine Protein Kinase (PI3K/AKT) signaling, loss of p53 function and overexpression of anti-apoptotic factors such as B-cell leukemia/lymphoma 2 (BCL2) to promote cell survival (Siddik, 2003). In this study, we determined whether phosphorylation of CHK1 promotes cochlear supporting cell survival after cisplatin damage.

MATERIALS AND METHODS

Cell Culture

Immortalized multipotent otic progenitor (iMOP) cells were grown in suspension with DMEM/F12 (Life Technologies) containing B27 supplement (Life Technologies), 25 μg/ml carbenicillin and 20 ng/ml basic fibroblast growth factor (bFGF; Pepro Tech; Jadali et al., 2016). For differentiation experiments, cells were cultured for 3 or 7 days in the absence of bFGF depending on the experiment. iMOP cells were treated with LY294002 (LC laboratories), bpV(Hopic; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or cisplatin (Sigma) at the specified concentrations. LY294002 and bpV(Hopic) were solubilized in dimethyl sulfoxide (DMSO) and added to medium as described. Cisplatin was dissolved into medium and warmed to 37°C to make a 1 mM stock solution. Cisplatin solution was diluted into culture medium at the described concentrations.

Proliferation and EdU Incorporation Assays

For 5-ethynyl-2′-deoxyuridine (EdU) labeling, the Click-iT EdU Alexa Fluor 488 assay kit (Life Technologies) was used. iMOP cells were pulsed with 1 μM EdU for 2 h. After EdU incorporation, cells were removed from culture, dissociated to generate single cells, fixed, labeled EdU with Alexafluor 488 by click chemistry, resuspended in 1× PBS containing 0.1% Tween 20 and mounted on a slide. Fluorescent images of labeled cells were taken using epifluorescence microscopy and the percentage of EdU positive cells in 1000 nuclei was determined.

Flow Cytometry and Apoptosis Assay

iMOP cells were differentiated for 3 days before they were treated with 50 μM cisplatin alone, or pre-treated with 25 μM LY294002 or 10 μM bpV(HOpic) for 1 h before treatment with 50 μM cisplatin. Apoptotic cells were analyzed 24 h after treatment with small molecules. To identify apoptotic cells, the Alexa Fluor 488 annexin V/PI dead cell apoptosis kit was used (Life Technologies) according to manufacturer’s instructions. Cells labeled with Alexa Fluor 488 annexin V and/or PI and were quantified by flow cytometry using a Beckman Coulter Gallios flow cytometer with the appropriate filters.

Western Blot Analysis

Cells were lysed in lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and 10% glycerol containing phosphatase inhibitor (Thermo Scientific) and a mixture of protease inhibitors (Roche). Protein lysates (30 μg) were loaded and separated on 4%–12% Bis Tris Novax NuPAGE gradient gels (Life Technologies), transferred to PVDF membrane, and incubated in blocking buffer (phosphate-buffered saline (PBS), 0.1% Tween 20 and 5% nonfat dried milk) for 1 h. To detect proteins of interest, membranes were incubated overnight at 4°C with primary antibodies. Immunoreactive bands were detected by incubating with horseradish peroxidase-conjugated secondary antibodies, followed by application of chemiluminescence substrate (Pierce ECL, Thermo Fisher Scientific). Membranes were exposed to either X-ray film (RPI) or Amersham Hyperfilm ECL (GE Healthcare) for signal detection before film development. To detect multiple proteins using the same membrane, membranes were stripped and re-probed with the appropriate primary antibodies. Quantification of the intensity from individual bands was done using Photoshop. Antibodies and dilutions of antibodies for Western blot are described in Table 1.

TABLE 1. Antibodies and Small Molecules.
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Cochlear Explant Cultures

Cochleae from P4–6 pups were dissected and cleaned of surrounding tissue and bone. The stria vascularis was trimmed and the Reissner’s and the tectorial membrane peeled away to expose the sensory epithelium. To ensure that the explanted cochlea adhered to the bottom of the coverglass, the cochlea was cut into three individual pieces and adhered onto a 1.5 cover glass treated with 10 μg/ml poly-L-ornithine. Cochlear explants were cultured in DMEM/F12 containing 10% FBS, 2 mM L-Glutamine and 25 μg/ml carbenicillin. One day after plating, cochleae were treated with either 10 μM bpV(HOpic) or DMSO before addition of 20 μM cisplatin. Hair cells counts per 200 μm were divided into base, middle and apical regions of the cochlear explants and used to determine the percent of surviving hair cells along the tonotopic axis.

Immunofluorescence Staining

Conditions used for immunostaining of iMOP cells were previously described (Kwan et al., 2015). Cochlear explants were fixed in 4% formaldehyde with 1× PBS for 1 h, permeabilized in wash buffer (PBS and 0.1% Triton X-100) for 10 min, incubated in blocking buffer (PBS, 10% goat serum and 0.1% Triton X-100) for 1 h and incubated overnight with a 1:500 dilution of Myosin 7A (MYO7A; Proteus Biosciences) primary antibody in blocking buffer. For CHK1 labeling, antigen retrieval was accomplished by incubating fixed cochlea in 150 mM Tris-HCl at pH 9.0 for 5 min, followed by heating at 70°C for 15 min. Cochleae were rinsed in wash buffer before incubating overnight with a 1:100 dilution of pCHK1 (Cell Signaling) antibodies in blocking buffer. Detection of primary antibodies was done by removing the primary antibody solutions and washing the cochleae in wash buffer three times before incubating in 1:500 dilution of goat anti-rabbit Alexa Fluor 488 secondary antibody and 1:500 phalloidin Alexa Fluor 647 (Life Technologies) in blocking buffer for 2 h. Cochleae were rinsed and mounted on slides with prolong gold antifade mounting media (Life Technologies). Immunofluorescence images were obtained using a Zeiss 510 confocal microscope with a 40 × 1.3 NA water immersion objective. The average percent of MYO7A positive inner hair cells (IHC) and OHC were obtained by calculating the percentage of MYO7A cells along the cochlear axis from treated cochlear explants relative to untreated controls. Antibodies and dilutions of antibodies for immunostaining are described in Table 1.

Biohazardous Material

All biohazardous material such as LY294002, bpV (HOpic) and cisplatin were handled in a laminar flow hood and appropriately disposed after usage as recommended by Rutgers Environmental Health and Safety (REHS).

Animals

All mice were housed in the Nelson Labs animal facility in microisolator cages. Neural subset (NS) Cre PTEN mice in the B6;129S4 genetic background were previously described (Jadali and Kwan, 2016). This study was carried out in accordance with the recommendations of the Rutgers Animal Care and Facilities Committee (ACFC). The protocol was approved by the Rutgers University Institutional Animal Care and Use Committee (IACUC).

Statistical Analysis

All error bars shown in data are expressed as ± standard deviation (SD) of values obtained from independent experiments unless otherwise stated. The numbers (n) of independent experiments or individual wells from separate cultures are listed for experiments. Technical triplicates were included in each experiment. An unpaired two-tailed Student’s t-test was used to determine statistical significance and associated with the appropriate p value. For all figures p values are defines as: *p < 0.05, **p < 1 × 10−2, ***p < 1 × 10−3 and ****p < 1 × 10−4 unless otherwise stated.

RESULTS

Differentiating iMOP Cells Express Hair Cell and Supporting Cell Markers

To identify signaling pathways that maintain hair cell survival, we used iMOP cells that can self-renew and differentiate into hair cells and supporting cells (Kwan et al., 2015). Differentiating iMOP cells were generated by withdrawing bFGF for 7 days, to promote cell cycle exit and differentiation (Jadali et al., 2016). To determine the proliferative capacity of proliferating or differentiating iMOP cultures, incorporation of the nucleotide analog EdU was used. As iMOP cells progress through the cell cycle and undergo DNA replication, EdU was incorporated into the DNA. Incorporation of EdU provides an index for proliferation. Proliferating iMOP cells and differentiating iMOP cells normally grow as clusters of cells, or otospheres. To allow for unambiguous cell counts, otospheres from iMOP cultures were dissociated, fixed and labeled with Hoechst after EdU incorporation. Proliferating iMOP cells showed EdU labeling in 37.9% ± 2.5 of Hoechst labeled nuclei (Figure 1A). Differentiating iMOP cells showed EdU labeling in 3.3% ± 1.2 of Hoechst labeled nuclei (Figure 1B). A significant 11.5 fold reduction (p < 1 × 10−4) in cells that have undergone DNA replication was observed in differentiating cells compared to proliferating cells. These results suggest that the vast majority of differentiating iMOP cells were no longer progressing through the cell cycle.
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FIGURE 1. Expression of hair cell and supporting cell markers in differentiating immortalized multipotent otic progenitor (iMOP) cells. Proliferating iMOP cells cultured in basic fibroblast growth factor (bFGF) were subjected to 5-ethynyl-2′-deoxyuridine (EdU) incorporation. (A) Hoechst labeled nuclei from proliferating iMOP cells show EdU incorporation in 37.9% of cells (n = 3). (B) Hoechst labeled nuclei from differentiating iMOP cells showed EdU incorporation in 3.3% of cells (n = 3). Differentiating iMOP cells express (C) MYO7A and (D) glial fibrillary acidic protein (GFAP) in (E) phalloidin marked otospheres. (F) Otospheres from differentiating iMOP cultures were used to test for the effects of cisplatin treatment.



To determine the extent of differentiation, otospheres from differentiating iMOP cultures were harvested, fixed and immmunostained with antibodies against MYO7A, a hair cell marker and glial fibrillary acidic protein (GFAP), a supporting cell marker. Differentiating iMOP cells showed MYO7A (Figure 1C) and GFAP (Figure 1D) labeling. Otospheres from differentiating iMOP cells also showed circumferential actin after phalloidin labeling (Figure 1E) that was reminiscent of actin filament distribution in the developing cochlea sensory epithelium. Differentiating iMOP cultures containing MYO7A and GFAP expressing cells were subsequently employed as a cellular platform to study the effects of cisplatin damage in hair cells and supporting cells (Figure 1F).

Activation of PI3K Promotes iMOP Cell Survival after Cisplatin Damage

Since PI3K signaling has been implicated in maintaining hair cell survival after aminoglycoside damage (Chung et al., 2006; Jadali and Kwan, 2016), we determined whether PI3K signaling was also involved in promoting supporting cell survival after cisplatin damage. To test how PI3K signaling affects cell survival, differentiating iMOP cells were treated with small molecules that activated or inhibited PI3K signaling. To activate PI3K/AKT signaling, we used the small molecule bpV(HOpic) that inhibits phosphatase tension homolog deleted on chromosome 10 (PTEN) and increase phosphatidylinositol-3,4,5-trisphosphate (PIP3) levels. Excess PIP3 at the cell membrane increases PI3K signaling (Cantley and Neel, 1999; Doillon et al., 1999; Schmid et al., 2004). As a control, the small molecule LY294002 was used as an inhibitor of PI3K activity (Vlahos et al., 1994). The concentrations of small molecules employed was previously identified from dose response curves (Jadali and Kwan, 2016). Activator or inhibitor of PI3K signaling was added before cisplatin-induced damage in differentiating iMOP cells and apoptotic cells were quantified by flow cytometry analysis. Differentiating iMOP cells were treated with cisplatin, harvested and subjected to dual labeling with propidium iodide (PI) and Alexafluor 488-conjugated annexin V. Treated samples were compared to DMSO treated controls. FACS analysis was employed to identify apoptotic cells labeled with PI and apoptotic marker annexin V (Vermes et al., 1995). The percentage of viable cells (PI- annexin V) in the lower left quadrant and the apoptotic cells (PI+ annexin V+) in the upper right quadrant of the FACS plot were quantified. In control, 64.2% viable cells and 28.7% apoptotic cells were observed (Figure 2A). Treatment with 50 μM cisplatin in differentiating iMOP cells resulted in 26.4% viable cells and 68.1% apoptotic cells (Figure 2B). These results suggest an increase in apoptotic cells after cisplatin treatment.
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FIGURE 2. Checkpoint Kinase 1 (CHK1) phosphorylation after activating phosphoinositide 3-kinase (PI3K) signaling. Propidium iodide (PI) and annexin V FACS analysis of (A) control dimethyl sulfoxide (DMSO), (B) cisplatin (C) cisplatin and bpV(HOpic) and (D) cisplatin and LY treated cells from representative plots. Average percentage of cells from viable (PI- annexin V-) and apoptotic (PI+ annexin V+) quandrants were displayed (n = 4). (E) Western blot of phospho-AKT (pAKT), total AKT and ACTB in control DMSO, 10 μM bpV(HOpic) or 25 μM LY294002 treated cells (n = 4). (F) Quantification of pAKT/AKT ratio from Western blots (n = 4). (G) Western blot of pCHK1, total phospho-CHK1 (CHK1), pAKT, total AKT and ACTB in control DMSO, 20 μM cisplatin, 20 μM cisplatin and 10 μM bpV(HOpic) treated cells (n = 4). (H) Quantification of pCHK1/CHK1 ratios from Western blots (n = 4). Statistical significance was determined using the Student’s t-test and error bars are in standard deviation (SD).



To test whether activation of the PI3K pathway would promote cell survival after cisplatin treatment, differentiating iMOP cells were cultured with 10 μM of bpV(HOpic) for 1 day before cisplatin treatment. Pre-treatment with bpV(HOpic) resulted in 51.5% viable cells and 43.6% apoptotic cells (Figure 2C). Compared to cisplatin treatment alone, addition of bpV(HOpic) increased the percentage of viable cells. These results suggested that addition of bpV(HOpic) promotes cell survival even after exposure to cisplatin. To implicate the role of PI3K signaling in cell survival, LY294002, an inhibitor for PI3K activity was used. Differentiating iMOP cells were pretreated with 25 μM LY294002 before cisplatin treatment resulted in 18.9% viable cells and 76.4% apoptotic cells (Figure 2D). Inhibition of PI3K signaling increased the percentage of apoptotic cells. Together, these results suggest that activation of the PI3K signaling pathway may attenuate apoptosis and promote cell survival in differentiating iMOP cells.

Activation of PI3K Increases CHK1 Phosphorylation after Cisplatin Damage

To ensure that small molecules had the appropriate effect on PI3K signaling, phosphorylated RAC-alpha serine/threonine protein kinase (AKT) levels were employed as a measure of PI3K signaling activity. Western blot for phospho-AKT (pAKT), AKT and β-Actin (ACTB) was performed on cell lysates obtained from untreated control, 10 μM bpV(HOpic) treated and 25 μM LY294002 treated differentiating iMOP cultures (Figure 2E). ACTB served as a loading control. To quantify the amount of pAKT and total AKT, Western blot signals from the appropriate bands were quantified and the ratio of pAKT to AKT levels was determined. Signals were then normalized to untreated control and presented as fold change. After treatment with 10 μM bpV(HOpic), a significant 3.8 ± 0.32 fold increase in normalized pAKT levels was observed compared to control (p < 1 × 10−3). Treatment of differentiating iMOP cells with 25 μM LY294002 showed a significant 10 ± 0.02 fold decrease in normalized pAKT levels compared to control (p < 1 × 10−4; Figure 2F). These results suggested that 10 μM bpV(HOpic) and 25 μM LY294002 can be used to activate or inhibit PI3K signaling respectively in differentiating iMOP cells.

Following cisplatin damage, CHK1, an evolutionarily conserved protein kinase that regulates DNA damage repair is phosphorylated and activated by ATR (Zhao and Piwnica-Worms, 2001). ATR phosphorylates CHK1 at serine residues 317 and 345 in response to DNA damage (Zhao and Piwnica-Worms, 2001). Phosphorylation of CHK1 at Ser345 serves to localize CHK1 to the nucleus following DNA damage checkpoint activation (Jiang et al., 2003). To determine the effects of PI3K signaling in DNA damage response in differentiating iMOP cells, phosphorylation of CHK1 at Ser345 was determined by Western blot using phospho-specific antibodies. Differentiating iMOP cultures were treated with cisplatin to determine if phospho-CHK1 (pCHK1) levels increased relative to untreated control. To promote cell survival and determine the effects of activating PI3K signaling on pCHK1 levels, differentiating iMOP cultures were pretreated with 10 μM bpV(HOpic) before inducing cisplatin damage. Lysates from iMOP cultures were collected and used for Western blot analysis. ACTB was used as a loading control (Figure 2G). The ratio of pCHK1 and total CHK1 were used to determine normalized pCHK1 levels and represent the extent of DNA damage response. After treatment with 10 μM cisplatin alone, a significant 8.8 ± 1.0 fold increase in normalized pCHK1 levels was observed compared to untreated control (p < 1 × 10−3; Figure 2H). This suggests that cisplatin damage of differentiating iMOP cells activated the DNA damage response. To determine if activation of PI3K signaling alters pCHK1 levels, differentiating iMOP cultures were pretreated with bpV(HOpic) before cisplatin. Normalized pAKT levels were used as a measure of PI3K signaling activity. As observed in the Western blot, addition of bpV(HOpic) increased normalized pAKT levels 3.2 ± 0.2 fold relative to untreated control and increased 3.5 ± 0.5 fold relative to cisplatin treated cultures (Figure 2G). These results suggest that addition of bpV(HOpic) activates PI3K signaling. Pretreating iMOP cells with 10 μM bpV(HOpic) before incubating in 10 μM cisplatin resulted in a significant increase in pCHK1 levels (Figure 2G). Quantification of the Western blot showed a 17.8 ± 1.5 fold increase in normalized pCHK1 levels compared to untreated control (p < 1 × 10−4; Figure 2H). Comparing cisplatin treated sample to bpV(HOpic) and cisplatin treated samples, a significant 2.0 fold increase in normalized pCHK1 levels was observed (p < 1 × 10−2; Figure 2H). The results suggest that activation of PI3K signaling increases phosphorylation of CHK1 after cisplatin damage and could promote survival of differentiating iMOP cells.

Activation of PI3K Signaling Using bpV(HOpic) Promotes Hair Cell Survival after Cisplatin Damage

The above results suggested that activation of PI3K signaling could enhance CHK1 phosphorylation and promote a DNA damage response to increase cell survival. We previously showed that activation of PI3K signaling could promote hair cell survival (Jadali and Kwan, 2016). We wanted to extend our findings and determine if activation of the PI3K signaling can promote supporting cell survival in the cochlea when subjected to ototoxic damage. Since hair cell survival may depend on the oto-protective effect and maintenance of supporting cells (May et al., 2013; Mellado Lagarde et al., 2014), we used hair cells counts and hair cell organization as an indirect indicator for the presence of supporting cells after challenging cochlea explants with cisplatin.

To induce cochlear damage, murine cochlear explants were exposed to cisplatin. Cochleas were obtained from early post-natal day (P) 4–6 mice and cultured for a day to allow for recovery before addition of 10 μM bpV(HOpic). After bpV(HOpic) treatment, cochleae were exposed to 20 μM of cisplatin for 24 h before cisplatin and bpV(HOpic) were removed. Fresh medium without cisplatin or bpV(HOpic) was added to the cochlear cultures. The cochlear explants were allowed to recover for an additional 3 days, fixed and subjected to immunostaining (Figure 3A). Cochleae were immmunostained with antibodies against MYO7A to label IHC and OHC bodies while phalloidin highlighted the actin filled hair bundles and the actin filaments in the sensory epithelium (Figure 3B). In control untreated cochlear explants, the typical one row of IHC and three rows of OHC could be observed. The two types of hair cells are separated by the tunnel of Corti formed by inner and outer pillar cells. The heads of the pillar cells converge on the surface of the sensory epithelium and can be seen as phalloidin labeling between the IHCs and the first row of OHCs (Figure 3B). IHCs and OHCs were defined by their relative location to the heads of the pillar cells. Treatment of cochlear cultures with 20 μM cisplatin for 24 h resulted in the lack of MYO7A labeled hair cell bodies in the sensory epithelium along with the loss of phalloidin marked hair bundles (Figure 3C). Due to the disruption in the microarchitecture of the sensory epithelium, it was sometimes difficult to distinguish between IHCs and OHCs. Pretreatment of cochlear explants with 10 μM bpV(HOpic) displayed increased numbers of surviving MYO7A labeled hair cells with phalloidin marked hair bundles (Figure 3D). In some regions, the IHC and OHC organization could still be discerned.
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FIGURE 3. Effects of bpV(HOpic) on hair cell survival after cisplatin damage. (A) Timeline of cochlear explant cultures describing the addition of 10 μM bpV(HOpic) 1 day before 10 μM cisplatin treatment and harvesting of explants for immunostaining. Immunofluorescence of MYO7A, phalloidin and merged images from (B) control cochlear explant (n = 4), (C) cochlear explant treated with cisplatin (n = 4) and (D) cochlear explant pretreated with 10 μM bpV(HOpic) before cisplatin damage (n = 4). (E) Quantification of MYO7A inner hair cells (IHC) from the basal, middle and apical regions of cochlea explants in control (black), cisplatin (white) and bpV(HOpic)/cisplatin (gray; n = 4). (F) Average percent of IHC in control (black; n = 4), cisplatin (white; n = 4) and bpV(HOpic) and cisplatin (gray; n = 4) treated explants normalized to control. (G) Percentage of MYO7A outer hair cells (OHC) in control (black; n = 4), bpV(HOpic) and cisplatin (gray; n = 4) and cisplatin treated (white; n = 4) cochlear explants from the basal, middle and apical regions. (H) Average percent of OHC from control (black; n = 4), cisplatin (white; n = 4) and bpV(HOpic) and cisplatin (gray; n = 4) treated explants. Percentage of surviving IHC, OHC and undefined hair cells in (I) control, (J) cisplatin and (K) bpV(HOpic) and cisplatin treated cochlear explants. Statistical significance was determined using the Student’s t-test and error bars are in SD.



Since cisplatin-induced toxicity has different effects on IHC and OHCs (Schacht et al., 2012), the percentages of the two different types of hair cells were separately quantified. Surviving IHCs and OHCs were distinguished based on their location relative to where the heads of the pillar cells were located. To determine the effects of IHC and OHC survival after bpV(HOpic) treatment, hair cells were counted along the length of the cochlea. The cochlea was partitioned into three segments, the base, middle and the apex. Surviving hair cells were then represented as a percentage of MYO7A labeled hair cells relative to untreated samples. Treatment of cisplatin showed a significant reduction of MYO7A labeled IHCs along the length of the cochlea relative to controls. The percentage of IHCs after cisplatin damage significantly dropped from 100% to 23.0 ± 5.2% in the base (p < 1 × 10−2), 32.3 ± 6.6% in the middle (p < 1 × 10−2) and 40.1 ± 5.7% in the apex (p < 1 × 10−2). After pretreatment with bpV(HOpic), the percentage of surviving IHCs compared to cisplatin treatment alone significantly increased to 44.8 ± 4.8% in the base (p < 0.05), 58.1 ± 6.5% in the middle (p < 0.05) and 56.8 ± 5.2% in the apex (p < 0.05; Figure 3E). On average, cisplatin treatment significantly decreased IHC levels from 100 ± 9.5% to 32.0 ± 4.4% (p < 1 × 10−3). Before cisplatin treatment, addition of bpV(HOpic) significantly increased the percentage of IHCs to 53.3 ± 4.2% (p < 1 × 10−2; Figure 3F). These results suggest that addition of bpV(HOpic) and activation of PI3K signaling increases IHC survival after cisplatin damage.

For OHCs, addition of cisplatin significantly decreased the percentage of MYO7A labeled OHCs from 100% to 3.7 ± 1.0% in the base, 6.7 ± 0.9% in the middle and 5.2 ± 1.3% in the apex. Pretreatment with bpV(HOpic) increased the percentage of surviving OHCs to 11.8 ± 2.8% in the base (p < 0.05), 20.2 ± 2.9% in the middle (p < 1 × 10−2) and 16.1 ± 2.8% in the apex (p < 0.05; Figure 3G). On average, cisplatin treatment significantly decreased percentage of OHCs from 100 ± 13.9% to 5.2 ± 1.94% (p < 1 × 10−4), while the addition of bpV(HOpic) significantly increased the percentage to 16.2 ± 2.7% (p < 0.05; Figure 3H). Although bpV(HOpic) promoted OHC survival, OHC loss was still more prominent than IHC loss as previously described (Schacht et al., 2012). Our results demonstrate that activation of PI3K signaling using bpV(HOpic) can increase both IHC and OHC survival after cisplatin-induced damage.

In addition to hair cell loss, we noticed that the microarchitecture of the sensory epithelium was altered and typical hair cell organization was disrupted. Some hair cells could not be unambiguously characterized as IHCs or OHCs. To quantify this effect, surviving IHCs or OHCs were characterized based on their location to the heads of pillar cells. Hair cells that could not be categorized were labeled as undefined. In untreated cells, 25.9 ± 1.5% and 74.1 ± 6.1% of hair cells corresponded to IHCs and OHCs respectively while no undefined hair cells were observed (Figure 3I). These percentages correlate well with the proportion of 1 IHC to 3 OHCs that are normally present in the cochlea. Treatment of cisplatin resulted in 21.8 ± 5.9% IHCs, 31.4 ± 8.5% OHCs with a large population, 46.8 ± 9.3% of undefined hair cells (Figure 3J). Addition of bpV(HOpic) before treatment with cisplatin resulted in 26.7 ± 3.8% IHCs, 64.8 ± 19.6% OHCs and 8.5 ± 2.8% undefined hair cells (Figure 3K). The data suggest that application of bpV(HOpic) to cochlear cultures could activate PI3K signaling in multiple cell types including supporting cells. After activating PI3K signaling, the cochlear cytoarchitecture is maintained in some regions of the sensory epithelium where IHCs can be distinguished from OHCs even after cisplatin damage. We hypothesize that activation of PI3K signaling increases survival of supporting cells by increasing CHK1 activity. Increased supporting cell survival helps provide oto-protection and maintain hair cell organization after cisplatin damage. To directly address whether activation of PI3K signaling increases phosphorylation of CHK1 promotes supporting cells survival after cisplatin damage, a genetic approach was employed.

Genetic Activation of PI3K Signaling in Supporting Cells

To genetically activate PI3K signaling, a Pten conditional knock out mouse model was used. PTEN normally dephosphorylates PIP3 to PIP2 and by ablating the Pten gene, PIP3 levels increase to activate PI3K signaling (Cantley and Neel, 1999). To target cochlear cell types for Cre mediated excision of Pten, we used a neuronal-subset (NS) Cre recombinase mouse that was generated using a promoter fragment of the human GFAP promoter ablation to allow cell type specific knockout of Pten (Backman et al., 2001; Ljungberg et al., 2009). In these mice, expression of Cre recombinase under the ROSA26 promoter (R26) mediates excision of a loxP flanked STOP cassette and allows expression of the tdTomato red fluorescent protein (Madisen et al., 2010; Figure 4A). To confirm that NS Cre mice could mediate loxP excision in cochlear cell types, a NS Cre tdTomato reporter animal was generated to serve as a control. Fluorescent images of cochleae obtained from NS Cre tdTomato animals showed mosaic expression tdTomato fluorescence in many cochlear cell types (Figure 4B). To determine whether hair cells and supporting cells were labeled with tdTomato, cochlear explants were immmunostained using MYO7A antibodies (Figure 4C) and with phalloidin (Figure 4D). The tdTomato fluorescence (Figure 4E) marked MYO7A labeled hair cells as well as supporting cells that reside adjacent to both IHCs and OHCs (Figure 4F). Analysis of sparsely labeled cells allowed us to determine the direct effect of activating PI3K signaling in supporting cells. These observed effects are cell autonomous and independent of activating PI3K signaling in surrounding cell types.
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FIGURE 4. Labeling cochlear cells using a neural subset (NS) Cre tdTomato reporter mouse. (A) Diagram of the NS Cre recombinase transgene using a fragment of the human GFAP (hGFAP) promoter driving Cre recombinase and a STOP floxed tdTomato reporter inserted in the ROSA26 (R26) locus. (B) tdTomato fluorescence from NS Cre tdTomato cochlea. Confocal section of the cochlear sensory epithelium labeled with (C) MYO7A, (D) phalloidin, (E) tdTomato from the NS Cre tdTomato reporter mouse. (F) Merged image (n = 4).



Activation of PI3K Signaling Promotes Supporting Cell and Hair Cell Survival

Next, we tested whether activation of PI3K signaling increased CHK1 phosphorylation in supporting cells to promote cell survival after cisplatin damage. The Pten conditional knockout allele was introduced into the NS Cre tdTomato animals to generate NS Cre Pten cKO tdTomato (Pten cKO) animals. These animals allowed activation of PI3K signaling by Pten deletion and fluorescently marked cochlear supporting cells with tdTomato expression. To induce ototoxic damage, cochlear explants from NS Cre tdTomato (control) and Pten cKO animals were treated with cisplatin. Cisplatin was removed after 24 h and the cochlea explant was replenished with fresh medium without cisplatin. Explants were allowed to recover for an additional 3 days before being fixed and subjected to immunolabeling (Figure 5A). Explants were immunostained for MYO7A and phalloidin to mark the hair cell bodies and the hair bundle. In cisplatin treated control cochlea, few MYO7A labeled hair cells with phalloidin labeled hair bundles and tdTomato marked supporting cells were observed (Figure 5B). The merged image showed disorganized surviving hair cells in the sensory epithelium. In contrast, cisplatin treatment of Pten cKO cochlea showed the presence of more MYO7A labeled hair cells with phalloidin labeled hair bundles surrounded by tdTomato expressing supporting cells (Figure 5C). To determine if the increased numbers of tdTomato labeled supporting cells could be due to increased CHK1 phosphorylation after cisplatin damage and activation of PI3K signaling, Pten cKO cochleae were immmunostained for pCHK1 after cisplatin damage. Increased nuclear pCHK1 could be observed in tdTomato labeled cells after cisplatin damage (Figure 5D). Increased pCHK1 levels could activate the DNA damage response and improve supporting cell survival.
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FIGURE 5. Hair cell survival after genetic activation of PI3K signaling and cisplatin damage. (A) Timeline of cochlear explant cultures describing the addition of 10 μM cisplatin treatment for cochlear explants. MYO7A, phalloidin, tdTomato and merged fluorescent images from (B) NS Cre tdTomato (control) after cisplatin treatment (n = 4) and (C) NS Cre Pten cKO tdTomato (Pten cKO) cochleae after cisplatin treatment (n = 4). (D) pCHK1, phalloidin, tdTomato and merged fluorescent images from Pten cKO mouse after cisplatin damage. (E) Density (cells/0.1 mm2) of MYO7A- tdTomato+ supporting cells in control (n = 4) and Pten cKO cochleae (n = 4). (F) Density of MYO7A+ tdTomato+ hair cells in control (n = 4) and Pten cKO cochleae (n = 4). (G) Density of MYO7A+ tdTomato- hair cells in control (n = 4) and Pten cKO cochleae (n = 4). Statistical significance was determined using the Student’s t-test and error bars are in SD.



To ascertain whether increased pCHK1 levels could promote supporting cell survival, we determined the density of surviving supporting cells after cisplatin treatment in control and Pten cKO animals. To quantify the presence of supporting cells after cisplatin damage, MYO7A- tdTomato+ cells were counted. A significant increase of supporting cell density from 79.4 ± 2.3 to 198.3 ± 20.1 cells/0.1 mm2 (p < 1 × 10−2) was observed when comparing controls to Pten cKO cochleae (Figure 5E). These results demonstrate that Pten deletion and subsequent activation of PI3K signaling increases the number of remaining supporting cells after cisplatin damage. As an internal control, MYO7A+ tdTomato+ hair cells were counted to determine whether activated PI3K signaling increases hair cell survival. A significant increase in the density of MYO7A+ tdTomato+ hair cells from 10.2 ± 5.3 to 56.8 ± 8.1 cells/0.1 mm2 (p < 1 × 10−3) was observed when comparing controls to Pten cKO animals (Figure 5F). These results are consistent to previous observations that activated PI3K signaling promotes hair cell survival (Jadali and Kwan, 2016). In addition, we also observed many MYO7A+ tdTomato- hair cells. A significant increase in the number of MYO7A+ tdTomato- hair cells from 30.1 ± 8.3 to 97.8 ± 8.1 cells/0.1 mm2 (p < 1 × 10−2) was observed when comparing controls to Pten cKO animals (Figure 5G). These results suggest that hair cell survival could not be explained by a simple cell autonomous effect of activated PI3K signaling and increased pCHK1 levels. Since there was an increased density of supporting cells after cisplatin damage, one possibility was that the presence of more supporting cells may indirectly improve hair cell survival after cisplatin damage. To test this hypothesis, we determined whether there was an increased number of supporting cells in the proximity of surviving hair cells.

Surviving Hair Cells Reside in Close Proximity to Supporting Cells with Activated PI3K Signaling

To test if increased hair cell survival correlates to the increased density of neighboring supporting cells, cochlea from control and Pten cKO animals were treated with cisplatin and labeled with MYO7A and phalloidin. To reduce the complexity of the analysis, regions along the cochlea lacking tdTomato hair cells were used. In these regions, MYO7A and phalloidin marked surviving hair cells while tdTomato labeled supporting cells. Confocal stacks were used to generate 3D renderings of the region of interest to ensure that only tdTomato supporting cells were present (Figure 6A). Using the 3D confocal image, the image was collapsed to generate 2D masks of hair cells (green) and supporting cells (red; Figure 6B). Using the combined masks, individual surviving hair cells (green) were identified before determining whether a supporting cell (red) resides next to the hair cell. All remaining neighboring cells in the field of view were marked in blue. In controls, 16.3 ± 5.8% of MYO7A labeled hair cells reside adjacent to tdTomato supporting cells. In Pten cKO cochleae, 56.3 ± 8.3% of MYO7A labeled hair cells reside next to a PI3K activated tdTomato supporting cells (Figure 6C). A significant increase in the percentage of hair cells adjacent to supporting cells was observed in Pten cKO cochleae compared to controls (p < 1 × 10−2). These data show that many supporting cells with activated PI3K signaling reside in close proximity to surviving hair cells after cisplatin damage.
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FIGURE 6. Nearest neighbor analysis of supporting cell to surviving hair cells. (A) 3D rendering of a confocal stack with MYO7A and phalloidin labeled hair cells along with tdTomato labeled supporting cell (B) 3D images were compressed into a maximal intensity projection to generate a 2D mask for hair cells (green) and tdTomato labeled supporting cells (red). (C) Using the 2D masks, percent of surviving hair cells (green) that reside adjacent to supporting cells (red) were determined in control (n = 4) and Pten cKO cochleae (n = 4). All remaining cells in the field of view were labeled blue.



Next, we wanted to determine if the distribution of tdTomato marked supporting cells to surviving MYO7A hair cells in control and Pten cKO cochleae were different. To determine the distance between supporting cells and hair cells, an individual hair cell was identified and the distance to all supporting cells in the field of view was measured. To accomplish this, the 2D masks generated from tdTomato expressing supporting cells (Figure 7A) and MYO7A labeled hair cells (Figure 7B) were used to identify the different cell types. The masks were merged into a single image to show the location of hair cells relative to supporting cells (Figure 7C). To determine the spatial distribution between the hair cells and supporting cells, a cellular “interaction analysis” was performed (Helmuth et al., 2010). Centroid determination was done to convert masks that represent individual cell bodies into single points that correspond to the center of the mask. The distance from each centroid corresponding to a hair cell was measured to the centroid of all other supporting cells in the field of view (Figure 7D). The distribution of distances between a single hair cell and supporting cells were measured and plotted as a histogram. The number of interactions and the average distance between hair cell and supporting cells were determined (Figure 7E). The distribution of tdTomato labeled supporting cell relative to surviving hair cells contains information about potential oto-protective effects of supporting cells. The distribution of supporting cells to hair cells would show a stronger “cellular interaction” if supporting cells promoted hair cell survival. The “cellular interactions” between hair cells and supporting cells can be modeled as an interaction potential between the two sets of centroids. Using the centroids obtained from the cell masks, the observed distances between hair cells and supporting cells represented a distribution pattern. From the distribution pattern, a probability density function q(d) of the observed nearest neighbor distances, was calculated to represent the likelihood of a “cellular interaction”. The probability density function was then modeled as an interaction potential p(d), to describe the likelihood that the distribution was due to “cellular interactions” (Figure 7F). The interaction potential p(d) was used to described the “cellular interaction” strength, to determine if objects of a specific distribution had an effect on each other (Figure 7G). A significant increase in interaction strength between tdTomato labeled supporting cell and surviving hair cells was observed in control (1.29 ± 0.4) compared to Pten cKO (3.23 ± 0.5) cochleae (p < 1 × 10−2; Figure 7H). The increased interaction strength in Pten cKO cochlea relative to control suggests that the distribution of supporting cells with activated PI3K signaling are highly correlated to the increased numbers of surviving hair cells.
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FIGURE 7. Interaction strength of supporting cell and surviving hair cells. Region containing tdTomato+supporting cell and MYO7A+ tdTomato- hair cells were analyzed. (A) Supporting cell masks were generated from tdTomato labeled supporting cells (red). (B) Hair cell masks were generated from MYO7A labeled hair cells (green). (C) Merged image of supporting cell and hair cell masks. (D) Centroid of hair cell and supporting cells were generated from masks. Distance between an individual hair cell centroid to all supporting cell centroids in the field of view was determined. (E) Number of cell interactions within a field of view and the mean distance between the centroid of a hair cell to multiple supporting cells was displayed in the histogram. (F) The observed distances between a hair cell and supporting cells were fitted into probability density, p(d), and an interaction potential model, q(d). (G) Interaction strength between hair cell and supporting cells was calculated from the interaction potential q(d). (H) Comparison of the interaction strength between surviving hair cells and control supporting cells (n = 10) or surviving hair cells and Pten cKO supporting cells (n = 10) after cisplatin treatment. Statistical significance was determined using the Student’s t-test and error bars in SD.



DISCUSSION

In this study, we showed increased phosphorylation of CHK1 after cisplatin damage and activation of PI3K signaling. Activation of CHK1 promotes survival of differentiating iMOP cells. Using cochlear explant cultures, increased phosphorylation of CHK1 after cisplatin damage and activation of PI3K signaling was observed in supporting cells. We propose that increased PI3K signaling activates AKT which could directly phosphorylate CHK1 or indirectly increase pCHK1 levels through DNA damage response proteins such as ATR. Activation of CHK1 allows supporting cells to repair cisplatin-induced DNA damage (Figure 8).
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FIGURE 8. Model of CHK1 phosphorylation through cisplatin damage and PI3K signaling. Activation of PI3K signaling either by bpV(HOpic) or Pten deletion results in increased AKT phosphorylation. DNA damage caused by cisplatin activates DNA damage response proteins that increase pCHK1 levels. Activated AKT can directly or indirectly increase pCHK1 levels by activating the DNA damage response proteins. Together, PI3K activation and cisplatin-induced DNA damage results in increased pCHK1 to promote supporting cell survival.



CHK1 Is Downstream of PI3K/AKT Signaling

Our results suggest that activating the PI3K/AKT signaling pathway increases phosphorylation of CHK1 after cisplatin damage in supporting cells. These results are similar to reports in other systems where CHK1 is phosphorylated by AKT (Jin et al., 2005; Kurosu et al., 2013). Phosphorylation of CHK1 serves as a checkpoint protein that arrests cells at the G2/M phase of the cell cycle after DNA damage (Liu et al., 2000; Takai et al., 2000) and has also been implicated in DNA damage response (Sorensen et al., 2005; Shimada et al., 2008). Since supporting cells are post-mitotic, pCHK1 in supporting cells may contribute to the DNA damage response after cisplatin damage. We propose that pCHK1 can promote survival of cochlear supporting cells. Using differentiating iMOP cells, we showed that cisplatin-induced DNA damage results in phosphorylation of CHK1 at serine 345 using phospho-specific antibodies. Phosphorylation of serine 345 is essential for nuclear localization of CHK1 and response to DNA damage (Niida et al., 2007). Increased PI3K signaling as shown by increased pAKT in iMOP cells contributes to the phosphorylation of CHK1. In vivo, activation of PI3K signaling in tdTomato labeled supporting cells increased nuclear pCHK1 levels compared to surrounding cells. We propose that the additive effects of CHK1 phosphorylation may help enhance DNA damage response and increase supporting cell survival after cisplatin damage.

AKT in Cochlear Supporting Cell Survival

AKT (AKT1) belongs to a family of serine/threonine kinases that act downstream of PI3K and participates in a variety of cellular processes to play a critical role in cell survival (Datta et al., 1999). All three AKT isozymes are expressed in the cochlea (Brand et al., 2015). Mounting evidence shows that the PI3K/AKT signaling pathway plays a role in hair cell survival after exposure to ototoxic drugs. Inhibiting PI3K signaling in cochlear explants while treating with gentamicin showed increased hair cell loss compared to gentamicin exposure alone (Chung et al., 2006). Another study demonstrates that dexamethasone protects HCs against TNFα-initiated apoptosis by activating the PI3K/AKT signaling pathway (Haake et al., 2009). Exposure to simvastatin in cochlear explants activates AKT signaling and protects hair cells from gentamicin toxicity (Brand et al., 2011). These studies suggest that activation of PI3K/AKT signaling promotes hair cell survival. In addition to promoting hair cell survival, activation of PI3K signaling may also promote survival of supporting cells as observed by the increased density of supporting cells in Pten cKO cochleae compared to controls after cisplatin treatment. We propose that activation of PI3K/AKT signaling contributes to supporting cell survival by CHK1 phosphorylation.

In cancer cells, several studies have established the involvement of AKT in contributing to cell survival by their acquired cisplatin resistance. These cancers cells include samples from ovarian, uterine, small-cell lung cancer, non-small-cell lung cancer and hepatoblastoma. Studies from these different cell lines and cancer cells suggest that cisplatin-induced DNA damage results in AKT phosphorylation of the pro-apoptotic factor Bcl2-associated agonist of cell death (BAD) at Ser136 to suppress cell death and promote cell survival (Datta et al., 1997; Hayakawa et al., 2000). In ovarian cancer cells, cisplatin-induced DNA damage results in activation of AKT and phosphorylation of X-linked inhibitor of apoptosis (XIAP). AKT phosphorylation of XIAP prevents XIAP ubiquitination and degradation in response to cisplatin to promote cell survival (Dan et al., 2004). In small-cell lung cancer cells, AKT phosphorylates the anti-apoptotic protein survivin to protect cells against cisplatin-induced cell death (Belyanskaya et al., 2005). In all, AKT phosphorylation of key molecules such as BAD, XIAP or survivin promotes cell survival after cisplatin damage. We propose that CHK1 is another downstream target of AKT in both iMOP cells and cochlear supporting cells after cisplatin damage.

Increased Supporting Cell Survival Maintains Cochlear Cytoarchitecture and Indirectly Promotes Hair Cell Survival

We noticed that after cisplatin damage, many hair cells could not be defined as either IHCs or OHCs due to the altered microarchitecture of the sensory epithelium. We propose that disorganization of hair cells may be due to supporting cell loss. Increased survival of supporting cells after activating PI3K signaling helps maintains hair cell organization in the sensory epithelium. In addition to changes in the cytoarchitecture of the sensory epithelium, supporting cell loss may indirectly contribute to hair cell loss. Our study showed increased density of PI3K activated supporting cells that reside in the vicinity of surviving hair cells compared to controls. The increased presence of supporting cells may provide additional oto-protection to hair cells. One mechanism for oto-protection is the release of HSP70 by supporting cells onto nearby hair cells (May et al., 2013). Another potential mechanism of oto-protection is cell-cell signlaing between hair cells and supporting cells. The ERBB signaling pathway is an example that cell types in the cochlea are constantly communicating with each other through cell-cell signaling. ERBB signaling has been observed between SGNs and supporting cells and presence of this signaling pathway is essential for survival of SGNs (Stankovic et al., 2004). Cell-cell signaling between supporting cells and hair cells may be another cellular mechanism that normally maintains hair cell viability. Ablation of inner border cells and inner phalangeal cells that flank IHCs causes loss of IHC and significantly impairs hearing in adult mice (Mellado Lagarde et al., 2014). The study suggests that cellular contact between supporting cells and IHCs may be essential for maintaining hair cell viability. We propose that after cisplatin damage, activation of PI3K signaling increases survival of supporting cells. Through several potential mechanisms including secretion of extracellular molecules or cell-cell signaling, the increased number of supporting cells promotes survival of nearby hair cells. The study implicates supporting cells as a cellular target for preventing hair cell loss.
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Cisplatin has been regarded as an effective and versatile chemotherapeutic agent for nearly 40 years. Though the associated dose-dependent ototoxicity is known, the cellular mechanisms by which cochleovestibular hair cell death occur are not well understood. We have previously shown that aminoglycoside ototoxicity is mediated in part by cytosolic protein synthesis inhibition. Despite a lack of molecular similarity, aminoglycosides were shown to elicit similar stress pathways to cisplatin. We therefore reasoned that there may be some role of protein synthesis inhibition in cisplatin ototoxicity. Employing a modification of the bioorthogonal noncanonical amino acid tagging (BONCAT) method, we evaluated the effects of cisplatin on cellular protein synthesis. We show that cisplatin inhibits cellular protein synthesis in organ of Corti explant cultures. Similar to what was found after gentamicin exposure, cisplatin activates both the c-Jun N-terminal kinase (JNK) and mammalian target of rapamycin (mTOR) pathways. In contrast to aminoglycosides, cisplatin also inhibits protein synthesis in all cochlear cell types. We further demonstrate that the multikinase inhibitor sorafenib completely prevents JNK activation, while providing only moderate hair cell protection. Simultaneous stimulation of cellular protein synthesis by insulin, however, significantly improved hair cell survival in culture. The presented data provides evidence for a potential role of protein synthesis inhibition in cisplatin-mediated ototoxicity.
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INTRODUCTION

Cisplatin is a long-established therapeutic agent for a variety of malignant diseases (Rybak, 2007; Langer et al., 2013; Landier, 2016). It is associated with dose-dependent nephro- and ototoxicity, though the cellular mechanisms by which these processes occur are poorly understood (Humes, 1999; Karasawa and Steyger, 2015). Within the cochlea, cisplatin uptake results in the degradation of outer hair cells with subsequent loss of inner hair cells and supporting cells within the organ of Corti at higher doses (Hawkins, 1976). A similar loss of sensory hair cells within the vestibular end organs has been noted after exposure to cisplatin (Black et al., 1982; Zhang et al., 2003; Baker et al., 2015). The incidence of ototoxicity among those receiving cisplatin ranges from 35% to 100% (Benedetti Panici et al., 1993; Nitz et al., 2013; Malgonde et al., 2015). Reflecting the incomplete understanding of the cellular mechanisms underlying cisplatin ototoxicity, clinical trials employing empiric strategies for otoprotection have resulted in mostly mixed results (Marina et al., 2005; Gurney et al., 2014; Yoo et al., 2014).

Protein synthesis and cellular degradation are tightly regulated processes that allow for cells to adapt to a range of environmental conditions. A universal stress response within the cell has been described and nutritional, chemical and ischemic stresses to the cell can alter intracellular protein homeostasis (Gebauer and Hentze, 2004; Sonenberg and Hinnebusch, 2009). In addition to serving as a response to stress conditions, the regulation of protein synthesis and proteolysis, itself, can alter the viability of the cell. An arrest of translation or disruption of protein degradation has been shown to result in neurodegenerative and ototoxic disease processes (Keller, 2006; Kim et al., 2017). The relationship between protein synthesis inhibition and apoptosis, however, is complex. While known inhibitors of protein synthesis such as ricin and anisomycin have been shown to induce apoptosis (Kageyama et al., 2002; Croons et al., 2009), the apoptotic process itself is dependent on cellular protein synthesis (Lockshin and Zakeri, 1992; Mesner et al., 1992). In this way, translational arrest can either promote or inhibit programmed cell death (Rehen et al., 1996), depending on how the balance of pro-survival and pro-death factors is influenced by protein synthesis inhibition in that particular cell type or tissue.

We have previously shown that gentamicin-induced ototoxicity is associated with cellular protein synthesis inhibition (Francis et al., 2013). This is correlated with activation of both the c-Jun N-terminal kinase (JNK) and mammalian target of rapamycin (mTOR) pathways (Francis et al., 2013). There appears to be significant similarity between cellular processes associated with aminoglycoside and cisplatin ototoxity (Schacht et al., 2012). The goal of the present study, then, was to determine if cisplatin ototoxicity is associated with an inhibition of cellular protein synthesis. In addition, we sought to test whether modulation of correlated cell signaling events such as the JNK and mTOR pathways, and/or stimulation of protein synthesis might mitigate cisplatin-induced sensory hair cell loss.

In order to test our hypothesis, we utilized the biorthogonal non-canonical amino acid tagging (BONCAT) method (Dieterich et al., 2007), in which the incorporation of methionine analogs into newly formed proteins serves as a measure for overall cellular protein synthesis activity. We recently modified this method to allow for a cell-by-cell analysis of protein synthesis (Francis et al., 2013). The effects of varying concentrations of cisplatin on cellular protein synthesis in organ of Corti explant cultures were detailed. As seen previously with gentamicin, cisplatin inhibits cellular protein synthesis. We further demonstrate an associated activation of the JNK and mTOR pathways after exposure to cisplatin, which in turn is prevented by the multikinase inhibitor sorafenib. While sorafenib alone only moderately improves hair cell survival, combination with insulin, employed here for its ability to stimulate cellular protein synthesis, significantly improves hair cell survival after cisplatin exposure.

MATERIALS AND METHODS

Animal Care and Handling

This study involves the use of mice. The protocol for care and use of animals was approved by the University of Virginia Animal Care and Use Committee. The University of Virginia is accredited by the American Association for the Accreditation of Laboratory Animal Care. All mouse experiments were performed using the CBA/J inbred mouse strain. Neonatal mouse pups (postnatal day 3 (P3)–P4) were killed by rapid decapitation, and mature mice were killed by CO2 asphyxiation followed by cervical dislocation.

Organotypic Explant Cultures

Mouse cochleae and utricles were dissected in Hank’s balanced salt solution (HBSS, Invitrogen, MA, USA) containing 25 mM HEPES, pH 7.5. The organ of Corti was separated from the spiral lamina and the spiral ligament using fine forceps and attached to the bottom of sterile 35 mm Petri dishes (BD Falcon, NY), with the hair bundle side facing up. The dissection medium was then replaced by two exchanges with culture medium (complete high-glucose DMEM containing 1% FBS, supplemented with ampicillin and ciprofloxacin). Prior to experimental manipulation, explants were pre-cultured for 24 h, to allow acclimatization to the culture conditions (Francis et al., 2013). Cisplatin (TEVA, MD NDC 0703-5748-11, injectable solution, 1 mg/ml) and gentamicin (Sigma, St. Louis, MO, USA) were dissolved in water. Sorafenib and rapamycin (Selleckchem, TX, USA) were dissolved in DMSO (1 mM stock solutions). The organ of Corti was cultured as a whole. Number of experiments (n) for quantification of hair cell numbers, activated caspase-3 positive cells and Azidohomoalanine (AHA) uptake indicates number of organs.

BONCAT and Click-Chemistry Reaction

AHA, incorporated into new proteins, was conjugated via click-chemistry reaction with a biotin moiety, which in turn was detected using streptavidin (SA)-horseradish peroxidase (HRP) for immunoblots and SA-fluorophore for fluorescence microscopy. In contrast to a more complex protocol used in a previous study (Francis et al., 2013), we here used a copper-free version of the click-chemistry reaction (strain-promoted click chemistry; Agard et al., 2004). Here, the azide group on AHA is reacted with a dibenzylcyclooctyne (DBCO)-conjugated biotin (instead of alkyne-biotin) in aqueous solution that does not require copper catalysis. Organotypic explants were cultured for various times in methionine-free medium containing AHA (Invitrogen, catalog #C10102, or Anaspec, Fremont, CA, USA) at a final concentration of 400 μM. After the desired culture time, organs were washed in HBSS for 15 min at 37°C to remove unincorporated AHA. For immunoblots, protein lysates were prepared (10 mg/ml) in protein extraction buffer, and incubated in 50 mM Tris/HCl, pH 7.5, containing 10 μM sulfo-DBCO-biotin conjugate (Click Chemistry Tools, AZ, USA; catalog #A115-10) for 1 h. Proteins were precipitated using methanol/chloroform protein extraction. The protein pellet was resolubilized into 100 μl Laemmli buffer, and 10 μl was run on the gels. For copper-free click reaction in fixed whole-mount organs to be imaged by fluorescence microscopy, explants that have incorporated AHA were fixed, permeabilized and washed in 50 mM Tris/HCl, pH 7.5. Organs were then incubated in 50 mM Tris/HCl, pH 7.5, 0.2% saponin, containing 10 μM sulfo-DBCO-biotin conjugate (Click Chemistry Tools, catalog #A115-10) for 1 h and washed three times in PBS. Biotin was then detected using fluorophore-conjugated SA.

Quantification of AHA Signal

For a relative quantification of AHA incorporation, the fluorescence intensity of the AHA-biotin-fluorophore conjugate was normalized to Myosin 7a (MYO7A) immunoreactivity, because it was consistent, strong and not affected by cisplatin exposure in the time frame relevant for AHA uptake measurements (4 h; see Figure 1F). For hair cells, the AHA signal was normalized to MYO7A of the same cell, and for supporting cells, AHA immunofluorescence was normalized to MYO7A of the adjacent hair cell. Staining procedures and confocal microscopy settings (gain, offset, laser power, magnification and z-stack numbers) were kept identical for all comparative experiments. For each experimental group, four organ of Corti were analyzed, with a minimum of 40 cells quantified per organ (mid frequency region).


[image: image]

FIGURE 1. Bioorthogonal noncanonical amino acid tagging (BONCAT) to study protein synthesis within sensory hair cells of mouse explant cultures. (A) Chemical structure of methionine and its utilized analog, azidohomoalanine (AHA). (B) Schematic of the BONCAT technique using either cell lysates for immunoblot or fixed organs for fluorescence microscopy. (C) AHA-biotin immunoreactivity demonstrates dose-dependent inhibition of protein synthesis on a cell-by-cell basis after treatment with cisplatin. P3–4 organ of Corti explants were cultured in growth medium containing AHA, in the presence of varying cisplatin concentrations. After 4 h, prior to the onset of cisplatin-induced cell death or changes in Myosin 7a (MYO7A) levels, explants were fixed and processed for click-chemistry reaction and imaged using confocal microscopy. Protein synthesis is inhibited in both hair cells and supporting cells. Gentamicin induced inhibition of cellular protein synthesis shown to involve only hair cells (bottom panels). Scale bar 20 μm. (D) Immunoblot showing a decrease in cellular protein synthesis within organ of Corti explant lysates. AHA-biotin was detected with streptavidin (SA)-horseradish peroxidase (HRP). (E) Quantification of AHA uptake relative to immunoreactivity of MYO7A within mouse cochleae and utricles (n = 4). There is a marked dose-dependent reduction in AHA uptake in both sensory hair cells (HC) and supporting cells (SC). Error bars indicate SEM (standard error of the mean). (F) MYO7A immunoreactivity and nuclear morphology is not affected by short exposure (4 h) to high concentrations of cisplatin, demonstrating the appropriateness of using MYO7A staining to normalize the AHA signal.



Immunoblots

Organs were homogenized in reducing SDS-PAGE sample buffer, heated to 70°C for 5 min, and microcentrifuged for 5 min to remove insoluble debris. Proteins were resolved using Bis-Tris SDS PAGE gel (Novex 4%–12%, Invitrogen, and TGX gels from Bio-Rad, CA, USA), transferred to PVDF membranes and stained with India Ink (total protein stain). Blots were then blocked in blocking buffer (ECL prime blocking reagent; GE Healthcare, UK) for 1 h and probed with the following primary antibodies overnight at 4°C: mouse anti phospho-JNK antibody (Thr183/Tyr185; catalog #9255, Cell Signaling, 1:1000), rabbit anti phospho-rpS6 antibody (Ser235/236; catalog #2211, Cell Signaling, 1:1000), rabbit anti-phospho-cJun (Ser73; cat #3270, 1:1000). After three 5 min washes in PBS/0.3% Tween 20, blots were incubated with HRP conjugated goat anti-rabbit secondary antibody (Cell Signaling Technology, Danvers, MA, USA) for 1 h, and bands were visualized by ECL reagent (Pierce Biotechnology, IL, USA; ECL Western blotting substrate and GE Healthcare GE ECL prime Western blotting reagent). Chemiluminescence was detected using an ImageQuant LAS4000 mini imager (GE Healthcare). The immunoblot for AHA incorporation (Figure 2B) was quantified by normalizing gray values from the AHA-biotin-SA-HRP signal to the gray value of corresponding india ink stain, which is a measure for total protein loading. Triplicate measurements were performed.


[image: image]

FIGURE 2. Cisplatin exposure activates both the c-Jun N-terminal kinase (JNK) and mammalian target of rapamycin (mTOR) pathways in sensory hair cells. (A) Cisplatin exposure resulted in a coordinated increase in phosphorylated JNK (p-JNK) and phosphorylated ribosomal protein S6 (p-rpS6) immunoreactivity, indicating an activation of the JNK and mTOR pathways. When explant cultures were exposed to both cisplatin and the multikinase inhibitor sorafenib (500 nM), the activation of JNK and mTOR pathways were inhibited. Rapamycin exposure did not alter the cisplatin-induced activation of JNK, but prevented activation of mTOR. When cultures were incubated with 100 nM insulin for 4 h, it resulted in robust activation of mTOR but not the JNK pathway (bottom panel). (B) AHA-biotin immunoblot showing that when administered with cisplatin, insulin lead to a 34% increase (p-value 0.004) in overall cellular protein synthesis, when compared to cisplatin alone. (C) Immunoblot confirming cisplatin-induced activation of the JNK pathway (as measured by p-c-Jun) and mTOR (as measured by p-rpS6), and the modulation of this response by sorafenib, rapamycin and insulin. Scale bar 20 μm.



Immunocytochemistry

Tissues were fixed for 25 min in 3% formaldehyde, washed three times for 5 min each in PBS, and incubated in blocking buffer (PBS containing 1% bovine serum albumin, 3% normal donkey serum and 0.2% saponin) for 1 h. Organs were then incubated with primary antibody overnight at room temperature in blocking buffer. Organs were washed three times for 5 min each with PBS and incubated with secondary antibodies (fluorophore-conjugated IgGs at 1:100; Invitrogen) and 0.25 μM phalloidin-Alexa 488 (Invitrogen) in the blocking solution for 1–3 h. Finally, organs were washed five times in PBS and mounted in Vectashield (Vector Laboratories, CA, USA). Samples were imaged using Zeiss LSM700 confocal microscopes. The following antibodies were used in this study: mouse anti-MYO7A antibody (Developmental Studies Hybridoma Bank, IA, USA, 1:100), mouse anti phosphorylated JNK (p-JNK) antibody (Thr183/Tyr185; catalog #9255, Cell Signaling, 1:100), rabbit anti phosphorylated ribosomal protein S6 (p-rpS6) antibody (Ser235/236; catalog #2211, Cell Signaling, 1:100), mouse anti gentamicin antibody (QED Biosciences, CA, USA, 1:100), rabbit anti cleaved caspase-3 antibody (Asp175; catalog #9661, Cell Signaling, 1:200).

Hair Cell Counts

Hair cells were counted based on MYO7A or Phalloidin (in case MYO7A immunoreactivity was abolished despite presence of hair cell/bundle staining, as in Figures 3, 4) staining over a length of 100 μm of the basal turn of the cochlea, omitting the last 100 μm of the basal tip, which was often damaged during dissection. Activated caspase-3 immunoreactivity was counted over a stretch of 200 μm of the basal turn. For each experimental condition, at least four organ of Corti were analyzed. Exact numbers of organs (n) are indicated in the legends.
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FIGURE 3. Cisplatin-induced hair cell death and dose-response curve. (A–C) Immunoreactivity of MYO7A and cleaved caspase-3 in organ of Corti explants with varying concentrations of cisplatin. Increasing cisplatin (cis) concentrations of up to 250 μM lead to an increase in hair cell death and caspase-3 positive hair cells. At very high concentrations (>500 μM) of cisplatin, however, there is a near complete protection of hair cells and an absence of cleaved caspase-3 staining in hair cells. Supporting cells exhibited strong caspase-3 immunoreactivity at higher concentrations. Outer hair cell (OHC) numbers were counted over a length of 100 μm in the basal turn. Caspase-3 positive cells were counted over a length of 200 μm of the basal turn. Error bars indicate SEM (standard error of the mean). n = 4 organs per experimental group. (D) Both moderate (100 μM) and high (500 μM) dose cisplatin activate JNK in hair cells (with different kinetics), suggesting that even at high doses, cisplatin uptake is not inhibited. Scale bar 20 μm.
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FIGURE 4. Analysis of hair cell integrity after exposure to high cisplatin concentrations. Explants were treated as follows: 24 h in 100 μM cisplatin (A,B), 24 h in 500 μM cisplatin (C,D) or 24 h in 500 μM, followed by 24 h in normal growth medium (E,F). Organs were then co-stained for F-actin (phalloidin, green), MYO7A (gray), cleaved casp-3 (red) and Hoechst (blue), colors are used in merged images only. In the merged images of (C,D), the MYO7A (gray) signal, for which a high image gain was used for better visibility, was omitted. (A,C,E) are optical sections at the level of hair bundles (top section) and outer hair cell nuclei (bottom section). (B,D,F) are side views (generated by Reslice function in ImageJ), with the yellow dotted lines indicating the level of optical sections used in (A,C,E). The protected hair cells at high cisplatin concentrations (500 μM) display normal nuclear morphology. Continuing the culture for 24 h in normal growth medium leads to near complete recovery of MYO7A immunoreactivity in hair cells initially exposed to 500 μM cisplatin. Scale bar 20 μm.



Statistical Analysis

For statistical analysis, GraphPad Prism was used. One-way analysis of variance (ANOVA) was used to determine statistically significant differences between the means of the experimental groups. For pair-wise comparisons, a Tukey post hoc analysis was performed. P values smaller than 0.05 were considered significant. All n in statistical analyses refer to number of organs per experimental condition. All error bars indicate SEM.

RESULTS

Cisplatin Inhibits Protein Synthesis in Organ of Corti Explants

We first sought to visualize and quantify, with cellular resolution, the effect of cisplatin on overall protein synthesis in organ of Corti explant cultures. This was achieved using the previously described BONCAT method (Dieterich et al., 2006), in which the incorporation of the methionine analog AHA into newly synthesized proteins serves as a proxy for overall protein synthesis activity. Figure 1A illustrates the molecular structure of AHA as it compares to methionine. Figure 1B illustrates the BONCAT technique using either cell lysates for immunoblot or fixed organs for fluorescence microscopy. Organ of Corti explants from 3 to 4 day old mice were cultured in growth medium containing AHA, in the presence of varying cisplatin concentrations. After 4 h, prior to onset of cisplatin-induced cell death, explants were fixed and processed for click-chemistry reaction and imaged using confocal microscopy. As evident in Figure 1C, cisplatin inhibits AHA incorporation, thus protein synthesis, in a concentration-dependent manner (quantified in Figure 1E). Cisplatin inhibited protein synthesis in all cell types in the organ of Corti, including hair cells and supporting cells. This is in contrast to the pattern of protein synthesis inhibition elicited by aminoglycosides, which is restricted to hair cells (Figure 1C, bottom panels). As shown in Figure 1F, cochlear hair cells display normal nuclear morphology and MYO7A immunoreactivity after 4 h of culture, even at very high cisplatin concentrations (750 μM), demonstrating the appropriateness of using MYO7A levels for normalizing the AHA signal. A similar effect of cisplatin on protein synthesis was seen in utricle explants (no images shown, quantification in Figure 1E, bottom). The reduction of protein synthesis was also evident in immunoblot experiments of organ of Corti explant lysates, in which AHA-biotin was detected with SA-HRP (Figure 1D). In summary, we demonstrated that cisplatin inhibits protein synthesis in a dose-dependent manner in all cell types under organ of Corti explant culture conditions, including hair cells and surrounding supporting cells.

Cisplatin Activates JNK and mTOR Pathways, While Insulin Activates mTOR and Stimulates Cellular Protein Synthesis

We previously demonstrated that aminoglycoside antibiotics activate the JNK and mTOR pathways (Francis et al., 2013). This activation was also noted to have correlated with the inhibition of cellular protein synthesis. The activation of the mTOR pathway was proposed to be a compensatory response to protein synthesis inhibition (Francis et al., 2013). To test whether cisplatin resulted in a similar stress response, mouse organ of Corti explant cultures were exposed to 100 μM cisplatin, and JNK and mTOR activation was detected by p-JNK and p-rpS6 immunoreactivity, respectively. As was found with gentamicin, cisplatin exposure resulted in a coordinated increase in p-JNK and p-rpS6 immunoreactivity, indicating an activation of the JNK and mTOR pathways (Figure 2A). We next tested whether activation of JNK and mTOR is modulated by pharmaceutical compounds. Sorafenib is an FDA-approved drug used as an adjunct in chemotherapeutic strategies for renal cell, hepatocellular and thyroid carcinomas (Blair and Plosker, 2015; Gadaleta-Caldarola et al., 2015). It is a multikinase inhibitor and is known to inhibit VEGFR, PDGFR as well as the MAP3K and MLK7. MLK7 (aka ZAK) has been shown to be activated in apoptosis associated with the ribotoxic stress response (Wang et al., 2005; Jandhyala et al., 2008; Sauter et al., 2010). We have previously demonstrated that aminoglycosides elicit a similar ribotoxic stress response within sensory hair cells and that sorafenib inhibits JNK activation. Sorafenib was also found to confer a partial protection from gentamicin-induced hair cell death (Francis et al., 2013). To determine if cisplatin-induced JNK activation can be prevented by sorafenib, we incubated mouse cochlea cultures in 500 nM sorafenib for 1 h, prior to incubation in 100 μM cisplatin. Strikingly, sorafenib nearly completely prevented cisplatin-induced JNK phosphorylation (Figure 2A). In addition to the prevention of JNK activation, sorafenib also inhibited the phosphorylation of rpS6 (Figure 2A). We then tested whether the prototypical mTOR inhibitor, rapamycin, inhibits JNK and/or mTOR activation. As expected, rapamycin inhibited the phosphorylation of rpS6 (Figure 2A). However, unlike sorafenib, rapamycin did not alter cisplatin-induced activation of the JNK pathway (Figure 2A), indicating JNK activation occurs upstream of mTOR. Cisplatin-induced activation of the JNK pathway (as measured by p-c-Jun) and mTOR (as measured by p-rpS6), and the modulation of this response by sorafenib, rapamycin and insulin, were validated in immunoblot experiments (Figure 2C).

Next, we sought a way to counteract cisplatin-induced protein synthesis inhibition using pharmacological means. It is well established that insulin activates mTOR and cellular protein synthesis (Proud, 2006). Indeed, when cultures were incubated with 100 nM insulin for 4 h, we observed a robust activation of the mTOR pathway (Figure 2A, bottom). Insulin did not, however, activate the JNK pathway (Figure 2A, bottom). At the same time, insulin induced an increase in overall cellular protein synthesis, as demonstrated in an AHA-biotin immunoblot experiment (Figure 2B; 34% increase of AHA-biotin signal in cultures treated with cisplatin and insulin, compared to cultures treated with cisplatin alone). In summary, we showed that cisplatin activates both the JNK and the mTOR pathways. Inhibition of JNK by sorafenib prevents both JNK and mTOR activation, while rapamycin only prevents mTOR activation, demonstrating that mTOR is downstream of JNK in this particular stress pathway. Furthermore, we show that insulin activates mTOR and stimulates protein synthesis, independent of the JNK pathway.

Cisplatin-Induced Hair Cell Death and Dose-Response Curve

Next, we analyzed hair cell death in organ of Corti explants exposed to cisplatin. Explant cultures were exposed to concentrations of cisplatin ranging from 10 μM to 500 μM, over 24 h. Hair cells were counted using MYO7A and phalloidin reactivity. Apoptotic events were visualized using cleaved caspase-3 immunoreactivity. We observed a surprising dose-response relationship (Figures 3A–C): increasing cisplatin concentrations of up to 250 μM lead to an increase in hair cell death and caspase-3 positive hair cells. At very high concentrations (>500 μM) of cisplatin, however, we observed a near complete inhibition of hair cell loss and absence of cleaved caspase-3 staining in hair cells, while supporting cells exhibited strong caspase-3 immunoreactivity. This pattern of seemingly paradoxical hair cell protection with very high doses of cisplatin is similar to a previously reported finding (Ding et al., 2011). Next, we sought to demonstrate that rescue of hair cells at very high concentrations is not caused by a reduced uptake of cisplatin into cochlear cells. As demonstrated in Figure 2, cisplatin causes a robust, dose-dependent activation of the JNK pathway, as visualized by detection of p-JNK. We employed this phenomenon as a surrogate marker for cisplatin entry into cells. We examined the time-dependent activation of JNK at moderate cisplatin concentration, as well as very high cisplatin concentrations. At lower cisplatin concentrations (100 μM), JNK is activated preferentially in hair cells, increasing over a time period of 2–4 h. At 500 μM, however, JNK immunoreactivity can be found broadly in hair cells and supporting cells after only 1 h, remaining at high levels up to 4 h (Figure 3D). This is consistent with a model in which cisplatin uptake increases with its dose, and hair cells more readily take up cisplatin compared to supporting cells. Our data thus suggests that uptake of cisplatin into organ of Corti cells is likely not inhibited at very high cisplatin concentrations.

Next, we further investigated the nature of the hair cells surviving at high cisplatin concentrations, by correlating MYO7A and caspase-3 immunoreactivity with appearance of nuclei. Significant hair cell loss is observed at moderate cisplatin concentrations (100 μM), accompanied by cleaved caspase-3 immunoreactivity and nuclear fragmentation in hair cells (Figures 4A,B). At very high cisplatin concentrations, however, hair cells are free of caspase-3 immunoreactivity, and the hair cell nuclei display normal morphology, while supporting cells exhibit strong caspase-3 immunoreactivity and fragmented nuclei (Figures 4C,D). Moreover, when the culture was continued in normal growth medium for another 24 h (without cisplatin), the hair cells remained seemingly healthy, free of caspase-3 and of normal nuclear appearance (Figures 4E,F, quantified in Figures 3B,C).

Several other observations are worth noting. Hair cell death was preceded by a weakening of MYO7A immunoreactivity, starting with outer hair cells, and at higher cisplatin concentrations, also affecting the inner hair cells (Figure 3A). This suggests that MYO7A level in hair cells is affected by the protein synthesis inhibition. At very high cisplatin concentrations (500 μM, 24 h culture), the MYO7A immunoreactivity has weakened to a degree that hair cells are barely detectably based on MYO7A staining (Figures 4C,D). However, hair cell bodies are clearly present, as evident in the phalloidin and MYO7A signal (at higher image gain) and the presence of nuclei (Hoechst staining; Figures 4C,D). Interestingly, these hair cells nearly fully recovered their MYO7A immunoreactivity when cultured without cisplatin for another 24 h (Figures 4E,F), suggesting that these hair cells retain a survival benefit. In summary, we report that moderate cisplatin concentrations cause hair cell death and removal (possibly by supporting cells), but that very high concentrations of cisplatin abolishes this effect, preventing hair cell death and removal.

High-Dose Cisplatin Cross-Protects Against Gentamicin Ototoxicity in Sensory Hair Cells

What would cause the rescue of hair cells at very high concentrations of cisplatin? Previous studies have shown that high concentrations of protein synthesis inhibitors such as cycloheximide can prevent hair cell death (Matsui et al., 2002), possibly due to the fact that regulated forms of cell death themselves depend on proteinaceous factors, such that complete shutdown of protein synthesis even prevents apoptotic cell death. If this was true, we reasoned that high concentrations of cisplatin should also prevent the cell death and removal of hair cells caused by other ototoxins such as aminoglycosides. This was indeed the case; exposure to 100 μM gentamicin for 24 h causes significant hair cell loss, while additional supplementation of 500 μM cisplatin rescues the hair cells, albeit with severely reduced MYO7A immunoreactivity (Figures 5A,B). One potential explanation for this apparent broad hair cell protection was the possibility that gentamicin uptake into hair cells is inhibited by cisplatin. To test this, gentamicin taken up into cochlear cells was detected using a gentamicin-specific antibody. There was no difference in gentamicin immunoreactivity within the cochlear hair cells between gentamicin alone or with high dose cisplatin (Figure 5C). This indicates that, although high dose cisplatin confers a protective effect from gentamicin toxicity, this is not a result of prevention of gentamicin uptake. We suggest that the protective effect of high cisplatin concentrations is directly caused by a complete shutdown of protein synthesis (discussed later).
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FIGURE 5. High-dose cisplatin cross-preserves hair cells exposed to toxic doses of gentamicin. (A) Mouse organ of Corti explant cultures exposed to 100 μM gentamicin (Gent) for 24 h results in significant hair cell loss (top panels). Additional supplementation of 500 μM cisplatin to the toxic concentration of gentamicin rescues the hair cells, albeit with severely reduced MYO7A immunoreactivity (bottom panels). (B) Outer hair cell counts per 100 μm (basal turn) after exposure to gentamicin with or without high dose cisplatin (Unpaired t-test, p-value: < 0.0001, n = 6 organs). (C) Gentamicin uptake into cochlear cells was visualized by immunocytochemistry using a gentamicin-specific antibody. There was no difference in gentamicin immunoreactivity within the cochlear hair cells between gentamicin alone or with high dose cisplatin. Scale bar 20 μm.



Preventing JNK Activation and Stimulating Protein Synthesis Ameliorates Cisplatin-Induced Hair Cell Death

Next, we explored whether drug-mediated modulation of the JNK and/or mTOR pathway, in conjunction with a stimulation of cellular protein synthesis, could be used to alleviate cisplatin ototoxicity in culture. We have previously shown that while sorafenib inhibits gentamicin-induced activation of JNK, it provides only partial protection from hair cell loss (Francis et al., 2013). This suggests that there are other pathways contributing to cellular apoptosis in addition to JNK. We sought to determine whether combinatorial prevention of JNK activation (using sorafenib), inhibition of mTOR (using rapamycin) and stimulation of overall protein synthesis (using insulin) might result in the protection from cisplatin-induced hair cell death. As expected, exposure to cisplatin caused significant hair cell death (Figure 6A). When the cisplatin-exposed organs were co-cultured with either insulin or sorafenib, there was a small increase in the number of surviving outer hair cells. Simultaneous application of both sorafenib and insulin, however, lead to a significant rescue of cisplatin-exposed hair cells (Figure 6A, 5th row). This preservation also correlated with the number of caspase-3 positive cells (Figure 6C). To determine if the added hair cell protection conferred by insulin was related to activation of the mTOR pathway, cisplatin-exposed organ of Corti were co-cultured with sorafenib, insulin and rapamycin. The addition of rapamycin did not alter the hair cell preservation seen with sorafenib and insulin (Figures 6A,B). This suggests that the combined protective effects of sorafenib and insulin are independent of the mTOR pathway. Finally, we tested whether the protective effect of insulin and sorafenib persisted when removed from the culture medium. Unlike the continued protection of hair cells after exposure to very high cisplatin concentrations (>500 μM; Figures 3, 4), the protection conveyed by combined application of insulin and sorafenib was not sustained when the cultures were continued in normal growth medium (Figure 6A, bottom row, and Figures 6B–E). In summary, we demonstrate that cisplatin-induced ototoxicity in culture is alleviated by simultaneous inhibition of JNK activation and stimulation of protein synthesis. Both manipulations have an additive, otoprotective effect, suggesting the respective pathways operate independently.
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FIGURE 6. Inhibition of JNK activation with simultaneous stimulation of protein synthesis results in protection from cisplatin ototoxicity. (A) Cisplatin exposure (100 μM) results in significant loss of outer hair cells (second row). Co-incubation of cisplatin with either insulin or sorafenib results in a small, but significant protection of outer hair cells (3rd, 4th rows). Combined incubation with cisplatin, insulin and sorafenib provided strong protection of cochlear hair cells (5th row). This protection, however, did not persist when organs were cultured for another 24 h in normal growth medium (7th row). Addition of rapamycin, a known inhibitor of the mTOR pathway, did not reverse the protection seen with sorafenib and insulin (6th row). (B) Quantification of outer hair cell numbers demonstrating the protective effect of insulin (Ins), sorafenib (Sora) and the combination of the two after 100 μM cisplatin (Cis) exposure. P-values for analysis of variance (ANOVA) with post hoc test (Tukey): Con to Cis: < 0.0001, Cis to Cis+Ins and Cis+Sora: < 0.001, Cis to Cis+Ins+Sora: < 0.0001. (C) Same as (B), but after 200 μM cisplatin exposure. P-values for ANOVA with post hoc test (Tukey): Con to Cis: < 0.0001, Cis to Cis+Ins and Cis+Sora: < 0.001, Cis to Cis+Ins+Sora: < 0.0001. (D) Quantification of cleaved Caspase-3 (Casp-3)-positive cells, demonstrating the protective effect of insulin (Ins), sorafenib (Sora) and the combination of the two after 100 μM cisplatin (Cis) exposure. P-values for ANOVA with post hoc test (Tukey): Con to Cis: < 0.001, Cis to Cis+Ins and Cis+Sora: < 0.001, Cis to Cis+Ins+Sora: < 0.0001. (E) Same as (D), but after 200 μM cisplatin exposure. P-values for ANOVA with post hoc test (Tukey): Con to Cis: < 0.0001, Cis to Cis+Ins and Cis+Sora: < 0.0001, Cis to Cis+Ins+Sora: < 0.0001. Asterisks in plots indicate p-values (***< 0.0001, **< 0.001). To reduce unnecessary complexity in the plots, only a subset of the p-values of the pair-wise post hoc tests are displayed. Inner hair cells were not affected in all experimental groups (not included in quantification). Scale bar 20 μm.



Pre- and Post-Treatment with Sorafenib and Insulin Provide Equal Hair Cell Protection

Finally, to determine whether the timing of treatment with sorafenib and insulin relative to cisplatin exposure altered their protective effects, we compared pre- and post-treatment paradigms. In the former, organ of Corti explants were cultured with sorafenib and insulin 1 h prior to being incubated with cisplatin. In the post-treatment group, the organs were incubated first with cisplatin, followed 1 h later with sorafenib and insulin. Both pre- and post-treatment with sorafenib and insulin resulted in a similar degree of hair cell protection, indicating both paradigms are effective in inhibiting cisplatin-induced hair cell death (Figures 7A–C).


[image: image]

FIGURE 7. Effects of timing of treatment with sorafenib and insulin on hair cell protection from cisplatin-induced cell death. (A–C) Cisplatin exposure results in marked immunoreactivity of caspase-3 and loss of outer hair cells. There is significant protection of outer hair cells and limited immunoreactivity of caspase-3 with either pre- (1 h treatment prior to 200 μM cisplatin) or post-treatment (added after 1 h exposure to cisplatin) with 500 nM sorafenib and 100 nM insulin. Differences between pre- and post-treatment paradigms were not significant, though each were significantly different from cisplatin alone. ANOVA with post hoc test (Tukey) was performed for statistical analysis. Asterisks in plots indicate p-values (***< 0.0001, *< 0.01). Inner hair cells were not affected in all experimental groups (not included in quantification). Scale bar 20 μm.



DISCUSSION

Despite the lack of similarity in molecular structure, aminoglycosides and cisplatin exhibit significant overlap in the stress response they elicit in sensory hair cells: to mention a few, both elicit oxidative stress (Lautermann et al., 1995; Clerici et al., 1996; Hirose et al., 1997; Kopke et al., 1997; Dehne et al., 2000), activate p53 (Zhang et al., 2003; Coffin et al., 2013; Benkafadar et al., 2017) and the JNK pathway (Wang et al., 2004; Francis et al., 2013). A comprehensive summary for the commonalities and differences in aminoglycoside and cisplatin ototoxicity is presented in the review by Schacht et al. (2012). We have previously demonstrated that aminoglycosides cause a stress response reminiscent of ribotoxic stress, involving activation of the JNK and mTOR pathways and inhibition of cellular protein synthesis (Francis et al., 2013). In this study, we demonstrate that, like aminoglycosides, cisplatin causes a significant reduction in cellular protein synthesis within sensory hair cells in culture. In contrast to aminoglycosides, cisplatin inhibits protein synthesis in all cochlear cell types. We suggest this is due to differences in uptake specificity. Aminoglycosides are highly preferentially taken up by hair cells through the mechanotransduction channel (Marcotti et al., 2005; Waguespack and Ricci, 2005; Wang and Steyger, 2009; Alharazneh et al., 2011), while cisplatin might enter cells through a more generic pathway (Sinani et al., 2007; Ding et al., 2011; Ciarimboli, 2014). It should be noted, however, that cisplatin also displays a slight preference for hair cells compared to supporting cells: while high concentrations of cisplatin (500 μM) activate JNK in hair cells and supporting cells, lower doses of cisplatin (100 μM) activate JNK in hair cells only (Figure 3D), This is consistent with a previous report suggesting that cisplatin also enters the hair cell through the mechanotransduction channel (Thomas et al., 2013). Nevertheless, we suggest that compared to aminoglycosides, cisplatin affects various cell types in a broader manner. We believe that the difference in cellular damage profile is highly relevant for developing therapeutic strategies, in that prevention of aminoglycoside ototoxicity might be primarily directed to hair cells, while addressing cisplatin ototoxicity should require a broader protective effort.

Cisplatin’s effect on blocking protein synthesis might also offer an explanation for a curious dose-response curve, first reported by the Salvi lab (Ding et al., 2011), and also confirmed in our present study. Cisplatin caused an increasing loss of hair cells up to a concentration of 250 μM. At very high concentrations of cisplatin, however, there appeared to be a protective effect on sensory hair cells. Ding et al. (2011) postulated that this may be caused by the complex interplay of various copper transporters, which enable cisplatin uptake into hair cells. We suggest that additional mehanisms could contribute to this phenomenon; at moderate concentrations (below 250 μM), cisplatin causes the expected stress and cell death response. At concentrations above that level, hair cells experience a complete arrest of protein synthesis, inhibiting all cellular processes, including cell death programs. The strongest indication for a general arrest of cell death programs is presented in our observation that very high concentrations of cisplatin cross-protects against aminoglycoside ototoxicity, suggesting this protection is not specific to cisplatin.

What is the nature of the hair cells surviving at high cisplatin concentrations? One possibility is that the supposedly rescued hair cells are in fact committed to cell death, but fail to initiate or complete the cell death program. These hair cells would be retained in the epithelium, since supporting cells at such high cisplatin levels undergo apoptosis (as evident in strong cleaved caspase-3 immunoreactivity in Figures 3A, 4C–F) and might loose their ability to phagocytose dying hair cell (Monzack et al., 2015). Experiments detailed in Figure 4, however, demonstrate that the hair cells exposed to high cisplatin doses remain healthy after cisplatin is washed out, at least for 24 h in continued culture. We therefore have to assume that these hair cells sustain a survival benefit in absence of high cisplatin doses. The significance and therapeutic usefulness of this protection is unclear. First, such high cisplatin concentrations (>500 μM) are irrelevant for clinical considerations, with typical plasma concentrations ranging between 600 nM and 20 μM (Urien et al., 2005). Possibly more detrimental, such high cisplatin concentrations induce apoptosis in supporting cells, which will inevitably affect the function and survival of the sensory epithelium. Neverthelss, learning the basis of this curious protection will provide important clues for understanding basic mechanisms of cisplatin ototoxicity.

What is the mechanism by which cisplatin inhibits protein synthesis? We have previously shown that the usual pathways affecting protein synthesis, most notably stress responses like the unfolded protein response or an inhibition of the mTOR pathway, are not causative with aminoglycoside-induced protein synthesis inhibition (Francis et al., 2013). Instead, we provided evidence that aminoglycosides directly bind and inhibit ribosomal RNA (Scheunemann et al., 2010; Francis et al., 2013). Such binding activity, negligible in most other cell types, reaches toxic levels in hair cells, which possess the unfortunate property of accumulating aminoglycosides. Despite differences in molecular structure between aminoglycoside antibiotics and cisplatin, there is some evidence that also cisplatin might bind to RNA; Heminger et al. (1997) demonstrated that cisplatin crosslinks mRNA and rRNA, causing translational arrest in reticulocytes. And just recently, the crystal structure of cisplatin bound to RNA was reported (Melnikov et al., 2016). It is therefore conceivable that cisplatin elicits a ribotoxic stress response similar to toxins such as ricin, and as we proposed in our previous study, aminoglycoside antibiotics. Cisplatin could, however, also affect protein synthesis through its canonical DNA-crosslinking activity, accepted to be the main mechanism underlying its cytotoxic effect (Eastman, 1987). DNA crosslinking causes genotoxicity, which is a well-established cause for protein synthesis inhibition (Sheikh and Fornace, 1999; Braunstein et al., 2009). In summary, we believe that cisplatin behaves like a “dirty bomb”, affecting protein synthesis through various ways, but also eliciting other stress signaling such as the JNK pathway; all of which contribute to the overall ototoxicity. While such multi-faceted toxicity is a boon for killing cancer cells, it represents a great challenge when it comes to preventing toxic side effects, necessitating a multi-pronged approach. Our present study points to several potential avenues for intervention, all of which might have to be targeted simultaneously.

JNK Pathway

It is well documented that various ototoxic stressors, including cisplatin, result in activation the JNK pathway (Zine and Romand, 1996; Pirvola et al., 2000; Matsui et al., 2004). Despite a proposed role of JNK activation in initiating apoptosis, whether JNK is necessary for, or causal of, apoptosis is controversial (Liu and Lin, 2005). In the case of cisplatin ototoxicity, a previous study has shown that inhibition of the JNK pathway does not result in protection of auditory hair cells (Wang et al., 2004). Our results confirmed that near complete blockade of JNK with sorafenib does not provide an equal benefit for hair cell survival. However, our study suggests that JNK inhibition can synergize with other protective measures.

Protein Synthesis

If protein synthesis inhibition is indeed a significant contributor to ototoxicity, how does this knowledge guide the development of preventative or ameliorative strategies? Our success using insulin, a general stimulating agent of protein synthesis, points in one potentially beneficial direction. Future strategies must be based on the understanding that protein synthesis inhibition, like so many other stress responses, is a double-edged sword, and that finding the right balance is the key. Blocking the synthesis of new proteins will most affect proteins with high turnover (Adams and Cooper, 2007). Therefore, to tip the balance of pro-survival and pro-death factors to the former, it is crucial to understand the overall proteostasis (sum of synthesis and degradation) of cell stress and death factors, with expected differences in different cell types.

Protein synthesis is regulated on so many levels, and affects so many aspects of cellular signaling that its targeted and isolated manipulation is intractable. The otoprotective effect of insulin, for example, might be mediated by mechanisms independent from protein synthesis stimulation. Several previous reports have described that growth factors such as IGF-1, EGF, TGF alpha and insulin protect against various ototoxic insults (Romand and Chardin, 1999; Iwai et al., 2006; Lou et al., 2015; Yamahara et al., 2015). In the case of IGF-1, protection was mediated by supporting cells (Yamahara et al., 2015). Insulin also activates phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)- protein kinase B (Akt) signaling, which has been shown to be protective against both aminoglycoside and cisplatin ototoxicity, potentially through activation of pro-survival MAPK signaling and/or inactivation or downregulation of pro-apoptotic proteins (Lizcano and Alessi, 2002; Chung et al., 2006; Brand et al., 2011; Jadali and Kwan, 2016; Jadali et al., 2017). In addition, insulin-activated Akt is known to inhibit glycogen synthase kinases (GSKs), and inhibition of GSK-3 activity has been shown to inhibit cisplatin ototoxicity in auditory cells (Park et al., 2009; Kim et al., 2014; Hermida et al., 2017). Alternatively, insulin also inhibits AMP-activated protein kinase (AMPK) activity (Towler and Hardie, 2007). AMPK has been shown to play a role in noise-induced hearing loss, and inhibition of AMPK activation protects hair cells and ribbon synapses against acoustical overstimulation (Nagashima et al., 2011; Zheng et al., 2014; Hill et al., 2016). Further studies are required to obtain a full understanding of the mechanisms by which insulin confers otoprotection against cisplatin, and how much of this protection is attributable to an increase in protein synthesis. It should be noted, however, that the mTOR stimulating effect of insulin does not seem to play a role in the protective effect, since mTOR inhibition by rapamycin did not reverse insulin-mediated hair cell protection (Figure 6).

Countless other pathways and corresponding protective interventions have been reported and reviewed extensively (Rybak et al., 2008, 2007; Schacht et al., 2012; Waissbluth and Daniel, 2013; Karasawa and Steyger, 2015), underscoring the notion that no single “magic bullet” will achieve the clinically relevant level of protection, and that a combination of interventions, accompanied by a thorough understanding of the underlying mechanisms, must be sought.

CONCLUSION

We found that cisplatin inhibits cellular protein synthesis in organ of Corti explant cultures. Similar to gentamicin, cisplatin also activates the JNK. Simultaneous stimulation of cellular protein synthesis by insulin, and inhibition of JNK activation by sorafenib, significantly improved hair cell survival in culture. The presented data thus suggest that protein synthesis inhibition might be a potential contributor to cisplatin-mediated ototoxicity.
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Cisplatin and other related platinum antineoplastic drugs are commonly used in the treatment of a variety of cancers in both adults and children but are often associated with severe side effects, including hearing loss. Cisplatin’s ototoxic effects are multifaceted, culminating in irreversible damage to the mechanosensory hair cells in the inner ear. Platinum drugs act on cancerous cells by forming nuclear DNA adducts, which may initiate signaling leading to cell cycle arrest or apoptosis. Moreover, it was reported that cisplatin may induce mitochondrial DNA damage in non-cancerous cells. Therefore, protecting mitochondria may alleviate cisplatin-induced insult to non-proliferating cells. Thus, it is important to identify agents that shield the mitochondria from cisplatin-induced insult without compromising the anti-tumor actions of the platinum-based drugs. In this study we tested the protective properties of mitochondrial division inhibitor, mdivi-1, a derivative of quinazolinone and a regulator of mitochondrial fission. Interestingly, it has been reported that mdivi-1 increases the apoptosis of cells that are resistant to cisplatin. The ability of mdivi-1 to protect hair cells against cisplatin-induced toxicity was evaluated in a fish model. Wild-type (Tübingen strain), cdh23 mutant, and transgenic pvalb3b::GFP zebrafish stably expressing GFP in the hair cells were used in this study. Larvae at 5–6 days post fertilization were placed in varying concentrations of cisplatin (50–200 μM) and/or mdivi-1 (1–10 μM) for 16 h. To evaluate hair cell’s viability the number of hair bundles per neuromast were counted. To assess hair cell function, we used the FM1-43 uptake assay and recordings of neuromast microphonic potentials. The results showed that mdivi-1 protected hair cells of lateral line neuromasts when they were challenged by 50 μM of cisplatin: viability of hair cells increased almost twice from 19% ± 1.8% to 36% ± 2.0% (p < 0.001). No protection was observed when higher concentrations of cisplatin were used. In addition, our data were in accord with previously reported results that functional mechanotransduction strongly potentiates cisplatin-induced hair cell toxicity. Together, our results suggest that mitochondrial protection may prevent cisplatin-induced damage to hair cells.
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INTRODUCTION

Cisplatin and other related platinum drugs are common antineoplastic agents that are used in the treatment of a variety of cancers in both adults and children (for a review see Jamieson and Lippard, 1999). However, these drugs are associated with various side effects including nephrotoxicity and ototoxicity (for review see Rybak et al., 2009; Schacht et al., 2012; Karasawa and Steyger, 2015; Francis and Cunningham, 2017). Although nephrotoxicity can be managed to some extent (Cornelison and Reed, 1993; Wong and Giandomenico, 1999), mitigating ototoxicity in patients treated with cisplatin remains an unmet medical need (Brock et al., 2012; Schacht et al., 2012; Karasawa and Steyger, 2015). The platinum drugs act on cancerous cells mainly by forming adducts within the DNA (Huang et al., 1995; Jamieson and Lippard, 1999) and, possibly, by increasing reactive oxygen species (ROS) levels (Kopke et al., 1997; Rybak et al., 1999; Devarajan et al., 2002). In addition, cisplatin leads to cytotoxicity in normal cells that are not actively proliferating, inducing mitochondrial DNA damage and ROS elevation (Marullo et al., 2013; Wisnovsky et al., 2013).

Platinum-based antineoplastics irreversibly damage the cochlear hair cells starting in the basal turn—the outer hair cells appear to be more susceptible to this class of drug than other cell types in the cochlear duct, including the inner hair cells (Hinojosa et al., 1995; Li et al., 2004; Rybak et al., 2007). However, cisplatin-induced insult could extend beyond the hair cells and damage cells of the stria vascularis, a critical organ within the cochlea that is essential for maintaining the endocochlear potential and function of the cochlea (Laurell and Engstrom, 1989; Laurell et al., 2007). Although, damage to mostly outer hair cells is observed when low doses of cisplatin are used in rodents (Laurell and Engstrom, 1989; Cardinaal et al., 2000; Laurell et al., 2000; Park et al., 2002).

Routes of cisplatin entry into the hair cell could include the organic cation transporter Oct2 or the influx copper transporter Ctr1 (Riedemann et al., 2007; Ciarimboli et al., 2010; More et al., 2010; Xu et al., 2012). In addition, it was reported that in the absence of hair cell mechanotransduction (MET) cisplatin-induced hair cell death is reduced in zebrafish neuromast (Thomas et al., 2013; Stawicki et al., 2014). Gentamicin, which is bigger in size and weight than cisplatin, is known to permeate MET channels (Marcotti et al., 2005; Alharazneh et al., 2011; Vu et al., 2013); similarly, it is possible that cisplatin can permeate hair cell MET channels, although other routes could exist (Thomas et al., 2013). Using the zebrafish lateral line system, we test whether cisplatin affects hair cell MET currents, which might implicate its interaction with MET channels.

Attempts to find and develop otoprotective strategies for platinum-based drugs have been ongoing. One area of interest is antioxidant molecules. These include N-acetyl-cysteine (Feghali et al., 2001), alpha-lipoic acid (Kim et al., 2014), D-methionine (Lorito et al., 2011) and sodium thiosulfate (Muldoon et al., 2000). The most important consideration is to find a protection method or a drug that does not compromise the anti-tumor actions of the platinum-based drugs. For that reason, using mdivi-1, an inhibitor of the mitochondrial fission protein Drp1, could be a promising strategy to mitigate cisplatin-induced ototoxicity (Qian et al., 2015). One interesting aspect of mdivi-1 is that it has been reported to increase the apoptosis of tumor cells that are resistant to cisplatin (Qian et al., 2014). In general, mitochondrial dynamics were found to modulate antineoplastic activity of cisplatin (Qian et al., 2015; Han et al., 2017). Interestingly, cisplatin-induced tubular cell apoptosis and acute kidney injury were reduced by mdivi-1 (Brooks et al., 2009). Some recent work has shown promise for mdivi-1 in ameliorating the adverse effects of ototoxic aminoglycosides on hair cells of the inner ear (Nuttall et al., 2015). Here we test whether mdivi-1 could protect hair cells against cisplatin toxicity using the zebrafish lateral line system.

MATERIALS AND METHODS

Animals

Experiments were conducted using the Tübingen strain of zebrafish of either sex provided by the McDermott zebrafish core facility. Transgenic zebrafish stably expressing GFP in the hair cell body (pvalb3b::GFP) were previously generated (McDermott et al., 2010), and cdh23tj264a mutant (Söllner et al., 2004) was a kind gift from Dr. Teresa Nicolson (Oregon Health and Science University). Fish were maintained and bred at 28°C according to standard procedures (Nüsslein-Volhard and Dahm, 2002). This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and animal welfare guidelines of the Committee of Case Western Reserve University (CWRU), USA. The protocol was approved by the Institutional Animal Care and Use Committee at CWRU (Protocol Number: 2012-0187).

Cisplatin Treatment

Zebrafish larvae at days post fertilization (dpf) 5–6, were placed in varying concentrations of cisplatin (50–200 μM, ThermoFisher Scientific, Waltham, MA, USA) and/or mdivi-1 (1–10 μM, Enzo Life Sciences, Farmingdale, NY, USA) overnight for 16 h. The next day, the larvae were transferred to another dish, anesthetized with MS-222 (Sigma-Aldrich, St. Louis, MO, USA), and secured in a recording chamber using strands of dental floss tie downs (Ricci and Fettiplace, 1997) and placed under the microscope, an upright Olympus BX51WI microscope equipped with 100× 1NA objective for observation. To assess viability, blood flow and heart rate were visually monitored. Images were observed with a Grasshopper3 CMOS camera (Point Grey, Richmond, BC, Canada) and captured with manufacturer provided software. Starting with the eye neuromasts and moving caudal, the number of hair bundles were counted in approximately 10 neuromasts per fish.

FM1-43 Labeling and Image Analyses

After overnight treatment with cisplatin and/or Mdivi-1, fish were placed into wells containing FM1-43 (ThermoFisher Scientific, Waltham, MA, USA) in fish water. After 30 s, fish were transferred to fish solution containing MS-222 and BSA. The larvae were then secured in a recording chamber and placed under the microscope for imaging as described above. Approximately 3–4 neuromasts were imaged, and maximal projection images were generated using ImageJ (NIH, Bethesda, MD, USA). For lateral line neuromasts, raw images were gathered using an Olympus BX51WI microscope and a Grasshopper3 CMOS camera as described above. Fluorescence measurements were obtained using ImageJ. A region of interest was used to obtain measurements from the cells in each neuromast (Icell) and an area without cells (Ibackground) in the same image. Fluorescence intensity of FM1-43FX (Iload) for each neuromast was normalized (Iload = Icell − Ibackground).

Recordings of Neuromast Microphonic Potential in Zebrafish

We anesthetized zebrafish larvae (5–7 dpf) using MS-222 dissolved in a standard bath solution containing (in mM): NaCl (120), KCl (2), HEPES (10), CaCl2 (2), NaH2PO4 (0.7), adjusted to pH ~7.2. The larvae were secured in a recording chamber and placed under the microscope for observation as described above. Viability, blood flow and heart rate of larvae were visually monitored. Images were observed with a Grasshopper3 CMOS camera and captured with manufacturer provided software. We recorded from posterior neuromasts; kinocilia tufts were deflected with a fluid jet (Nicolson et al., 1998; Trapani and Nicolson, 2010) delivered via a glass pipette with a diameter of approximately 5–7 μm and controlled by HSPC-1 (ALA Scientific Instruments, Farmingdale, NY, USA). Fluid jet pipette was placed approximately 75 μm near the neuromast and used to deliver sinusoidal stimuli of 50 Hz frequency. The microphonic potentials were recorded at room temperature (22°C). We used borosilicate glass electrodes with a resistance of 3–6 MΩ, which were filled with standard bath solution and placed near the apical edges of the lateral line neuromasts. We recorded microphonic potentials using a PC-505B amplifier (Warner Instruments, Hamden, CT, USA) and a PCI-6221 digitizer (National Instruments, Austin, TX, USA). Microphonic potentials were amplified by 20 (SIM983, Stanford Research, Sunnyvale, CA, USA), measured by a jClamp (Scisoft, Yale University, New Haven, CT, USA) in a current-clamp mode, and low-pass filtered at 100 Hz. All records represent an average of at least 500 trials.

Statistics

All statistical analyses were performed using GraphPad Prism 7. Data are reported as mean ± SEM. Comparisons between groups were analyzed by ANOVA with Tukey post hoc testing.

RESULTS AND DISCUSSION

Mechanotransduction Potentiates Cisplatin-Induced Hair Cell Death

Our data show that functional MET potentiate cisplatin-induced hair cell toxicity in lateral line neuromasts in a zebrafish (Figure 1), in accordance with published reports (Thomas et al., 2013; Stawicki et al., 2014). cdh23tj264a/tj264a mutant zebrafish do not have functional MET in hair cells, because Cdh23 is an integral part of mechanosensitive stereocilia bundles in hair cells (Siemens et al., 2004; Söllner et al., 2004; Kazmierczak et al., 2007; Indzhykulian et al., 2013). Notably, cdh23 mutants have smaller numbers of hair cells per neuromast in comparison to wild-type or heterozygous fish (Figure 1). Despite the fact that treatment with 50 μM of cisplatin did not significantly change the number of hair cells in neuromasts of cdh23tj264a/tj264a zebrafish, whereas in wild-type fish this dose of cisplatin considerably reduced the number of hair cells (Figure 1A). This result indicates that MET channels may be involved in cisplatin entry into the hair cell. Alternatively, cisplatin entry into the hair cell is largely independent of the MET channel, but the ion flow carried out by functional MET potentiates cisplatin-induced damage.
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FIGURE 1. Mechanotransduction (MET) potentiates cisplatin-induced hair cell death. (A) Untreated cdh23tj264a/tj264a have fewer hair cells per neuromast when compared to wild-type and heterozygous fish. (B) When treated with increasing concentrations of cisplatin, cdh23 mutants, which do not have functional MET, have significantly greater hair cell survival in comparison to wild-type or heterozygous animals, which have normal MET. Data are mean, error bars indicate SEM. *p < 0.001, in comparison to wild-type and normal heterozygous larvae within the same treatment concentration. #p < 0.001, in comparison to untreated controls within larvae of the same genotype (see Supplementary Table S1).



Cisplatin and Mechanotransduction in Neuromast Hair Cells

If cisplatin enters hair cells via MET channels, it could interact with the channel directly and attenuate ion flow through the channel. To test this hypothesis, the microphonic potentials of neuromast hair cells (Figures 2A,B) were measured with and without application of 50 μM or 100 μM of cisplatin. The microphonic potential is an evoked electrical potential elicited by hair bundle deflections. The microphonic potential results from modulation of the cationic current flowing into stimulated hair cells via functional MET channels. Our results show that microphonic potentials were not affected by cisplatin application (Figures 2A,B). An alternate approach using FM1-43FX was also employed to test the hypothesis. FM1–43FX is a derivative of FM1-43, an amphipathic styryl dye that is known to rapidly accumulate in sensory hair cells via the MET channels that are partially open at rest in non-stimulated hair bundles (Gale et al., 2001; Meyers et al., 2003). Loading of FM1-43FX in live hair cells of lateral line neuromasts of controls and after 100-μM-cisplatin was not significantly different (Figures 2C,D). Our results did not reveal any evidence that cisplatin enters hair cells via MET channels. It is known that aminoglycosides enter hair cells via MET channels and are permeant blockers of these channels. Our results, however, do not rule out the possibility cisplatin may enter hair cells via the MET channel but this amount may not be sufficient to affect measured microphonic potentials.
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FIGURE 2. Cisplatin does not affect MET in neuromast hair cells. (A) Neuromast microphonic potentials are not affected after 100-μM-cisplatin application. The top trace shows pressure applied to the stimulating puff pipette. (B) Summary of microphonic potential peak-to-peak amplitudes at twice the stimulus frequency obtained from lateral line neuromasts (controls and after 100-μM-cisplatin application). (C) Summary of fluorescent signal of FM1-43FX in live lateral line neuromasts of control and after 100-μM-cisplatin application. (D) Representative maximum-intensity projection images of FM1-43FX-treated live neuromasts: control and after 100-μM-cisplatin. Data are mean, error bars indicate SEM. n = 5–12 larvae (noted on bar graphs, from three to six clutches) per data point. Scale bar: 10 μm.



When MET is functional, substantial amounts of calcium can enter hair cells through MET channels. Intracellular calcium balance is critical for hair cell function; it was found that calcium homeostasis is rapidly disrupted following ototoxic aminoglycoside exposure (Esterberg et al., 2014). It is possible that hair cell mitochondria continuously buffer calcium entering cell via functional MET channels, causing hair cells to become more vulnerable to toxic insult. Drugs that could reduce mitochondrial stress and/or protect mitochondria in other ways, may potentially increase hair cell viability when faced with ototoxic drugs.

Mitochondrial Division Inhibitor 1 Protects against Cisplatin-Induced Hair Cell Death

Here we tested whether mdivi-1 can protect hair cells against cisplatin induced toxicity in neuromast hair cells. Mdivi-1 is an inhibitor of mitochondrial division that selectively attenuates dynamin-related protein 1 activity, a fission protein that involved in the constriction and cleavage of mitochondria (Cassidy-Stone et al., 2008). First, we tested different doses of mdivi-1 for neuromast hair cell toxicity. High doses of mdivi-1, more than 10 μM, were toxic to the 5–6 dpf larvae (Figure 3A); therefore, we used lower doses of mdivi-1, 3 and 7 μM. Our data show that these doses of mdivi-1 protected hair cells of lateral line neuromast against toxicity of 50 μM of cisplatin (Figures 3B,C). These data demonstrated that modulating mitochondria dynamics may increase viability of hair cells against cisplatin toxicity in a zebrafish model. This finding is interesting also because it is known that mdivi-1 assists the abilities of cisplatin to trigger apoptosis in certain platinum-resistant tumor cells (Qian et al., 2014). Future studies, incorporating mammalian models, will be of further value in corroborating our results and revealing the mechanism of mdivi-1-mediated protection.
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FIGURE 3. Mdivi-1 protects against cisplatin-induced hair cell death. (A) Concentrations of mitochondrial division inhibitor mdivi-1 between 1–5 μM are well tolerated by zebrafish; whereas 10 μM of mdivi-1 is toxic to hair cells (n = 5 larvae per data point, from three clutches). (B) Application of 3 or 7 μM of mdivi-1 allowed significantly more hair cells to survive treatment with 50 and 100 μM of cisplatin. (C) Representative maximum-intensity projection images of pvalb3b::GFP neuromast hair cells treated with 50-μM-cisplatin and/or 50-μM-mdivi-1 (middle and right images). Data are mean, error bars indicate SEM. **p < 0.001 and *p < 0.05, in comparison to no mdivi-1 treatment within the same cisplatin concentration (see Supplementary Table S1). Scale bar: 10 μm.



CONCLUSION

MET potentiates cisplatin-induced damage of neuromast hair cells. However, cisplatin, in contrast to aminoglycosides, does not affect MET of neuromast hair cells. Our data suggests that mitochondrial protection may prevent cisplatin-induced damage to hair cells.
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Introduction: Permanent hearing loss and tinnitus as side-effects from treatment with the anticancer drug cisplatin is a clinical problem. Ototoxicity may be reduced by co-administration of an otoprotective agent, but the results in humans have so far been modest.

Aim: The present preclinical in vivo study aimed to explore the protective efficacy of hydrogen (H2) inhalation on ototoxicity induced by intravenous cisplatin.

Materials and Methods: Albino guinea pigs were divided into four groups. The Cispt (n = 11) and Cispt+H2 (n = 11) groups were given intravenous cisplatin (8 mg/kg b.w., injection rate 0.2 ml/min). Immediately after, the Cispt+H2 group also received gaseous H2 (2% in air, 60 min). The H2 group (n = 5) received only H2 and the Control group (n = 7) received neither cisplatin nor H2. Ototoxicity was assessed by measuring frequency specific ABR thresholds before and 96 h after treatment, loss of inner (IHCs) and outer (OHCs) hair cells, and by performing densitometry-based immunohistochemistry analysis of cochlear synaptophysin, organic transporter 2 (OCT2), and copper transporter 1 (CTR1) at 12 and 7 mm from the round window. By utilizing metabolomics analysis of perilymph the change of metabolites in the perilymph was assessed.

Results: Cisplatin induced electrophysiological threshold shifts, hair cell loss, and reduced synaptophysin immunoreactivity in the synapse area around the IHCs and OHCs. H2 inhalation mitigated all these effects. Cisplatin also reduced the OCT2 intensity in the inner and outer pillar cells and in the stria vascularis as well as the CTR1 intensity in the synapse area around the IHCs, the Deiters' cells, and the stria vascularis. H2 prevented the majority of these effects.

Conclusion: H2 inhalation can reduce cisplatin-induced ototoxicity on functional, cellular, and subcellular levels. It is proposed that synaptopathy may serve as a marker for cisplatin ototoxicity. The effect of H2 on the antineoplastic activity of cisplatin needs to be further explored.

Keywords: ABR, inner hair cells, outer hair cells, synaptophysin, organic cation transporter 2, copper transporter 1, perilymph metabolomics, in vivo

INTRODUCTION

Hearing disabilities can be the result of exogenous factors such as exposure to noise and treatment with drugs that have ototoxic side effects. Oncologic treatment using cisplatin-based therapy, is a common cause of drug-induced hearing loss, especially when high doses are given. Cisplatin is among the first generation of platinum-based anticancer agents and is widely used to treat different tumors in both children and adults. Cisplatin can enter the cochlea (Laurell et al., 1995; Hellberg et al., 2013), likely via passive membrane diffusion and active uptake to vulnerable cells. The details of this transport are still not fully elucidated, but organic cation transporter 2 (OCT2) (Ciarimboli et al., 2010) and copper transporter 1 (CTR1) (More et al., 2010) have been implicated in cisplatin uptake to the inner ear.

Inside the cochlea, cisplatin can damage the organ of Corti, spiral ganglion, stria vascularis, and spiral ligament (van Ruijven et al., 2005; Rybak, 2007). At the cellular level, cisplatin-induced ototoxicity typically manifests as loss of outer hair cells (OHCs), mainly in the basal turn of the cochlea, resulting in high-frequency hearing loss (Rybak, 2007). Effects on subcellular compartments are less understood. Recent data suggest that cochlear synaptopathy is a key to acquired hearing loss (Liberman and Kujawa, 2017); however, its role in cisplatin-induced ototoxicity is unknown.

Preclinical experiments suggest that underlying mechanisms of cisplatin-induced ototoxicity include the formation of platinum-DNA adducts, inflammation, and oxidative stress (Rybak, 2007). A number of experimental studies have shown that it is possible to reduce cisplatin ototoxicity by co-administrating an otoprotective drug (Rybak, 2007). However, no otoprotective therapy has clearly attenuated cisplatin ototoxicity in clinical practice.

Pharmacological treatment of the inner ear can involve either systemic or local drug administration, and both have advantages and disadvantages. Systemic administration is a well-established method that can be non-invasive (e.g., oral) or invasive (e.g., intravenous). One challenge is that the cochlea possesses at least two barrier systems, the blood-perilymph and intrastrial fluid-blood barriers (Cohen-Salmon et al., 2007; Shi, 2016), that prevent drugs in systemic circulation from accessing the cochlear compartments. Another challenge is that systemic distribution of a drug may lead to unwanted effects in other systems. Unwanted effects of antioxidant treatment to prevent cisplatin-induced ototoxicity include inhibition of the antineoplastic efficacy of cisplatin (Freyer et al., 2017), stimulation of tumor growth (Sayin et al., 2014), and metastasis (Le Gal et al., 2015). These effects are unacceptable in humans with cancer but difficult to study in experimental models. The literature offers limited information in this area, although there are several experimental studies describing otoprotective (Rybak, 2007) and nephroprotective (dos Santos et al., 2012) effects with concomitant use of drugs with antioxidative effects. An alternative to systemic administration is local drug delivery, which makes it possible to achieve a high drug concentration in the target organ, thereby reducing the risk of unwanted effects in other parts of the body. Some pharmacological agents that have been applied systemically have also been tested for intratympanic administration. Local treatment of the inner ear can only be performed with invasive techniques, and its clinical use is currently limited to steroid treatment for sudden sensorineural hearing loss after failure of systemic steroid treatment (Li et al., 2015) and destructive treatment of vertigo with gentamicin in Ménière's disease (Pullens and van Benthem, 2011).

Multiple candidate substances, mostly antioxidants, have been tested to prevent cisplatin-induced ototoxicity, but little is known about the importance of different physicochemical properties for otoprotective efficacy. One interesting candidate is molecular hydrogen (H2) as it is expected to easily penetrate the different cochlear barriers and reach the organ of Corti. H2 can be given as a gas or an aqueous solution, and it has been shown to have antioxidant (Fukuda et al., 2007; Ohsawa et al., 2007; Xie et al., 2010) and anti-inflammatory (Gharib et al., 2001; Xie et al., 2010) properties. Gaseous H2 is not explosive at a concentration <4% in air or pure oxygen (Huang et al., 2010). Inhaled H2 reduced organ damage in different animal models of ischemia (Fukuda et al., 2007; Ohsawa et al., 2007; Huang et al., 2011; Hugyecz et al., 2011). Importantly, cisplatin-induced nephrotoxicity was attenuated by aqueous H2 in rats (Kitamura et al., 2010; Matsushita et al., 2011) and by aqueous and gaseous H2 in mice (Nakashima-Kamimura et al., 2009), likely by reducing oxidative stress (Nakashima-Kamimura et al., 2009). With regard to effects related to hearing, aqueous H2 reduced antimycin A-induced production of reactive oxygen species (ROS) and increased the survival of inner hair cells (IHCs) and OHCs in a cochlear explant study (Kikkawa et al., 2009). In a gerbil model of auditory neuropathy, gaseous H2 reduced ouabain-induced hearing threshold shifts and spiral ganglia damage (Qu et al., 2012a). In guinea pig models of noise-induced hearing loss, aqueous H2 was shown to reduce hearing threshold shifts (Lin et al., 2011; Zhou et al., 2012; Chen et al., 2014) and hair cell loss (Zhou et al., 2012; Chen et al., 2014), likely by alleviating oxidative stress (Chen et al., 2014, 2017) and/or inflammation (Chen et al., 2017). Gaseous H2 also reduced noise-induced hearing threshold shifts, OHC loss, and oxidative stress in a guinea pig study (Kurioka et al., 2014). An important advantage of H2 is that it is considered safe for human use (Huang et al., 2010).

Based on existing findings, we presumed that H2 therapy exerts different protective effects at subcellular levels in the inner ear when given in conjunction with systemic cisplatin. The present study aimed to study the otoprotective effects of gaseous H2 in guinea pigs treated with cisplatin by evaluating auditory brainstem response (ABR) threshold shifts, hair cell loss, and immunohistochemical findings in subcellular structures damaged by cisplatin.

MATERIALS AND METHODS

Study Design

Guinea pigs (n = 34) were randomly assigned to four treatment groups: Cispt (n = 11), Cispt+H2 (n = 11), H2 (n = 5), or Control (n = 7). The Cispt and Cispt+H2 groups received a single intravenous (i.v.) injection of cisplatin. In the Cispt+H2 group, this injection was immediately followed by 60-min administration of gaseous H2. The H2 group only received 60-min administration of H2, while the Control group received neither cisplatin nor H2. Auditory function was assessed with frequency-specific ABR measured prior to and approximately 96 h after cisplatin administration. After the final ABR measurement, the Cispt and Cispt+H2 groups were subjected to perilymph sampling, after which they were euthanized with a high dose of pentobarbital. The H2 and Control groups were euthanized immediately after the final ABR measurement. Finally, the animals' cochleae were collected for histological analyses. Two of the animals in the Control group were used for ABR recordings, and five animals were processed for immunohistochemistry.

Animals

Guinea pigs (Duncan-Hartley, Lidköpings Kaninfarm, Lidköping, Sweden) of both sexes, 5–8 weeks old and weighing 250–504 g were used. The animals were kept in an enriched environment and housed in small groups with lights on between 7 a.m. and 7 p.m. at a temperature of 21°C and a humidity of 60%. They were given free access to water and standard chow and were allowed to acclimatize for at least 10 days before the experiment started. All procedures were performed under anesthesia and aseptic conditions. The guinea pigs had normal tympanic membranes and hearing as determined by otoscopic examination and ABR assessment. During the experimental procedures, the animals were placed on a homeothermic pad. Body weight was measured daily. The Cispt and Cispt+H2 groups were hydrated with sterile saline (5 ml, 37°C) subcutaneously (s.c.) each day after cisplatin exposure. All animal procedures were performed in accordance with the ethical guidelines of Uppsala University and consistent with national regulations for animal care and use (ethical permit C 106/13; Uppsala's ethical committee on animal experiments).

Anesthesia

All experiments were performed on anesthetized animals. General anesthesia was achieved with ketamine (40 mg/kg b.w.; Ketalar, 50 mg/ml; Pfizer AB, Sweden) and xylazine (10 mg/kg b.w.; Rompun, 20 mg/ml; Bayer Health Care AG, Denmark) intramuscularly. The depth of anesthesia was determined by measurement of the pedal reflex, and additional doses of ketamine (25 mg/kg b.w.) were given if needed. Bupivacaine (Marcain, s.c., 2.5 mg/ml, AstraZeneca, Sweden) was used as local anesthesia, and buprenorphine, (0.06 mg, Temgesic, 0.3 mg/ml, s.c.; Schering-Plough, NJ, USA) was used as a post-treatment analgesic in animals subjected to cisplatin administration.

Cisplatin Administration

Cisplatin (8 mg/kg b.w.; Platinol 1 mg/ml; Bristol-Myers Squibb AB, Sweden) was administered at an injection rate of 0.2 ml/min through a catheter (PE50, ID = 0.58 mm, OD = 0.965 mm, Intramedic Clay Adams Brand; Becton Dickinson and Company, NJ, USA) inserted into the right jugular vein toward the heart. Immediately after, 1 ml sterile saline was administered through the same catheter. The catheter was then removed, the jugular vein was ligated, and the skin was sutured (Ethilon II polyamide 4-0).

Regulations from the Swedish Work Environment Act (AFS 2005:5) were followed during cisplatin handling and destruction.

H2 Administration

H2 was administered over 60 min using a gas mixture of H2 (2 mol%), oxygen (O2; 21 mol%), and nitrogen (N2; 77 mol%; AGA Gas AB, Sweden). The gas was delivered through a facial mask. The flow rate was set at 0.5 l/min using a single-stage pressure regulator (C 200/1 A B 3 BAR DIN 1, Linde AG, Linde Gases Division, Germany).

ABR

Frequency-specific ABR at 3.15, 6.30, 12.5, 20.0, and 30.0 kHz was recorded to monitor auditory function. The animal was anesthetized as previously described and placed in a soundproof box. The stimulus signal was generated through a signal analyzer (Tucker-Davis Technologies, FL, USA) controlled by a personal computer and presented through an electrostatic speaker (EC1; Tucker-Davis Technologies, FL, USA). The speaker was connected to a 10-cm tube positioned in the guinea pig's ear canal. Neural responses were collected using three subdermal electrodes: one placed at the vertex (active), one placed on the mastoid (reference), and a ground electrode placed at the lower back. The ABR threshold was determined as the lowest stimulus intensity that produced a reproducible response for ABR wave II, which was visualized at the same latency after an average of 1,000 recordings.

Metabolomics Analysis of Scala Tympani Perilymph

About 1 h after the last ABR measurement, animals in the Cispt and Cispt+H2 groups underwent perilymph sampling from the basal turn of the cochlea as previously described (Hellberg et al., 2013). Perilymph (1 μL) was collected from both ears, diluted 1:19 with water, and stored at −80°C until further handling. Some samples were excluded due to contamination or insufficient volume. Samples were thawed in the refrigerator overnight and subjected to protein precipitation by adding cold acetonitrile (4:1 acetonitrile to perilymph, kept on ice) and centrifuged (4°C, 21,000 RCF, 15 min). The supernatant was stored at −80°C pending analysis and analyzed without further treatment. A quality control (QC) sample was prepared as a mixture of aliquots from all samples. Analysis was performed on a UHPLC-Q-ToF-instrument (Waters, Milford, MA, USA). Data were acquired in resolution MSE-mode with both ESI+ and ESI− acquisition. Chromatography was performed in HILIC mode by gradient elution using a BEH Amide stationary phase (50 × 2.1 mm, 1.7-μm particle size, Waters, Milford, MA, USA). Mobile phase composition was acetonitrile and water with 5 mM ammonium formate and 0.065% formic acid. Data quality was assessed using data acquired from repeated injections at intervals of the QC sample (n = 15, corresponding to ~16% of injections) according to previously described methods (Sangster et al., 2006; Engskog et al., 2016). Data preprocessing was performed in the R statistical language (version 3.3.2) using the XCMS package (Smith et al., 2006) followed by normalization to median fold change and filtering of features by retention time and variance in repeated injections. Multivariate data analysis was performed in SIMCA software (ver. 14.1, Umetrics, Umeå, Sweden). Identification of metabolites was achieved by comparing retention time and mass spectral data against in-house and public databases such as the METLIN database (Smith et al., 2005) and Human Metabolome Database (HMDb) (Wishart et al., 2007, 2009, 2013).

Morphological Analysis

After perilymph sampling in the Cispt and Cispt+H2 groups or after the last ABR measurement in the H2 and Control groups, the animal was deeply anesthetized with sodium pentobarbital (25 mg/kg, intraperitoneally) and subsequently decapitated. The temporal bones were removed, and the bullae were opened to expose the cochleae. Small fenestrations were made in the apex and round window (RW), and 4% phosphate-buffered formaldehyde was gently flushed through the cochlea. The left and right ears were used for surface preparation and cryosectioning, respectively.

Surface preparation was performed as previously described (Canlon and Fransson, 1995). Briefly, the bone surrounding the organ of Corti, stria vascularis, spiral ligament, and tectorial membrane was removed. The tissue was rinsed in phosphate-buffered saline (PBS) several times before it was placed in a solution of 1% bovine serum albumin (BSA) and 0.3% Triton-X100 for 10 min. It was then rinsed, incubated with fluorescent-labeled phalloidin (TRITC 1:200, Sigma-Aldrich) for 45 min, and subsequently rinsed multiple times. The organ of Corti was dissected in approximately 3-mm-long sections, which were placed on microscope slides in glycerol, covered with a coverslip, and sealed with nail polish. All IHCs and OHCs throughout the cochlea were examined using a Zeiss Axio Observer.Z1 microscope (Carl Zeiss, Germany) equipped with a ×40 objective. A reticule placed in the focus of the microscope eyepiece allowed for 0.25 mm of the coil to be viewed and analyzed at one time. After analyzing all hair cells and scar formations, the percentage of hair cell loss per millimeter was calculated and plotted on a cochleogram.

The right ear was decalcified in 0.1 M EDTA, rinsed, and placed in 15% sucrose for 1 day followed by a gradual infiltration of 15% sucrose and OCT Cryomount (Histolab, Sweden) for 4 days, ending with only OCT overnight before embedding in OCT and sectioning on a cryostat in 12-μm-thick sections throughout the cochlea. The sections were mounted on SuperFrost Plus slides (Menzel-Gläser, Germany).

Immunohistochemistry

To investigate levels of synaptophysin, OCT2, and CTR1, immunohistochemistry labeling was performed in samples from the Cispt, Cispt+H2, and Control groups. The antibodies used were monoclonal anti-synaptophysin (mouse igG1 isotype, diluted 1:100; Sigma-Aldrich Inc., USA), rabbit anti-rat organic cation transporter OCT-2 (diluted 1:100; Alpha Diagnostic International, USA), and polyclonal rabbit SLC31A1/CTR1 antibody (diluted 1:500; Novus Biologicals, UK).

All staining procedures except rinsing were carried out in a humidified chamber. The slides were incubated at room temperature for 45 min followed by 15 min in 0.1 M PBS. All slides were treated with 0.3% Triton X-100 for 30 min and then rinsed 3 × 5 min in PBS. Thereafter, blocking was performed in 1% BSA with 5% normal goat serum for synaptophysin and in 1% BSA with 5% normal donkey serum for OCT2 and CTR1. The slides were rinsed and then incubated with the primary antibody overnight at 4°C. The following day, the slides were rinsed 3 × 5 min and then incubated with the secondary antibody, which was Alexa 546 (Life Technologies, USA) for synaptophysin, Alexa 488 (Life Technologies, USA) for OCT2, and Dylight 594 (Jackson ImmunoResearch, USA) for CTR1. All secondary antibodies were diluted 1:400 with blocking solution. After the last rinse (3 × 10 min), a cover slip was mounted with Mowiol (Sigma-Aldrich Inc.) mounting medium.

Immunohistochemistry Analysis

Quantification of synaptophysin, OCT2, and CTR1 was performed with densitometry measurement. The cochlea was analyzed at two points on the basilar membrane, 12 mm (middle turn) and 7 mm (basal turn) from the RW (Figure 1), which correlate tonotopically to the frequencies 3.15 and 12.5 kHz (von Békésy, 1960). The images were collected and processed using ImageJ software (1.51j8; National Institutes of Health, Bethesda, MD, USA) (Schneider et al., 2012). All sections were stained at the same time, and all images were taken within 5 days of processing staining.
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FIGURE 1. Micrograph showing a mid-modiolar cross-section of a normal guinea pig cochlea. The circles indicate the two points on the basilar membrane, 12 mm (middle turn) and 7 mm (basal turn) from the round window (RW), where the immunoreactivity of synaptophysin, organic cation transporter 2 (OCT2), and copper transporter 1 (CTR1) were analyzed.



Figure 2A shows a fluorescent image of the organ of Corti from a guinea pig in the Control group stained for synaptophysin and OCT2. Synaptophysin immunoreactivity in the synapses around the IHCs and OHCs are orange, while OCT2 immunoreactivity, which was particularly strong in the inner and outer pillar cells, is green. The software converts the colors to a gray scale (Figures 2B,C) and measures pixel intensity ranging from 0 (black) to 255 (white). These counts were used to quantify the fluorescent intensity of the different regions of interest (ROIs), and the values obtained from the densitometry measurements are referred to as intensity.
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FIGURE 2. (A) A fluorescent image (40 X) of the organ of Corti from a normal guinea pig. The orange and green labeling indicates immunoreactivity of synaptophysin and OCT2. In order to perform a quantification using densitometry measuring, the software converts the colors to a gray scale, (B) synaptophysin and (C) OCT2, (CTR1 image not shown). Scale bar: 25 μm.



The outlines of ROIs were manually traced. The ROI for synaptophysin was the synapse area at the IHCs and OHCs. The ROI for the three rows of OHCs was collected together and calculated as one ROI. The ROI for OCT2 included the inner and outer pillar cells and stria vascularis. The ROI for CTR1 was the synapse area at the IHCs, the Deiters' cells, and the stria vascularis.

For each animal, three sections were analyzed using the densitometry method, and the mean was used to calculate the mean intensity of each group.

Statistics

For each guinea pig, the frequency-specific electrophysiological hearing threshold obtained before treatment was subtracted from that obtained after 96 h. A mixed-design analysis of variance (ANOVA) was conducted to measure the influence of treatment group and frequency on threshold shift after verifying that the assumptions of fairly symmetrical data from populations with equal variances were met. Two treatment groups were included in the analysis (Cispt and Cispt+H2), and frequency consisted of five levels: 3.15, 6.30, 12.5, 20.0, and 30.0 kHz. Post-hoc analysis was carried out with the Bonferroni test. Statistical analyses were performed using SPSS (v 22, release 22.0.0.1, IBM Corp., USA). To evaluate hair cell loss and immunohistochemistry data, one-way ANOVA was conducted followed by post-hoc analysis with the Holm-Sidak method in Sigma (v 13.0, Systat Inc., USA). A two-sided alpha level of 0.05 was used.

RESULTS

The median weight change from the day of cisplatin injection to 96 h after cisplatin injection was −9 g (range: −37–9 g) in the Cispt group and −18 g (−49–10 g) in the Cispt+H2 group (p > 0.05). The values in the H2 group and two animals in the Control group used for ABR recording were 14 g (2–26 g) and 29 g (26 and 32 g), respectively. Thus, H2 inhalation did not prevent cisplatin-induced weight loss.

ABR

The differences between the frequency-specific electrophysiological thresholds obtained before and 96 h after cisplatin injection in the Cispt group and the Cispt+H2 is presented in Table 1 and the marginal means of threshold shifts are illustrated in Figure 3. There was a significant difference across the five frequencies [F(2.01, 40.12) = 19.34, p > 0.001] and between the Cispt and Cispt+H2 groups [F(1, 20) = 6.81, p = 0.017] in threshold shift. There was also a significant interaction between frequency and group [F(2.01, 40.12) = 6.10, p = 0.005]. Post-hoc analysis showed that the threshold shift differed significantly (p < 0.05) between different frequencies in the Cispt group but not the Cispt+H2 group (Figure 3). It also showed that the frequency-specific threshold shift was significantly different (p < 0.05) between the two groups at 12.5, 20.0, and 30.0 kHz (Figure 3). No significant threshold shift was found in the H2 and Control animals (data not shown).


Table 1. Difference in frequency specific hearing thresholds measured before and 96 h after i.v. injection of cisplatin (8 mg/kg b.w.) to guinea pigs treated with cisplatin only (Cispt group; n = 11) or co-treated with hydrogen gas (Cispt+H2 group; n = 11).
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FIGURE 3. Guinea pigs were subjected to frequency-specific ABR assessment in the left ear before and 96 h after cisplatin injection (8 mg/kg b.w., i.v.). The graph shows the marginal means of the threshold elevations obtained in the Cispt group (n = 11; empty circles), which received cisplatin, and in the Cispt+H2 group (n = 11; filled circles), which received cisplatin immediately followed by inhalation of H2 (2% in air) during 60 min. The horizontal lines with an asterisk indicate a significant difference (p < 0.05) between two frequencies, which was obtained only in the Cispt group. The vertical lines with an asterisk indicate a frequency-specific significant difference (p < 0.05) between the Cispt group and the Cispt+H2 group.



Metabolomics in Scala Tympani Perilymph

A metabolomics analysis was performed on 14 samples from 10 animals in the Cispt group and 18 samples from 11 animals in the Cispt+H2 group. Following feature filtering, ~1100 features were used in the multivariate models. Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) (Trygg and Wold, 2002) was used to model the difference between the sample groups (R2X 0.219, R2Y 0.375, Q2 0.222 in the predictive component). Figure 4 shows the sample group separation along the predictive component in the corresponding OPLS-DA scores plot. A total of 50 metabolites were selected by the models as important for class separation using the S-plot for variable selection (Wiklund et al., 2008). Of these, 30 could be putatively identified using database searches. These include choline sulfate, creatinine, methylguanine, methylguanosine, numerous carnitines, proline betaine, methylcytosine, ecgonine, hydroxystachydrine, homostachydrine, creatine, and dimethylarginine.
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FIGURE 4. OPLS-DA scores plot (R2X 0.219, R2Y 0.375, Q2 0.222 in the predictive component) of sample Cispt group (triangles) and sample Cispt+H2 group (circles).



Morphological Analysis

Quantification of Hair Cell Loss

The morphological changes induced by a single i.v. cisplatin injection were most notable in the basal turn of the cochlea, demonstrating good concordance with the ABR measurements. In the Cispt group, all animals except one showed major OHC loss that was most prominent in the first row. OHC loss started approximately 12 mm from the RW and increased closer to the RW. In this group, five animals showed varying degrees of IHC loss in the basal part of the cochlea. Figures 5A–C shows representative cochleograms from animals in the Cispt group.
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FIGURE 5. Representative cochleograms from animals in (A–C) the Cispt group and (D–F) the Cispt+H2 group. IHC, inner hair cells; OHC 1, outer hair cells of the first row; OHC 2, outer hair cells of the second row; OHC 3, outer hair cells of the third row.



OHC loss in the Cispt+H2 group was less pronounced, and no IHC loss was observed. With the exception of one animal, OHC loss was considerably decreased throughout the basilar membrane. The first row of OHC was most affected in this group. In the second and third rows, hair cell loss did not rise above 30% in most animals. The hair cell loss started at 10–12 mm from the RW. Figures 5D–F shows representative cochleograms from the Cispt+H2 group.

Figure 6 shows the percentages of lost IHCs and OHCs in the first, second, and third rows in the apical, middle, and basal parts of the cochlea. Significantly less loss was noted in the Cispt+H2 group.
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FIGURE 6. The percentage of lost IHCs and OHCs in the Cispt and Cispt+H2 groups was summarized in three different regions, Apex (18-14.1 mm from RW), Middle (14-9.1 mm from RW), and Base (9-2.1 mm from RW). *p < 0.05 and **p < 0.01.



There was a significant difference between the Cispt and Cispt+H2 groups in total OHC (p < 0.01) and IHC (p < 0.05) loss, with more intact cells in the Cispt+H2 group.

Immunoreactivity in the Control Group

Three different antibodies were used in this study: synaptophysin, OCT2, and, CTR1. In the Control group, synaptophysin immunoreactivity appeared relatively small and distinct areas under each OHC row (Figure 7A). The area of synaptophysin under the IHCs was much larger and lacked distinct borders (Figure 7A). OCT2 signal was clearly seen in the inner and outer pillar cells (Figure 7B) and was also found in the stria vascularis. CTR1 immunoreactivity was observed in the IHC synapse area, Deiters' cells (Figure 7C), and stria vascularis.
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FIGURE 7. Micrograph (40 X) from a normal guinea pig cochlea (Control group) showing immunoreactivity of (A) synaptophysin, (B) OCT2, and (C) CTR1.



Synaptophysin

In the region 12 mm from the RW, there was moderate hair cell loss in the Cispt group and almost no loss in the Cispt+H2 group. There was a significant difference between these groups in the synapse area of the IHCs (p < 0.01, Figure 8A) and OHCs (p < 0.05, Figure 8B). There was also a significant (p < 0.001) reduction in the immunoreactivities of both groups compared to Control animals (Figures 8A,B).


[image: image]

FIGURE 8. Quantification of the immunoreactivity of synaptophysin, using densitometry, in the synapse area of (A) IHCs and (B) OHCs at a distance of 12 mm from the RW in the Control group (blue), Cispt group (red), and Cisp+H2 group (green). The bars illustrate the mean intensity and the error bars represent SD. *p < 0.05, **p < 0.01, and ***p < 0.001.



In the region 7 mm from the RW, there was major hair cell loss in the Cispt group, and the organ of Corti had collapsed in some of these animals. Synaptohysin immunoreactivity was seen in most the animals; however, there were too few remaining synapses in the OHC area to perform any statistical comparison with the Cispt+H2 group. Importantly, immunoreactivity in the Cispt+H2 was much higher, and synapses were visible around most OHCs. Although the synapse area was reduced, it was still very distinct, but there was a reduction in immunoreactivity compared to the Control group. No statistical difference was found in the IHC synapse areas between the Cispt and Cispt+H2 groups.

OCT2

In the inner and outer pillar cells 12 mm from the RW, there was a significant difference (p < 0.05) between the Control and Cispt groups in OCT2 immunoreactivity, but no difference was found between the Cispt and Cispt+H2 groups (Figure 9A). In the stria vascularis, there was a significant difference between the Control and Cispt groups (p < 0.001, Figure 9B) and the Control and the Cispt+H2 groups (p < 0.01, Figure 9B). In the 7-mm region from the RW, there was a significant decrease (p < 0.05) in immunoreactivity of the inner and outer pillar cells in the Cispt group compared to the Control group. In the stria vascularis, there was a significant decrease in both the Cispt and Cispt+H2 groups compared to Controls (both p < 0.001).
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FIGURE 9. Quantification of the immunoreactivity of OCT2, using densitometry, in (A) inner and outer pillar cells and (B) stria vascularis at a distance of 12 mm from the RW in the Control (blue), Cispt (red), and Cispt+H2 (green) groups. The bars illustrate the mean intensity obtained in the three groups and the error bars represent SD. *p < 0.05, **p < 0.01, and ***p < 0.001.



CTR1

CTR1 immunoreactivity in the synapse area of IHCs, the Deiters' cells, and the stria vascularis was calculated at 12 and 7 mm from the RW. In the 12-mm region, there was higher immunoreactivity in all areas observed in the Cispt+H2 group compared to the Cispt group. No significant difference was found in the 7-mm region between the two groups (Figure 10).
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FIGURE 10. Quantification of immunoreactivity of CTR1, using densitometry. Upper row show the results from the 12 mm region from the RW and the lower row show the results from the 7 mm region from the RW. (A) The synapse area of IHCs, (B) Dieters' cells, and (C) stria vascularis of the cochlea in the control (blue), Cispt (red), and Cispt+H2 (green) groups. The bars illustrate the mean intensity obtained in the three groups and the error bars represent SD. *p < 0.05 and **p < 0.01.



DISCUSSION

High-dose cisplatin treatment is associated with several toxic insults to the cochlea. Antioxidants were previously shown to protect cochlear structures under experimental conditions. Both systemic and local administration have been employed and demonstrated benefits in experimental animals. Here, we investigated the otoprotective potential of gaseous H2 given for 60 min starting immediately after albino guinea pigs received a single cisplatin injection. Cisplatin administration caused electrophysiological hearing threshold shifts that were largest at high frequencies. The shifts were partly prevented by H2 inhalation. The hair cell counts corresponded with the hearing threshold shifts and showed substantial hair cell loss that declined from the base to apex. As previously found (Berglin et al., 2011), OHC loss was greatest in the first row, less in the second row, and least in the third row. There was also some IHC loss in the basal turn of the cochlea, which is less common in cisplatin-treated animals. H2 inhalation had an important protective effect on OHCs and completely prevented IHC loss. These results agree with those of a previous study, where inhalation of H2 reduced ABR-assessed threshold shifts and hair cell loss in cisplatin-treated rats (Qu et al., 2012b).

Assessment of threshold shifts and IHC/OHC loss are two rough methods to measure the value of an otoprotective treatment. New, more refined measures are needed to better understand as to the effects of ototoxicologic treatments on cellular and subcellular levels. New insights from animal experiments suggest that synaptopathy plays a key role in hearing damage due to noise, aging, and aminoglycoside treatment, and that it can occur even when hearing thresholds still are normal and hair cells are preserved (Liberman and Kujawa, 2017). These observations indicate that synaptopathy could be an endpoint measure to assess ototoxicological risk and protective treatments. We explored whether synaptopathy may be involved in cisplatin-induced ototoxicity and if it could be prevented by gaseous H2. We assessed the effect of cisplatin administration without and with concomitant H2 inhalation on synaptophysin immunoreactivity at the cochlear nerve terminals around the IHCs and OHCs. Measurements were performed 7 and 12 mm from the RW, approximately correlating tonotopically to 12.5 and 3.15 kHz frequencies, respectively (von Békésy, 1960). Although most synapses link IHCs and type I afferent neurons, synapses at the OHCs were also assessed as the OHCs may undergo apoptosis after cisplatin administration. Densitometry analysis was performed to provide a semi-quantitative measure of synaptophysin staining. In many cases, the large destructive effects of cisplatin treatment resulted in collapse of the organ of Corti in the basal turn of the cochlea, which severely hampered the immunohistochemical evaluation at 7 mm. The ROI of synaptophysin was the synapse area of the hair cells. At 12 mm, where threshold changes and OHC loss were less noticeable than at 7 mm and where there was no IHC loss, cisplatin administration still reduced synaptophysin labeling. Notably, this was less pronounced in H2-treated animals. Evaluation at 7 mm was only possible in the Cispt+H2 group; there were too few evaluable samples in the Cispt group due to cisplatin cochleotoxicity. Thus, our study shows that synaptopathy might play a role in cisplatin-induced hearing damage. Reduced synaptophysin levels in the inner ear were previously associated with amikacin-induced ototoxicity (Ernfors et al., 1996) and noise trauma (Canlon et al., 1999) in guinea pigs and with aging in mice (Bartolome et al., 2009). Although H2 inhalation ameliorated the cisplatin-induced change in synaptophysin staining, its protective effect using a post-treatment mode was incomplete. A possible explanation for why partial protection was observed is suboptimal timing. Cisplatin was detected in the scala tympani perilymph just 10 min after i.v. administration in guinea pigs (Laurell et al., 1995; Hellberg et al., 2013). Considering cisplatin's high reactivity, it is possible that a protective agent must already be present in the cochlea to prevent ototoxicity. A second possible explanation is suboptimal dosing. Recognizing the limitations of the methodology and difficulties of knowing the exact pharmacokinetics and pharmacodynamics of H2 and cisplatin in the inner ear, the results still indicate that H2 is a promising otoprotective candidate.

Cisplatin is rapidly distributed to the cochlea after systemic administration (Laurell et al., 1995; Hellberg et al., 2013). The details of this transport remain to be elucidated. A study in mice suggested the involvement of the transport protein OCT2 for cochlear uptake of cisplatin (Ciarimboli et al., 2010). Further support for a role of OCT2 was provided by two recent clinical studies that showed an association between a specific gene variant of the OCT2 gene SLC22A2 and reduced ototoxicity in cisplatin-treated patients (Lanvers-Kaminsky et al., 2015; Spracklen et al., 2016). We therefore wanted to explore the effect of cisplatin administration on OCT2 in the cochlea and whether it was altered by concomitant H2 inhalation. The ROI of OCT2 included the supporting cells of the organ of Corti (mainly the inner and outer pillar cells) and the stria vascularis. Cisplatin administration reduced OCT2 immunolabeling at 12 mm in both regions, effects that were not prevented by H2 inhalation. Evaluation at 7 mm was only possible in the Cispt+H2 group due to extensive cochleotoxicity in the Cispt group. We can only speculate about the causes of reduced OCT2 staining. Possible explanations are that cisplatin alters protein synthesis of OCT2 or promotes the apoptosis of OCT2-expressing cells. Another possibility is that cisplatin binds to OCT2 and thereby impairs binding of the OCT2 antibody. The consequences of reduced OCT2 immunolabeling in the cochlea also warrants further investigation. The influence of OCT2 expression on cisplatin-induced nephrotoxicity was first suggested about a decade ago (Yonezawa et al., 2005) and, as recently reviewed, there are many shared feature between cisplatin's ototoxic and nephrotoxic effects (Karasawa and Steyger, 2015). OCT2 is also a determinant of the efficacy of cisplatin-based cancer treatment (Liu et al., 2012). With regard to OCT2 cochlear localization, others have shown that OCT2 can be found in the mouse stria vascularis (Ciarimboli et al., 2010; More et al., 2010) and in IHCs and OHCs (Ciarimboli et al., 2010). Our previous study of guinea pigs revealed OCT2 in the supporting cells of the organ of Corti when using paraffin-sectioning (Hellberg et al., 2015) in contrast to cryosectioning, which was used in the present investigation and in mouse studies (Ciarimboli et al., 2010; More et al., 2010). The tunnel of Corti bordered by the inner and outer pillar cells communicates with the perilymphatic space, and OCT2 expression in these cells indicates that active uptake of cisplatin through this pathway to the endolymphatic space may contribute to OHC toxicity.

Another transporter implicated in cisplatin-induced ototoxicity is CTR1. This protein is abundantly expressed in the mouse cochlea, and pretreatment with the CTR1 substrate copper sulfate decreased cisplatin-induced ototoxicity (More et al., 2010). The ROI of CTR1 was the synapse area of the IHC, Deiters' cells, and the stria vascularis. Cisplatin treatment reduced CTR1 immunolabeling at 12 mm in all these regions, an effect that was prevented by H2 inhalation. The reduction pattern was similar in the 7-mm region, but the difference between the Cispt and Cispt+H2 groups did not reach statistical significance. As for the reduction of OCT2 immunolabeling, we can only hypothesize about the causes and consequences of our CTR1 findings. Clinical support for a role of CTR1 in cisplatin-induced ototoxicity remains sparse (Xu et al., 2012), but its importance for cisplatin-induced anticancer efficacy is more established (Liu et al., 2012). There are a number of copper influx and efflux transporters, and several have been shown to be involved in the cellular passage of cisplatin. Future studies that simultaneously investigate both types of copper transporters might increase our understanding in this field. With regard to CTR1 localization within the cochlea, CTR1 was abundantly expressed in the stria vascularis, OHCs, IHCs, and supporting cells in a previous mouse study (More et al., 2010).

As the precise trafficking of cisplatin within the cochlea is not clear, we wanted to further explore the effect of gaseous H2 on scala tympani perilymph. We aspirated scala tympani perilymph for metabolomics analysis. Although preliminary, the data in the OPLS-DA score plot indicate a clear separation of the Cispt and Cispt+H2 groups. This finding further supports the possibility that H2 inhalation can reduce the ototoxic effect of cisplatin within the cochlea before the drug affects the OHCs (i.e., a preventive mechanism before the drug reaches the organ of Corti). This is most likely in line with strategies to prevent cisplatin ototoxicity by intratympanic antioxidant administration. We recently showed that injection of an ototoxic dose of cisplatin to guinea pigs induces a wide range of changes in the blood metabolome (Videhult Pierre et al., 2017).

It is reasonable to speculate that there are important differences between ototoxicity and otoprotection in healthy experimental animals and human beings treated for platinum-sensitive cancer. A major limitation of the study is the focus on the cochlear effects of H2 administration without an oncologic perspective. We did not evaluate any influence of H2 on cisplatin cytotoxicity in a tumor target. In cancer research, it is important to assess antitumor activity when introducing a novel co-administrated compound to reduce side effects. Moreover, the hearing situation of patients undergoing cisplatin treatment is more complex, with a number of confounding factors influencing the ototoxic effect. Caution must be taken when interpreting our results obtained in guinea pigs. However, the in vivo model reflects a clinically relevant question, although cisplatin administration routes and methods differ from that in clinical practice. For example, we administered a bolus injection of cisplatin, whereas repeated injections are usually given in clinical practice.

The findings in the present investigation raise a number of interesting questions that have to be further studied. Even though our method could be a potentially attractive approach in clinical settings, several issues must be addressed before it can be used as a proof of concept. Antioxidant treatment may have negative effects on cisplatin cytotoxicity in tumors (Freyer et al., 2017) and could even promote tumor growth (Sayin et al., 2014) and metastasis (Le Gal et al., 2015), so more research is needed to develop strategies that circumvent ototoxicity in patients undergoing cisplatin treatment. Substantial effort will be required to assess the effects of H2 with and without cisplatin on tumor growth and spread. One finding that has not received enough attention is cisplatin's effect on IHC synapses. The observed synaptopathy after a single cisplatin injection could be a target for additional research. In the present study, only H2 administered after cisplatin was used to prevent ototoxicity. Pre-loading H2 could be a more effective way to protect hearing. Apart from the discrepancy between the influence of H2 on OCT2 and CTR1 immunoreactivities, one striking finding in this study was that cisplatin altered immunolabeling of the transport proteins in cochlear tissue. Additional work is needed to clarify the active transport processes involved in cisplatin ototoxicity. Nevertheless, our findings suggest that H2 administration could prevent cisplatin ototoxicity, but further evaluation is necessary.

CONCLUSION

Although cisplatin is an old drug, it is still frequently used in oncology despite its side effects. There have been no clinical breakthroughs for otoprotection during cisplatin therapy. The present results demonstrate that gaseous H2 is a promising agent that can protect against cochlear injury. First, H2 showed an effect on frequency-specific electrophysiological hearing thresholds. Second, surface preparations of the cochlea revealed that OHC loss was attenuated in H2-treated animals. Third, at the subcellular level, H2 produced a protective effect on IHC synapses. Hearing loss after cisplatin treatment is multifactorial, and our results implicate synaptopathy as an additional mechanism. Using a guinea pig model for an otoprotective study has some obvious limitations as they cannot be compared with cancer patients. The advantage is the ability to study the inner ear structures in detail after cisplatin treatment, which is not possible in human subjects.
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Cisplatin (cis-diamminedichloroplatinum) is widely used as a chemotherapeutic drug for genitourinary, breast, lung and head and neck cancers. Though effective in inducing apoptosis in cancer cells, cisplatin treatment causes severe hearing loss among patients. Steroids have been shown to mitigate cisplatin-induced hearing loss. However, steroids may interfere with the anti-cancer properties of cisplatin if administered systemically, or are rapidly cleared from the middle and inner ear and hence lack effectiveness when administered intra-tympanically. In this work, we deliver prednisolone-loaded nanoparticles magnetically to the cochlea of cisplatin-treated mice. This magnetic delivery method substantially reduced hearing loss in treated animals at high frequency compared to control animals or animals that received intra-tympanic methylprednisolone. The method also protected the outer hair cells from cisplatin-mediated ototoxicity.

Keywords: cisplatin, ototoxicity, magnetic nanoparticles, drug delivery, hair cells

INTRODUCTION

Cisplatin (cis-diamminedichloroplatinum) and other platinum based drugs are the antineoplastic drugs of choice for various genitourinary cancers, certain forms of breast cancers, and as radiosensitizers for most head and neck cancers. However, these platinum-based drugs are very toxic to the kidneys (Miller et al., 2010), the inner ear (Rademaker-Lakhai et al., 2006), and sometimes the peripheral nervous system (Gregg et al., 1992). While the nephrotoxicity may be mitigated by hyper-hydrating patients in the hours before and during cisplatin injections, addressing ototoxicity in cisplatin-treated patients remains an unmet medical need.

Cisplatin induced hearing loss occurs in adults with an average incidence of 62% (Marshak et al., 2014). Among pediatric patients, significant sensorineural hearing loss is observed in 90.5% of patients at 8 kHz (Allen et al., 1998). The ototoxic effect of cisplatin is noticeable, with hearing loss within hours or days after the first cisplatin injection (Rybak et al., 2009). It is also cumulative, and the cumulative effect implies particular vulnerability in pediatric populations as repeated treatments, even separated by years, eventually lead to complete hearing loss, which may in turn lead to pervasive developmental delays including speech, cognitive and social developmental challenges.

The molecular mechanisms underlying the ototoxicity of cisplatin remain under debate. The various mechanisms include generation of reactive oxygen species and the depletion of antioxidant enzymes such as superoxide dismutase (DeWoskin and Riviere, 1992), catalase, glutathione peroxidase and glutathione reductase (Rybak et al., 2009). Overall, cisplatin causes damage to the organ of Corti, the stria vascularis and spiral ganglion cells, possibly through different molecular mechanisms (Lee et al., 2004; Monzack et al., 2015).

Steroids have been shown to reduce cisplatin-induced hearing loss, presumably by counteracting the effect of the reactive oxygen species induced by cisplatin administration (Himeno et al., 2002; Marshak et al., 2014). Though commonly used, pre-clinical studies indicate steroids may interfere with cisplatin's efficacy, plus prolonged use of systemic steroids is undesirable due to additive toxicities (Wooldridge et al., 2001; Fardet and Fève, 2014; Morin and Fardet, 2015; Ranganath et al., 2015). Thus, it has been proposed that local administration of steroids into the middle ear, subsequently diffusing into the cochlea via the round window membrane at the base of the cochlea, could be used to protect hearing. However, administration of a liquid steroid into the middle ear results in a rapid elimination of the drug from the cochlea as well as a very steep drug gradient from the base to the apex of the cochlea (Bird et al., 2007; Salt and Plontke, 2009). The liquid formulation in the middle ear is also rapidly eliminated via the Eustachian tube as soon as the patient stands up and swallows.

This paper describes results for protecting hearing from cisplatin by magnetically delivering steroids into the cochlea. In prior animal studies we showed that application of our magnetic injection device could be used to transport drug-eluting bio-compatible nanoparticles from the middle ear to the inner ear. Once inside the inner ear, the drug payload is released from the nanoparticles, providing a significant therapeutic effect (Shapiro et al., 2014a,b). In this paper, we show that magnetic steroid delivery to the inner ear can be used to protect hearing in mice receiving systemic cisplatin regimens. Previously both dexamethasone and prednisolone had been used for their otoprotective effect against cisplatin (Marshak et al., 2014; Özel et al., 2016). We employed prednisolone-loaded magnetic nanoparticles deposited intra-tympanically into the middle ear, and then applied a magnetic field that transported the nanoparticles through the window membranes into the inner ear where they released the steroid in therapeutic amounts. In the mouse model employed in this study, this steroid delivery method effectively mitigated the cisplatin-induced rise in hearing threshold of the animals at high frequencies and protected the outer hair cells in the basal cochlear region from the ototoxic effect of cisplatin.

MATERIALS AND METHODS

Animals

The study was conducted on CBA/CAJ mice (10 weeks old) of both sexes (23–27 gm body weight) from the Jackson Laboratory (Bar Harbor, ME). All animal studies were conducted in accordance with the policies and recommendations of the National Institute of Health Guide for the Care and Use of Laboratory Animals, and under approval from the Institutional Animal Care and Use Committee of the University of Maryland.

Anesthesia

The mice were anesthetized via intraperitoneal injections of ketamine 100 mg/kg and xylazine 20 mg/kg supplemented as necessary and were placed on a warming pad (Deltaphase isothermal pad, Braintree Scientific, MA) to maintain body temperature at 37°C.

Study Design

The overall study design is shown in Table 1. The mouse cisplatin administration protocol (Roy et al., 2013) involves multiple cisplatin cycles spread over time (as is the case for patients), and it reliably elicits hearing loss but leads to less than 10% animal mortality. Compared to this protocol, we halved the duration of the last chemotherapy cycle in an effort to further reduce animal mortality. Hearing of all mice was first tested by auditory brainstem response (ABR) measurements. Then, all mice were pre-hydrated with two subcutaneous doses of 1 mL of sterile normal saline (Hospiral, IL) separated by 8 h, and 24 h before starting each cisplatin cycle, to protect their kidneys against nephrotoxicity. Cisplatin was administered intraperitoneally at 4 mg/kg daily for 4 days on and 10 days off (14-day cycles for the first 2 cycles) plus a 16-day (3rd) cycle (2 days on and 14 days off) (Table 1). During the recovery periods, the animals were hydrated with 1 mL of normal saline twice per day for 5 days or more based on animal's weight and health. After the third cycle, hearing was measured by post-treatment ABR. Then the mice were sacrificed and prepared for cytocochleograms as described below.


Table 1. Animal groups and schedule for our cisplatin and ear treatment study.
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The animals were divided into four different groups, with N = 6 mice per group for group A, B and D and N = 4 mice for group C. For all groups, ear treatment was administered 1 day before the second and third cisplatin cycles respectively. Group A mice received 1.8 μL of intra-tympanic saline into their left ears. Group B mice received 1.8 μL of intra-tympanic methylprednisolone (Pharmacia&Upjohn, NJ) at a concentration of 40 mg/ml (close to the clinical dosage used in humans) into their left ears. Group C mice received 1.8 μL of 300 nm diameter magnetic nanoparticles without prednisolone into their left ears. Group D mice received 1.8 μL of 300 nm diameter magnetic nanoparticles that were loaded with prednisolone sodium phosphate at a concentration of 82 μg/mL (the maximum drug loading these particles could carry), also into their left ears. Both unloaded and prednisolone loaded particles were labeled with Texas red fluorescent dye for easy visualization in tissue samples (Chemicell, Berlin, Germany). A 0.5 Tesla magnet (5 × 2.5 × 2.5 cm, K&J Magnetics, PA) was then placed contralateral near the right eye of each animal in group C and group D for 20 min to pull the nanoparticles from the middle ear into the inner ear. For all animals in all groups, the right ears remained as untreated same-animal controls.

Auditory Brainstem Response

The hearing thresholds of the animals in all groups were measured by performing auditory brain stem response (ABR) assays before and after the cisplatin treatment and recovery periods. The mice were anesthetized and placed inside a sound booth (Industrial Acoustics, NY). Two recording electrodes (RLSND110-1.5, Rhythmlink International) were inserted postero-ventral to the auricular area of the left and right ears. A reference electrode was placed at the apex of the head. A ground reference electrode was placed subcutaneously in the lumbar area. Using our ABR recording system (Tucker Davis Technologies, FL), the animals were then presented in free field with 600 sweeps of 5 ms long bursts (shaped with 1 ms onset and offset sinusoidal ramps) at varying intensities beginning at a 94 dB sound pressure level (SPL) and proceeding in 5 dB decrements down to a 14 dB SPL. The electrophysiological signals were recorded for 10 ms. These cycles of sound intensities were repeated for different sound frequencies (8, 16, and 32 kHz). Hearing threshold at each frequency was determined as the lowest intensity at which a definite cochlear response could be identified (waves I & II). Figure 1B shows sample traces at 16 KHz for various SPLs and the corresponding hearing threshold. The percentage hearing loss of each animal at a specific frequency was defined as the ratio of the change in thresholds after the treatment compared to pre-treatment thresholds. Hence 0% represents no loss in hearing at that frequency (pre and post hearing thresholds were identical), while 100% represents no measurable response or a measurable response only at the highest sound pressure level of 94 dB.
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FIGURE 1. (A) Comparison of hearing loss between the four animal groups for the injected left ears and corresponding untreated right ears. Percent hearing loss at each frequency (Left) and the corresponding hearing loss in dB (Right), per group, are shown. Treated ears that received magnetic nanoparticles showed significantly less hearing loss (group D bars), as compared to the only nanoparticle group (group C bars, **p < 0.05), the intra-tympanic methyl-prednisolone group (group B bars, **p < 0.05), and the saline control group (group A bars, **p < 0.05), especially at the high frequency of 32 KHz. Hearing loss remained similar at high frequency across all groups for untreated ears. (B) A sample ABR trace containing the waves I and II (dotted black box) at 16 KHz has been shown, to demonstrate the threshold measurement (note that positive voltage is up, the convention for animal ABRs). The threshold for this animal is at 34 dB beyond which the waves I and II are completely attenuated.



Cytocochleogram

The cochleas from the different groups were dissected to study the pathophysiology of the cisplatin treatment on the organ of Corti, as well as any effect of the otoprotective treatments. The animals were euthanized using carbon dioxide and the cochleas rapidly isolated. The cochleas were continuously perfused with ice cold 4% paraformaldehyde into the round window membrane and out of a small hole pierced in the apex of the cochlea, and then placed in paraformaldehyde overnight at 4°C. This was followed by 3X wash with 1X PBS at pH 7.4 and decalcification in 0.5 M EDTA for 3–4 days. After washing the cochleas three times using 1X PBS, they were micro-dissected into three turns (Basal, Middle, Apical) using an ophthalmic knife (MANI Ophthalmics, Tochigi, Japan). The tectorial membrane was removed. Cochlear outer and inner hair cell layers were stained using Alexa Fluor 488 Phalloidin (1:800 in 1X PBS + 0.5% Tween, Life Technologies) for 45 min. The turns were mounted on a glass slide using Fluoromount-G with DAPI (Electron Microscopy Sciences). Images of each cochlear turn were taken at 40X magnification using an LSM 710 confocal microscope (Zeiss) in z-stack mode. The outer hair cells in these images were counted for the presence of nuclei and cell membranes over a 200 μm distance of the different cochlear turns using Zen 2010 software (Zeiss) and the assessments were made blind to avoid biases.

RESULTS

In our experiments, the hearing thresholds of the animals in the different groups were determined after the completion of the cisplatin treatment by using ABR assays. The hearing loss experienced by the animal at a particular frequency was determined by the ratio of change in threshold post-treatment to the initial hearing threshold at the same frequency. After systemic cisplatin treatment, this threshold increase is known to occur first at high frequencies, progressing to the lower frequencies as treatment continues, eventually reaching speech frequencies (Rybak et al., 2009; Chirtes and Albu, 2014).

In our study, for untreated (right) ears the hearing loss was greatest at high frequency (at 32 kHz), as compared to at 16 and 8 kHz (Figure 1A). In treated (left) ears at 32 kHz, the magnetic delivery group D ears experienced substantially less hearing loss (53 ± 12%) compared to ears that received saline (group A, 93 ± 7%) or to intra-tympanic methylprednisolone (group B, 97 ± 3%) or to only magnetic nanoparticles (group C, 95 ± 5%). The error bars indicate the standard deviation observed in the measurements. As evident in Figure 1A at 32 kHz, the difference in means between group D and the other groups was much larger than the variance within each group. According to a standard t-test, magnetic delivery achieved a statistically significant reduction in high frequency hearing loss for the magnetically treated group D (magnetic delivery of prednisolone) ears, as compared to control group A, B, and C ears which exhibited almost complete hearing loss at high frequencies (**p < 0.05). Overall, the prednisolone loaded nanoparticles mitigated cisplatin induced ototoxicity at high frequencies, with 95% statistical significance. At 8 and 16 kHz, magnetic delivery also seemed to reduce the degree of hearing loss, but at these lower frequencies a statistical significance of 95% was not reached, in part because cisplatin caused less hearing loss in mice at these lower frequencies (see the 8 and 16 kHz bars in Figure 1A). A greater effect at high frequencies may also be because the drug coated nanoparticles have easier access to the basal layer of the cochlea, which corresponds to high frequencies of hearing.

Cisplatin is known to induce apoptosis in the three rows of outer hair cells starting at the outer row and progressing to the inner row (Kujawa and Liberman, 2006). There have also been reports of damage to the inner hair cells of the organ of Corti, cuticular plate and stria vascularis (Chirtes and Albu, 2014). These ototoxic effects have been consistently shown to progress from the basal, high frequency region of the cochlea to the apical, low frequency region with continuing cisplatin treatment. We extracted cytocochleograms to evaluate the effect of magnetic delivery in protecting hair cells. The cochleas were micro-dissected post-treatment and the organ of Corti examined in the different turns after staining the hair cells. Sample cytocochleograms are shown for the basal cochlear region (from the window membrane to the distal end of the cochlea) in Figure 2. Hair cell preservation is evident in the magnetically treated cochlea (Figure 2D) compared to groups that received intra-tympanic saline or methyl prednisolone injections. Magnetically delivered nanoparticles can be seen among the hair cells in the cochlea (red fluorescence in Figure 2D).
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FIGURE 2. Sample cytocochleograms of the basal cochlear region of different groups. The outer hair cells were stained for actin with Alexa Fluor 488 Phalloidin (green) and the various cell nuclei were stained using DAPI counterstain (blue). (A) Left ear from a naïve animal that did not receive any cisplatin treatment or otoprotection. For animals that were administered cisplatin: (B) Left ear that received saline; (C) Left ear that received intra-tympanic methyl-prednisolone; and (D) Left ear that received magnetic delivery of prednisolone. The images of the DAPI stained nuclei for all the groups have been shown in the image insets of (A–D) correspondingly. (A version of this figure has also appeared in an invited feature article in The Hearing Journal, July 2017 issue.)



The number of outer hair cells in each cochlear micro-sections was counted and compared between the cochleas receiving magnetic treatment, receiving intra-tympanic saline, and receiving methyl-prednisolone injections. The outer hair cell density observed for control animals (no cisplatin and no ear treatments) vs. from ears of animals that received cisplatin plus one of the three types of ear treatments (saline, intra-tympanic methylprednisolone, or magnetic delivery of prednisolone) is shown in Table 2. A significant decrease in hair cells was observed for the saline ears (72% decrease) and intra-tympanic methyl prednisolone ears (33% decrease). In contrast, cochleas from treated ears in the magnetic delivery group displayed a small loss of 9% of hair cells in the basal region compared to control (no cisplatin) animals. This indicates that in the magnetic delivery of prednisolone group, the outer hair cells in the basal cochlear region were preserved.


Table 2. Comparison of outer hair cell density for cochleas in naïve mice (N = 6), vs. in mice that received the three ear treatment types (also N = 6 for each group). The second row lists the percent decrease in hair cell density compared to the no cisplatin naïve group. In the magnetically treated group D, hair cell density decreased by just 9% compared to substantially greater hair loss in the other groups.
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DISCUSSION

The benefit of magnetic delivery is that it actively and directly transports drug into the cochlea, in contrast to intra-tympanic administration where drug diffuses passively into the cochlea from the middle ear. Although it was not possible to measure the amount of steroid delivered into mouse cochleas in this study (the mouse perilymph sample volume was too small to enable mass spectrometry measurement of prednisolone concentrations), in initial adult human cadaver studies we have observed significantly greater delivery of steroid to the cochlea with magnetic delivery as compared to intra-tympanic administration without magnetic fields and particles. Improved delivery to the cochlea, and also to the vestibular system, is of interest not only for protection of hearing from chemotherapy, but also for other conditions of the inner ear such as sudden and noise-induced hearing loss, for presbycusis, for tinnitus, and for Ménière's disease. This study achieved efficacy by delivering prednisolone, a generic off-the-shelf steroid. However, magnetic nanoparticles can be loaded with many other therapies. Magnetic delivery of new and emerging therapies (novel compounds, growth factors, gene therapy) is anticipated to yield even greater benefits than delivery of a generic drug. Conversely, even the best new drug or therapy will not be effective if it does not reach the cochlea in sufficient quantities to be therapeutic.

The cisplatin regimens that were administered to the animals caused hearing loss primarily at high frequencies. In human patients also, hearing loss due to cisplatin is known to occur first at higher frequencies and then to progress to lower frequencies as treatment continues (Rybak et al., 2009; Chirtes and Albu, 2014). Magnetic delivery of prednisolone acted primarily to protect this high frequency hearing, as evident in the right panel of Figure 1A where the 32 kHz hearing loss for untreated ears and group A-C ears was reduced in group D ears. Greater protection at high frequency may be due both to the fact that there was more hearing to be saved at higher than at lower frequencies, and perhaps also because particles are delivered through the window membranes first to the base of the cochlea (which is where high frequency hearing resides). Intra-tympanic prednisolone treatment without magnetic particles did decrease cochlear outer hair cell loss (Figure 2C), but high frequency hearing was still lost in this group (Figure 1, group B). Such a mismatch between outer hair cell loss and hearing loss has been observed previously in the literature (Kujawa and Liberman, 2006) and may be due to other factors such as damage to spiral ganglion neurons or stria vascularis cells.

CONCLUSIONS

Cisplatin administration is known to be ototoxic, likely by the production of reactive oxygen species in the inner ear and by depletion of the inherent antioxidant system of the cochlea, leading to apoptosis of hair cells in the organ of Corti, spiral ganglion cells, and marginal cells of the stria vascularis (Boulikas and Vougiouka, 2003; Chirtes and Albu, 2014). Steroids such as dexamethasone and prednisolone are thought to reduce the production of free radicals in the inner ear and decrease the formation of inflammatory molecules and could protect hearing from cisplatin (Marshak et al., 2014; Okano, 2014; Özel et al., 2016). However, prolonged systemic administration of steroids may reduce the anti-cancer efficacy of cisplatin and is also undesirable due to added toxicity (Wooldridge et al., 2001; Herr et al., 2003; Zhang et al., 2006; Fardet and Fève, 2014; Morin and Fardet, 2015; Ranganath et al., 2015), which has led to studies on local intra-tympanic administration of steroids to protect hearing (Herr et al., 2003). Compared to intra-tympanic administration, magnetic forces can better deliver therapy directly to the cochlea and can confer a stronger therapeutic effect. In this animal study we observed that magnetic delivery of steroid protected hair cells more effectively and concomitantly reduced the degree of cisplatin-induced hearing loss; as compared to no treatment, to intra-tympanic steroid administration, and to magnetic delivery of nanoparticles without attached steroid.
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Aminoglycoside antibiotics are used as prophylaxis, or urgent treatment, for many life-threatening bacterial infections, including tuberculosis, sepsis, respiratory infections in cystic fibrosis, complex urinary tract infections and endocarditis. Although aminoglycosides are clinically-essential antibiotics, the mechanisms underlying their selective toxicity to the kidney and inner ear continue to be unraveled despite more than 70 years of investigation. The following mechanisms each contribute to aminoglycoside-induced toxicity after systemic administration: (1) drug trafficking across endothelial and epithelial barrier layers; (2) sensory cell uptake of these drugs; and (3) disruption of intracellular physiological pathways. Specific factors can increase the risk of drug-induced toxicity, including sustained exposure to higher levels of ambient sound, and selected therapeutic agents such as loop diuretics and glycopeptides. Serious bacterial infections (requiring life-saving aminoglycoside treatment) induce systemic inflammatory responses that also potentiate the degree of ototoxicity and permanent hearing loss. We discuss prospective clinical strategies to protect auditory and vestibular function from aminoglycoside ototoxicity, including reduced cochlear or sensory cell uptake of aminoglycosides, and otoprotection by ameliorating intracellular cytotoxicity.
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AMINOGLYCOSIDE ANTIBIOTICS

Aminoglycosides are among the most efficacious antibiotics used to treat serious Gram-negative infections by Pseudomonas, Salmonella and Enterobacter species (Forge and Schacht, 2000). The first identified aminoglycoside, streptomycin, was isolated from Streptomyces griseus in 1944 (Schatz et al., 1944), followed by neomycin from Streptomyces fradiae (Waksman and Lechevalier, 1949). In 1957 and 1963, kanamycin and gentamicin (Figure 1) were isolated from Streptomyces kanamyceticus (Umezawa et al., 1957) and the actinomycete Micromonospora purpurea (Weinstein et al., 1963) respectively, followed by tobramycin from Streptomyces tenebrarius (Wick and Welles, 1967) and amikacin, a semi-synthetic derivative of kanamycin A (Kawaguchi et al., 1972). Aminoglycosides with the–mycin suffix are derived from Streptomyces genera, while those from Micromonospora genera have the suffix–micin. Aminoglycosides can also treat selected Gram-positive infections like tuberculosis due to the intracellular Mycobacterium tuberculosis (Forge and Schacht, 2000). Clinically, aminoglycosides are often used in combination with β-lactams (like ampicillin) for combinatorial synergistic efficacy against a broad range of bacteria, especially when the causative microbe(s) is unknown (Dressel et al., 1999), and has been well-characterized for Pseudomonas and other Gram-negative bacteria (Niederman et al., 2001).
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FIGURE 1. Chemical structures of selected aminoglycoside antibiotics. For gentamicin C1: R1 = R2 = CH3; gentamicin C2: R1 = CH3, R2 = H; and gentamicin C1A: R1 = R2 = H. For kanamycin A: R1 = NH2, R2 = OH; kanamycin B: R1 = R2 = NH2; and kanamycin C: R1 = OH, R2 = NH2.



Nonetheless, these drugs can induce acute dose-dependent kidney failure (nephrotoxicity), and permanent hearing loss (cochleotoxicity; defined here as hearing loss in the conventional frequency range, i.e., <8 kHz) and/or balance disorders (vestibulotoxicity). Aminoglycoside-induced vestibulotoxicity and/or cochleotoxicity occurs in as many as 20% of patients who received these drugs intravenously for multiple days (Ariano et al., 2008; Al-Malky et al., 2015; Garinis et al., 2017a). Hearing loss delays speech acquisition, education and psychosocial development, reducing employability, income and tax revenues (Jones and White, 1990; Järvelin et al., 1997; Mehl and Thomson, 1998; Naramura et al., 1999; Tambs, 2004), with a socioeconomic burden >$1,393,000 in 2015 dollars over the life-time of each pre-lingually deafened child (Mohr et al., 2000). Similarly, for each adult that acquires hearing loss, the socioeconomic burden is >$350,000 in 2015 dollars over their remaining lifespan.

The bactericidal efficacy of aminoglycosides against a broad range of bacteria is directly related to peak concentration in the blood. Yet aminoglycosides have a narrow therapeutic index, and it is crucial to maintain or enhance their therapeutic efficacy while minimizing their side effects. The increasing prevalence of bacterial resistance to more commonly-used antibiotics, e.g., ampicillin, β-lactams (Puopolo and Eichenwald, 2010; Tsai et al., 2014) has resulted in the retention of aminoglycosides as a clinically necessary alternative treatment. Aminoglycosides also remain an attractive clinical antibiotic strategy due to their chemical stability at ambient temperature (particularly in sub-Sahara Africa), rapid bactericidal effect, lower incidence of resistance, and relative lower cost compared to newer, synthetic, more costly non-ototoxic medications.

Advances in molecular biology have enabled the bactericidal mechanisms of aminoglycosides, and subsequent emergence of bacterial resistance to these drugs, to be studied extensively (Shakil et al., 2008). Furthermore, the emerging bioactivities and potential applications of aminoglycosides continue to be extensively investigated. For example, the K20 derivative of kanamycin A with an octanesulfonyl chain is a broad-spectrum antifungal that targets fungal plasma membranes to protect agricultural crops (Shrestha et al., 2014). Selected aminoglycosides are being tested for their ability to read-through premature stop-codons in genetic mutations for the cystic fibrosis transmembrane conductance regulator (CFTR) and selected cancers (Du et al., 2006; Baradaran-Heravi et al., 2017).

Currently nine aminoglycosides are approved by the US Food and Drug Administration (FDA) for clinical use in the United States. Of these, gentamicin, tobramycin, and amikacin are the most common parental agents. Gentamicin is often preferred because of its low cost and reliable bactericidal activity. It is administered systemically in neonatal intensive care units (NICU), mostly for prophylaxis in preterm infants, and discontinued once sepsis is ruled out <72 h. If sepsis is confirmed, treatment may continue for another 10–15 days. Tobramycin is primarily used for treating Pseudomonas aeruginosa-induced respiratory infections in patients with cystic fibrosis. Amikacin is particularly effective against bacteria that are resistant to other aminoglycosides, since its chemical structure makes it less susceptible to inactivating enzymes. Gentamicin and tobramycin are considered more vestibulotoxic, while amikacin, neomycin and kanamycin are considered more cochleotoxic, though each drug affects both sensory systems to varying degrees.

Almost all cells take up aminoglycosides, and most cells are able to clear these drugs from their cytoplasm relatively quickly, by mechanisms as yet undetermined, except for inner ear hair cells and renal proximal tubule cells which retain these drugs for extended periods of time (Dai et al., 2006). It is thought that this retention of aminoglycosides, plus the higher metabolic rate of hair cells and proximal tubules cells, contributes to their susceptibility to these drugs. This review will focus on the trafficking and cellular uptake of systemically-administered aminoglycosides, and their subsequent intracellular cytotoxic mechanisms. We also review factors that potentiate ototoxicity, and approaches to ameliorate aminoglycoside-induced ototoxicity.

FUNCTIONAL ANATOMY OF THE COCHLEA AND KIDNEY

Cochlea

Within the temporal bone, the cochlea is a coiled, bony tube divided into three fluid-filled compartments by two tight junction-coupled cellular barriers located on Reissner’s membrane and the basilar membrane (Figure 2A). The organ of Corti, residing on the basilar membrane, consists of sensory hair cells and adjacent supporting cells coupled together by apical tight junctions to form a reticular lamina. There are typically three rows of outer hair cells (OHCs), and a single row of inner hair cells (IHCs). The upper and lower fluid compartments, the scala vestibuli and scala tympani, respectively, are filled with perilymph similar to cerebrospinal fluid. These two compartments sandwich the inner compartment, the scala media, filled with endolymph. Uniquely, endolymph has high K+ concentrations due to active trafficking via Na+-K+-ATPases, Na+-K+-Cl− co-transporters and rectifying potassium channels (Kir4.1) within the stria vascularis that generates an endocochlear potential (EP) as high as +100 mV. The stria vascularis is also a tight junction-coupled compartment and with the reticular lamina and Reissner’s membrane encloses the scala media, ensuring electrochemical separation of endolymph and perilymph (Figure 2A).
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FIGURE 2. (A) Cross-section of the cochlear duct, illustrating the perilymph-filled scala vestibuli and scala tympani, separated from the scala media by tight junctions between adjacent cells (black line) of Reissner’s membrane and reticular lamina of the organ of Corti resting on the basilar membrane. Within the organ of Corti are four longitudinal rows of sensory hair cells (in sky blue), under the tectorial membrane. The hair cells are innervated by afferent and efferent fibers (blue lines). Within the lateral wall of the cochlea is the highly-vascularized stria vascularis (upper right); enclosing several capillary beds (red circles) lined by tight-junction-coupled endothelial cells (black lines enclosing red circles) that form the cochlear BLB. (B) A nephron (kidney tubule) showing the glomerulus encapsulating a single capillary bed that gathers the ultrafiltrate from blood. The proximal tubule has a brush border of microvilli that recovers the majority of essential nutrients and ions, and the distal tubule recaptures the remaining nutrients, and excretes specific ions. Sites of major ion movements are shown. Both schematic diagrams are not to relative scale.



Sound pressure waves entering the cochlea tonotopically vibrate the basilar membrane, deflecting the stereocilia projecting from the apices of hair cells into endolymph. These deflections gate the mechano-electrical transduction (MET) channels on the stereociliary membrane, enabling depolarizing transduction currents that trigger the release of the neurotransmitter glutamate, which in turn induces action potentials in the innervating afferent auditory neurons (Nordang et al., 2000; Oestreicher et al., 2002). Loss of the EP reduces cochlear sensitivity to sound.

Kidney Tubules (Nephron)

Drugs and toxins in the blood are excreted via ultra-filtration by the kidney. Renal arterial blood undergoes extravasation in kidney glomeruli, and the ultrafiltrate passes into the lumen of the proximal convoluted tubule (Figure 2B). Epithelial cells lining the proximal convoluted tubule are characterized by their extensive brush border of microvilli, maximizing the surface area available to incorporate ion channels, active transporters or exchangers and electrogenic symporters. The majority of essential nutrients, including 90% of glucose and amino acids, are resorbed from the ultrafiltrate in the proximal tubule. The tubule then descends into the medulla of the kidney and sharply reverses direction to ascend back to the kidney cortex, and is collectively called the loop of Henle. In the descending limb, water is readily resorbed, increasing the osmolarity of the ultrafiltrate, which enables additional essential ions (Na+, K+ and Cl−) to be resorbed in the ascending limb. As the tubule progresses into distal convoluted tubule, further cation reclamation (K+, Ca2+) occurs as H+ is secreted into the remaining fluid, now recognized as urine that drains into the collecting duct and bladder prior to being voided.

Similarities and Differences between Cochlea and Kidney

There are many physiological similarities between the cochlea and kidney, principally the active transport of electrolytes or nutrients, and consequently, water follows to maintain iso-osmolarity. Gene expression analysis has identified at least 36 genes that are significantly expressed in both cochlea and kidney (Liu et al., 2004). More striking is the correlation of genetic syndromes that affect both cochlear and renal function (Izzedine et al., 2004). Both renal tubules and the stria vascularis are closely associated with basement membranes (of similar collagenous composition) that enclose blood vessels. Mutations in genes for collagen result in Alport’s syndrome characterized by progressive glomerular kidney disease and high frequency hearing loss (Gratton et al., 2005). Bartter’s syndrome results from a mutation in the gene for the protein barttin, a required subunit of voltage-gated chloride channels essential for salt and ion homeostasis in both the stria vascularis and renal ascending limb of Henle and distal tubule (Kramer et al., 2008). Hearing loss is associated in patients with lower estimated glomerular filtration rate and late chronic kidney disease (Seo et al., 2015).

Aminoglycosides are readily taken up by renal proximal tubule cells and cochlear cells (Dai et al., 2006), and more pertinently, they preferentially induce cytotoxicity in inner ear sensory hair cells and proximal tubule cells in vivo than for most other cell types (Humes, 1999). Other ototoxic compounds, like cisplatin and loop diuretics are also directly toxic to both organs (Humes, 1999). In addition, there is increased expression of Mpv17, a peroxisomal protein that metabolizes reactive oxygen species in renal glomeruli and the stria vascularis of the cochlea following aminoglycoside exposure (Meyer zum Gottesberge et al., 2002).

TRAFFICKING OF AMINOGLYCOSIDES IN VIVO

Intra-Cochlear Trafficking after Systemic Administration

In the 1980s, aminoglycosides were readily detected only in perilymph, but not endolymph, following intravenous infusion (Tran Ba Huy et al., 1986). Parental injection of gentamicin attenuated efferent inhibition of auditory neurons within 1–2 h, presumptively by blocking cholinergic activity at efferent synapses at the base of OHCs immersed in perilymph (Avan et al., 1996; Blanchet et al., 2000). The degree of the loss of inhibition may be predictive of subsequent permanent sensorineural hearing loss (Halsey et al., 2005).

In vitro, aminoglycosides are effective blockers of the MET channel on hair cell stereociliary membranes (Kroese et al., 1989) that, in vivo, are immersed in endolymph. Similar experiments then demonstrated that aminoglycosides rapidly permeate through MET channels into hair cells (Marcotti et al., 2005). Endolymph has a +80 mV potential, and when coupled with the cochlear hair cell receptor potential of −45 mV (IHCs) to −70 mV (OHCs), the potential across the apical membrane of hair cells of ~125–150 mV (Pickles, 2012). Surprisingly, adjacent supporting cells can have resting potentials between −80 mV and −100 mV (Russell and Sellick, 1978, 1983). This potent electrophoretic force likely drives cations, including aminoglycosides, across membranes through open (non-selective) cation channels with the requisite physicochemical properties for aminoglycoside permeation.

To test whether aminoglycosides could enter hair cells from endolymph in vivo, perfusion of the scala tympani with artificial perilymph (to prevent aminoglycoside access to the basolateral membranes of hair cells) did not visibly affect hair cell uptake of intravenously-administered aminoglycosides. However, when aminoglycoside-laden artificial perilymph was perfused though the scala tympani, hair cell uptake of aminoglycosides over their basolateral membranes was markedly reduced compared to systemic delivery (Li and Steyger, 2011). These data strongly suggest that systemic aminoglycosides are predominantly and rapidly trafficked across the blood-labyrinth barrier into the stria vascularis, and cleared into endolymph prior to entering hair cells across their apical membranes. Aminoglycosides are taken up by most other cochlear cells, including fibrocytes in the lateral wall, spiral ganglion neurons, supporting cells in the organ of Corti (Imamura and Adams, 2003; Kitahara et al., 2005; Dai et al., 2006). Aminoglycosides are cleared from non-sensory cells, but can be retained by surviving hair cells for as long as 6 months (Imamura and Adams, 2003).

Cellular Changes Following Aminoglycoside Administration

After parental injection, basal OHCs preferentially take up aminoglycosides prior to hair cell death (Hiel et al., 1993). Multiple dosing with aminoglycosides can induce cell-specific changes in ion channel expression (see below) that may enhance drug uptake following subsequent aminoglycoside dosing, e.g., spiral ganglion cells (Kitahara et al., 2005). Aminoglycoside-induced hair cell death typically occurs in basal OHCs, and extends to IHCs and more apical OHCs with increasing cumulative dose (Forge and Schacht, 2000). The apices of dying hair cells are extruded as the surrounding supporting cell apices expand to seal the reticular lamina and prevent mixing of endolymph and perilymph, and retain optimal cochlear function in surviving hair cells. The expanded supporting cell apices, or scar, is characterized by the deposition of new junctional and cytoskeletal proteins at the site of the missing hair cell (Leonova and Raphael, 1997; Steyger et al., 1997). The hair cell bodies are typically phagocytosed by adjacent supporting cells and resident macrophages (Monzack et al., 2015).

Chronic kanamycin treatment leads to the selective loss of basal OHCs, presumptively isolating IHCs and their innervating afferent neurons which display a loss of auditory frequency selectivity and sensitivity (Dallos and Harris, 1978); however these basal IHCs also have damaged cytoskeletal networks (Hackney et al., 1990). Interestingly, significant elevations in auditory threshold occur in cochlear regions where OHCs appear morphologically intact following chronic aminoglycoside administration (Nicol et al., 1992; Koo et al., 2015). This may be due to cochlear synaptopathy, where aminoglycosides have disrupted the synapses between IHCs and their afferent neurons, as well as decreased neuronal density in the spiral ganglion of the cochlea (Oishi et al., 2015). Thus, cochlear synaptopathy may account for the greater degree of cochlear dysfunction relative to actual hair cell loss. Aminoglycosides can also induce vestibular synaptopathy, as described elsewhere in this Research Topic (Sultemeier and Hoffman, under review).

Nephrotoxicity

In the kidney, systemic administration of aminoglycosides can induce severe toxicity in the proximal tubule that preferentially takes up aminoglycosides compared to more distal tubular regions (Dai et al., 2006). Distal tubule cells are also functionally disrupted by aminoglycoside block of magnesium and other cation channels, leading to magnesium wasting and block of ion channel function (Kang et al., 2000). Overall, disruption of kidney function tends to be short-lived, as damaged and dying proximal tubule cells are replaced through cellular proliferation (Xie et al., 2001).

CELLULAR UPTAKE OF AMINOGLYCOSIDES

A major factor in susceptibility to aminoglycoside-induced toxicity is the cellular uptake of these drugs prior to inducing cell death.

Endocytosis

Aminoglycosides are endocytosed at the apical membranes of hair cells, i.e., from endolymph, and transported to lysosomes (Hashino et al., 1997; Hailey et al., 2017). Sufficient lysosomal sequestration of aminoglycosides was hypothesized to induce lysosomal lysis, releasing both aminoglycosides and catabolic hydrolases, to initiate cell death (Hashino et al., 1997; Kroemer and Jäättelä, 2005). However, blockade of endocytosis only marginally reduced hair cell uptake of aminoglycosides and did not prevent hair cell death (Alharazneh et al., 2011; Hailey et al., 2017). Aminoglycosides in the cytoplasm can be sequestered by endosomes prior to being trafficked to lysosomes, a novel form of autophagy (Hailey et al., 2017). Impeding the lysosomal trafficking of aminoglycoside-laden endosomes potentiated drug-induced hair cell death, suggesting that endosomal sequestration of aminoglycosides can partially protect hair cells (Hailey et al., 2017).

In the kidney, megalin, also known as the low density lipoprotein-related protein 2 (LRP2), associates with cubulin, a co-receptor, and when bound to aminoglycosides, the complex is endocytosed (Christensen and Nielsen, 2007). Megalin-deficient mice are profoundly deaf by 3 months of age (early-onset presbycusis) and have reduced renal uptake of aminoglycosides (Schmitz et al., 2002; Köonig et al., 2008). In the cochlea, megalin is expressed near the apical (endolymphatic) membrane of strial marginal cells, but is not expressed in cochlear hair cells (Köonig et al., 2008). This suggests that megalin-dependent endocytosis of aminoglycosides by marginal cells, i.e., clearance from endolymph, could provide partial otoprotection for hair cells.

Ion Channels

Aminoglycosides can permeate many ubiquitously-expressed non-selective cation channels with the requisite physicochemical properties to accommodate aminoglycosides. In addition to the inner ear and kidney, aminoglycosides are readily taken up by sensory neurons in the dorsal root and trigeminal ganglia, linguinal taste receptors, and sensory neurons of hair follicles (Dai et al., 2006). Each location expresses a variety of aminoglycoside-permeant ion channels, including non-selective Transient Receptor Potential (TRP) cation channels.

In the inner ear, aminoglycosides readily permeate the non-selective MET cation channel expressed on the stereociliary membranes of hair cells (Marcotti et al., 2005). Although the identity of MET channels (pore diameter ~1.25 nm) remain uncertain, their electrophysiological properties are well-characterized and major components, including transmembrane channel-like (TMC) 1 and TMC2 proteins, have been identified (Farris et al., 2006; Kawashima et al., 2011). Mutations in myosin VIIA, another component of the MET complex, dysregulate MET channel conductance, reducing drug uptake by hair cells (Kros et al., 2002). Extracellular cadherin-23 and protococadherin-15 proteins form the stereociliary tip-links that mechanically gate the MET channel, and mutation in these genes reduced aminoglycoside uptake, prolonging hair cell survival compared to wild-type hair cells (Vu et al., 2013). The conductance of MET channels is modulated by extracellular [Ca2+], and reduced by channel blockers like amiloride, curare or benzamil; each can reduce hair cell uptake of aminoglycosides and/or prolong hair cell survival (Marcotti et al., 2005; Coffin et al., 2009; Alharazneh et al., 2011; Hailey et al., 2017). Increasing the membrane potential difference between the extracellular fluid and the negatively-polarized cytoplasm increases cellular uptake of the cationic aminoglycosides in hair cells and renal cells (Marcotti et al., 2005; Myrdal and Steyger, 2005).

Several identified non-selective cation channels are candidates for aminoglycoside permeation, particularly TRP channels with pore diameters sufficient to admit the maximal cross-sectional diameter of aminoglycosides (0.8–0.9 nm). The TRP vanilloid receptor 1, TRPV1, was identified using a number of channel modulators (Myrdal and Steyger, 2005). TRPV1 is activated by heat (<43°C), and is also stimulated by capsaicin (or analogs) and protons (Caterina et al., 1997; Vellani et al., 2001). TRPV1 has a pore diameter of ~1 nm (Jara-Oseguera et al., 2008) that can be further dilated by agonists (Bautista and Julius, 2008). Capsaicin activation of cells heterologously expressing TRPV1 induces rapid cell death in streptomycin-containing culture media (Caterina et al., 1997), suggestive of aminoglycoside permeation and subsequent cytotoxicity. TRPV1 is expressed by hair cells and plays a critical role in cisplatin-induced toxicity (Zheng et al., 2003; Mukherjea et al., 2011).

TRPV4 channels are temperature-sensitive (25–34°C) cation channels that are also activated by osmotic swelling of cells, and chemically activated by 4α-phorbol 12,13-didecanoate (Liedtke et al., 2000; Vriens et al., 2004). TRPV4 has a large pore diameter (Shigematsu et al., 2010), is expressed on the apical surface of hair cells, and is aminoglycoside-permeant when overexpressed in kidney proximal tubule cell lines (Karasawa et al., 2008). Low [Ca2+] increase the open probability of TRPV4 channels (Banke, 2011). Crucially, endolymph has low [Ca2+] (Wangemann and Schacht, 1996), increasing the likelihood of aminoglycosides entering the cytoplasm of cells with membranous TRPV4 channels bathed by extracellular endolymph.

TRPA1 (TRP channel, subfamily A, member 1) channels are inflammatory, irritant and oxidative stress sensors (Kwan et al., 2006; Macpherson et al., 2007; Bessac et al., 2008), and appear to reside in the basolateral membrane of OHCs (Stepanyan et al., 2011). TRPA1 channels have a pore diameter of 1.1 nm and show agonist-induced dilation (to ~1.4 nm; Karashima et al., 2010), larger than the molecular diameter of aminoglycosides. The TRPA1 agonists, cinnamaldehyde and 4-hydroxynonenal (4-HNE), both increased OHC uptake of aminoglycosides, presumptively across their basolateral membranes in vitro (Stepanyan et al., 2011), suggesting that endogenous intracellular activation of basolateral TRPA1 channels due to oxidative stress, induced by noise (Henderson et al., 2006) or aminoglycoside exposure (Lesniak et al., 2005), could augment hair cell uptake of aminoglycosides from the scala tympani. The promiscuous permeation of several non-selective cation channels by aminoglycosides suggest that additional aminoglycoside-permeant channels will be identified (based on permeation by other cationic organic compounds). These include connexins (or gap junctions), pannexins (hemi-channels), canonical TRPC3 with a large inner chamber (~6 nm diameter) and P2X channels among others (Weber et al., 2004; Mio et al., 2007; Crumling et al., 2009; Torres et al., 2017).

Transporters

An electrogenic Na+-ligand symporter, sodium glucose transporter 2 (SGLT2), resorbs 90% of lumenal glucose from renal ultra-filtrate in proximal tubules (Kanai et al., 1994). Inhibitors of SGLT2 inhibitors significantly block renal glucose reabsorption (Ghosh et al., 2012). SGLT2 has a large, hydrophilic and elastic vestibule, with an internal pore diameter of 3 nm, and an exit pore (into cytosol) of 1.5–2.5 nm, sufficient for aminoglycoside permeation. Aminoglycosides are complex sugars connected by glycosidic linkage (Neu and Gootz, 1996), and overexpression of SGLT2 in cell lines increased cellular uptake of aminoglycosides and exacerbated subsequent cytotoxicity (Jiang et al., 2014). Inhibition of SGLT2 by phlorizin reduced aminoglycoside-induced toxicity in proximal tubule cells in vitro and in vivo. However, phlorizin inhibition of SGLT2 in vivo did not reduce cochlear loading of aminoglycosides, potentially due to low cochlear expression levels of SGLT2, and/or by the phlorizin-induced elevation of serum aminoglycoside levels (Jiang et al., 2014). Since acute pharmacological inhibition or genomic loss of SGLT2 function did not affect auditory function (Jiang et al., 2014), this suggests that aminoglycoside (and glucose) trafficking across the blood-labyrinth barrier is accomplished by other molecular mechanisms, such as the facilitated glucose transporters (GLUTs; Ando et al., 2008). It is not yet known whether GLUTs are aminoglycoside-permeant and their pore dimensions remain to be determined, although it is known that the stria vascularis and organ of Corti both express GLUT5 (Belyantseva et al., 2000).

NOISE AND AMINOGLYCOSIDES

Loud sounds affect almost all cochlear cell types, including physically disrupting hair cell stereocilia, mitochondria, and the loss of synapses between hair cells and afferent neurons leading to transient and permanent hearing losses that accelerate the onset of presbycusis (Bohne et al., 2007; Kujawa and Liberman, 2015). Exposure to loud sounds synergistically potentiates the ototoxicity of aminoglycosides (Brown et al., 1978), presumptively by the summation of reactive oxygen species generated by each insult alone (Kopke et al., 1999). Loud sounds also break tip-links between stereocilia, closing the mechanically-gated MET channels (Husbands et al., 1999; Kurian et al., 2003). Sound levels that induce temporary threshold shifts (TTS) enhanced OHC uptake of aminoglycosides in mice, yet significantly reduced the number of tip links between OHC stereocilia (Li et al., 2015). This indicates that increased uptake of aminoglycosides by hair cells occurs by a mechanism distinct from MET channels. Loss of tip links would hyperpolarize hair cells, increasing the electrophoretic driving force from endolymph into hair cells, facilitating aminoglycoside permeation of other non-selective cation channels (Li et al., 2015).

The synergistic ototoxicity of loud sounds and aminoglycosides is not confined to simultaneous exposure. Loud sound exposure weeks prior to treatment with aminoglycosides can also potentiate aminoglycoside-induced hearing loss (Ryan and Bone, 1978). Low doses of aminoglycosides prior to loud sound exposure can reduce hearing loss compared to those exposed to loud sounds alone, a phenomenon called preconditioning (Fernandez et al., 2010), yet this is dependent on dosing regimen, age of treatment, anti-oxidant defenses and genetic background (Lautermann and Schacht, 1996; Kopke et al., 1999; Ohlemiller et al., 2011). Identifying the physiologic or genetic mechanisms behind these variations could establish who is at elevated risk of acquired hearing loss. These studies are clinically relevant as aminoglycosides are systemically administered in NICU, where sustained levels of higher ambient sound levels (Williams et al., 2007; Garinis et al., 2017b) could increase the risk of aminoglycoside-induced cochleotoxicity.

CO-THERAPEUTICS THAT POTENTIATE AMINOGLYCOSIDE-INDUCED OTOTOXICITY

Most prominent are the loop diuretics, administered to reduce high blood pressure and edema. In sufficient dosing it will cause temporary, or in some cases permanent, hearing loss. Loop diuretics block Na+-K+-Cl− co-transporter trafficking of potassium into marginal cells, resulting in a loss of the EP (Higashiyama et al., 2003). This drug-induced loss of EP facilitates (by unknown mechanisms) greater entry of aminoglycosides into endolymph, and once the EP is restored, rapid and greater hair cell death (Rybak, 1982; Tran Ba Huy et al., 1983). This outcome is used experimentally to accelerate experimental timeframes in studies of cochlear repair and regeneration processes in mammals (Taylor et al., 2008).

Vancomycin, a glycopeptide antibiotic commonly-prescribed in the NICU (Rubin et al., 2002), can enhance aminoglycoside-induced ototoxicity in preclinical models (Brummett et al., 1990). Vancomycin alone induced acute nephrotoxicity in ~1–9% of neonates (Lestner et al., 2016), yet conflicting evidence for stand-alone vancomycin-induced ototoxicity in humans and preclinical models suggest that potential confounders and clinical settings (e.g., inflammation, see “Inflammation and Aminoglycosides” Section below) need to be considered in the analyses.

INFLAMMATION AND AMINOGLYCOSIDES

Until recently, the inner ear has been considered an immunologically-privileged site, as major components of the inflammatory response (e.g., immune cells, antibodies) are largely excluded by the blood-labyrinth barrier from inner ear tissues (Oh et al., 2012). This barrier is considered to reside at the endothelial cells of the non-fenestrated blood vessels traversing through the inner ear. However, recent pioneering studies show active inner ear participation in classical local and systemic inflammatory mechanisms, with unexpected and unintended consequences.

Middle ear infections increase the permeability of the round window to macromolecules, enabling pro-inflammatory signals and bacterial endotoxins in the middle ear to penetrate the round window into cochlear perilymph (Kawauchi et al., 1989; Ikeda et al., 1990). Spiral ligament fibrocytes lining the scala tympani respond to these immunogenic signals by releasing inflammatory chemokines that attract immune cells to migrate across the blood-labyrinth barrier into the cochlea, especially after hair cell death—another immunogenic signal (Oh et al., 2012; Kaur et al., 2015), and reviewed elsewhere in this Research Topic (Wood and Zuo, 2017). In addition, perivascular macrophages adjacent to cochlear blood vessels (Zhang et al., 2012), and supporting cells in the organ of Corti, exhibit glial-like (anti-inflammatory) phagocytosis of cellular debris following the death of nearby cells (Monzack et al., 2015). These data imply that inner ear tissues can mount a sterile inflammatory response similar to that observed after noise-induced cochlear cell death (Hirose et al., 2005; Fujioka et al., 2014).

In contrast, systemic inflammatory challenges experimentally do not generally modulate auditory function (Hirose et al., 2014b; Koo et al., 2015), with meningitis being a major exception. Nonetheless, systemic inflammation changes cochlear physiology, vasodilating cochlear blood vessels, although the tight junctions between endothelial cells of cochlear capillaries appear to be intact (Koo et al., 2015). Systemic inflammation also induces a 2–3 fold increase in the permeability of the blood-perilymph barrier (Hirose et al., 2014a), and increased cochlear levels of inflammatory markers (Koo et al., 2015). Systemic administration of immunogenic stimuli together with aminoglycosides triggered cochlear recruitment of mononuclear phagocytes into the spiral ligament over several days (Hirose et al., 2014b). Thus, cochlear tissues participate in the systemic inflammatory response induced by systemic immunogenic stimuli, as well as middle ear or intra-cochlear immunogenic stimuli from bacteria or cellular debris.

To date, most studies of aminoglycoside-induced ototoxicity have been conducted in healthy preclinical models, unlike the administration of aminoglycosides to those with severe infections (and consequent inflammation) in clinical settings. Preclinical models with systemic inflammation, induced by low doses of bacterial lipopolysaccharides displayed increased cochlear uptake of aminoglycosides, and enhanced levels of cochleotoxicity without altered serum drug levels (Koo et al., 2015). Inflammation also potentiates cisplatin-induced ototoxicity (Oh et al., 2011). The potential mechanisms by which systemic inflammation enhances aminoglycoside-induced ototoxicity is discussed elsewhere in this Research Topic (Jiang et al., under review). Much further work is required to unravel how inflammation affects: (i) cochlear physiology; and (ii) repair of cochlear lesions following noise exposure or ototoxicity, as discussed elsewhere in this Research Topic (Kalinec et al., 2017).

INTRACELLULAR MECHANISMS OF AMINOGLYCOSIDE COCHLEOTOXICITY

Although molecular mechanisms involving reactive oxygen species, c-Jun N-terminal kinase (JNK) and caspase signaling cascades have been described elsewhere in detail (Ylikoski et al., 2002; Matsui et al., 2004; Lesniak et al., 2005; Coffin et al., 2013), there are still gaps in understanding how aminoglycosides induce cytotoxicity. Below, we focus how mitochondria and endoplasmic reticula (ER) are also primary induction sites for aminoglycoside-induced cytotoxicity.

As antimicrobial agents, aminoglycosides target bacterial ribosomes and induce misreading during protein synthesis (Cox et al., 1964; Davies and Davis, 1968). A genetic study demonstrated that aminoglycoside susceptibility can be transmitted by matrilineal descent, suggesting mitochondrial inheritance (Hu et al., 1991). Analysis of mitochondrial ribosomes revealed that the A1555G polymorphism in 12S rRNA is associated with aminoglycoside-induced hearing loss (Prezant et al., 1993). Other mitochondrial 12S rRNA mutations, including C1494T and T1095C, also increase susceptibility to aminoglycoside ototoxicity (Zhao H. et al., 2004; Zhao L. et al., 2004). Mitochondrial mutations that lead to 12S rRNA binding with a higher affinity to aminoglycosides can cause misreading of the genetic code and mistranslated proteins is a primary mechanism of cytotoxicity (Hobbie et al., 2008; Qian and Guan, 2009). The variety of novel aminoglycoside-interacting proteins involved in mitochondrial respiration, in addition to other ribosomal or nuclear-targeting proteins with a basic-peptide motif, supports the hypothesis that mitochondrial function is a primary site of aminoglycoside-induced cytotoxicity (Kommareddi and Schacht, 2008). Additionally, mutations in TRMU, a nuclear modifier gene, can modulate the phenotypic manifestation of deafness-associated 12S rRNA mutations (Guan et al., 2006).

Aminoglycosides also induce ribotoxic stress by binding to cytosolic rRNA to inhibit protein synthesis in eukaryotes (Francis et al., 2013). Aminoglycosides have a higher binding affinity (Kd of 1.7 μM) for the 28S rRNA than for 12S rRNA, a concentration readily reached in hair cells at clinically-relevant concentrations (Marcotti et al., 2005; Francis et al., 2013). Through these mechanisms, aminoglycosides could further inhibit eukaryotic protein synthesis, and activate stress-induced apoptosis mechanisms.

Many cytosolic proteins also bind to aminoglycosides (Karasawa et al., 2010). Calreticulin, an ER chaperone protein (Horibe et al., 2004; Karasawa et al., 2011), assists in protein folding, quality control and degradation (Williams, 2006). Although calreticulin is ubiquitously expressed, it is highly expressed in cochlear marginal cells, and hair cell stereocilia (Karasawa et al., 2011). Calreticulin binds to Ca2+ and aminoglycosides at the same site (Karasawa et al., 2011). Aminoglycoside binding to calreticulin likely disrupts the chaperone activity, homeostatic calcium buffering or regulation of calreticulin activity in these cells that becomes cytotoxic (Bastianutto et al., 1995; Mesaeli et al., 1999). Aminoglycosides also dysregulate intracellular Ca2+ stores to facilitate toxic transfers of Ca2+ from the ER into mitochondria via inositol-1,4,5-triphosphate (IP3) receptors (Esterberg et al., 2013). This, in turn, elevates mitochondrial Ca2+ that underlies elevated levels of both mitochondrial oxidation and cytoplasmic ROS prior to cell death (Esterberg et al., 2016).

Aminoglycosides can bind to another ER protein, CLIMP-63 (Karasawa et al., 2010), thought to anchor microtubules to the ER (Sandoz and van der Goot, 2015). CLIMP-63 is highly expressed in cultured HEI-OC1 cells derived from the murine organ of Corti. Aminoglycosides oligomerize CLIMP-63 that then bind to 14-3-3 proteins; knockdown of either CLIMP-63 or 14-3-3β suppressed aminoglycoside-induced apoptosis (Karasawa et al., 2010). 14-3-3 proteins are implicated in both pro- and anti-apoptosis mechanisms that involve p53, tumor suppressor gene, and binding of 14-3-3 proteins to MDMX, a negative regulator of p53, induces apoptosis (Okamoto et al., 2005). Thus, aminoglycoside binding to CLIMP-63 may promote p53-dependent apoptosis via 14-3-3 inhibition of MDMX.

POTENTIAL CLINICAL APPROACHES TO REDUCE AMINOGLYCOSIDE UPTAKE OR OTOTOXICITY

Over 5% of the world’s population, ~360 million people, have hearing loss (WHO, 2012; Blackwell et al., 2014). Two major otoprotective strategies against aminoglycoside-induced hearing loss have been proposed. One is to reduce drug uptake by cells to prevent cytotoxicity; another is to interfere with mechanisms of aminoglycoside-induced cytotoxicity.

Reducing Cellular Uptake of Aminoglycosides

In the NICU, aminoglycosides, especially gentamicin, are often obligatory treatments to treat life-threatening sepsis (Cross et al., 2015). NICU environments have loud ambient sound levels (Williams et al., 2007; Garinis et al., 2017b), and a significantly increased incidence of hearing loss in NICU graduates (Yoon et al., 2003) that may be due to the synergistic effect of ambient sound levels increasing cochlear uptake of aminoglycosides (Li et al., 2015). Thus, efforts to reduce ambient sound levels in the NICU will be welcomed.

Inflammation caused by severe bacterial infections also increase cochlear uptake of aminoglycosides and subsequent ototoxicity (Koo et al., 2015). Administration of anti-inflammatory agents prior to or during aminoglycoside treatment may be effective as for etanercept, an antibody, that blocks the pro-inflammatory signaling receptor TNFα, in ameliorating noise-induced hearing loss (Arpornchayanon et al., 2013). Etanercept and perhaps other anti-inflammatory agents can reduce cochlear inflammation (Satoh et al., 2002), and could also reduce cochlear uptake of aminoglycosides, to better preserve auditory function, similar to glucocorticoids restoring auditory function by improving the ion homeostatic (mineralocorticoid) activity of the blood-labyrinth barrier (MacArthur et al., 2015).

The zebrafish lateral line is an excellent model to conduct high throughput screening of compounds that protect hair cells from ototoxicity (Harris et al., 2003). A recent screening of over 500 natural compounds identified four novel bisbenzylisoquinoline derivatives, berbamine, E6 berbamine, hernandezine, and isotetrandrine, as otoprotective agents that reduce hair cell uptake of aminoglycosides (Kruger et al., 2016; Kirkwood et al., 2017). Since these compounds block the aminoglycoside-permeant MET channels, these drugs are also expected be effective in reducing mammalian hair cell uptake of aminoglycosides in vitro, yet, verification is crucial (Majumder et al., 2017). It is also crucial to test in vivo following local or systemic administration to ensure these compounds can enter the compartmentalized endolymphatic fluids.

Reducing Aminoglycoside Cytotoxicity

Several anti-oxidants like N-acetylcysteine, D-methionine and edaravone reduce aminoglycoside-induced ototoxicity in preclinical models (Somdaş et al., 2015; Campbell et al., 2016; Turan et al., 2017), suggesting that drug-induced generation of reactive oxygen species leads to aminoglycoside-induced ototoxicity. Several anti-oxidants show otoprotection against both aminoglycosides and cisplatin, implying that induction of oxidative stress is a shared mechanism of cytotoxicity for these ototoxins (Lorito et al., 2011; Tate et al., 2017). If this is the case, then dosing regimens reducing cisplatin-induced ototoxicity may also translate to being otoprotective for aminoglycoside-induced ototoxicity. An in vitro screen to test for the otoprotective (or ototoxic) properties of antioxidants in the organ of Corti explants is described elsewhere in this Research Topic (Noack et al., 2017).

Another innovative strategy is to develop aminoglycosides like apramycin with minimal affinity for eukaryotic mitochondrial ribosomes while retaining strong activity against clinical pathogens (Matt et al., 2012). An alternative, pioneering method is to modify specific amine groups of sisomicin (a biosynthetic precursor of gentamicin), generating several designer aminoglycosides. One modified aminoglycoside, N1MS, displayed significantly reduced ototoxicity while retaining bactericidal efficacy in preclinical models (Huth et al., 2015).

Acetylation of histones, proteins required for chromatin regulation of gene transcription, is associated with gene transcription activation, and histone deacetylases (HDACs) regulate this process. Aminoglycosides also hypo-acetylate histones, reducing transcription factor binding to DNA, causing decreased levels of gene expression (Chen et al., 2009). Since HDACs remove histone acetylation, inhibitors of HDACs were found to provide otoprotection in cochlear explants (Chen et al., 2009), but not in vivo (Yang et al., 2017). In contrast, systemic HDAC inhibition using suberoylanilide hydroxamic acid (SAHA) resulted in almost complete protection against combined kanamycin and furosemide-induced ototoxicity, and this mechanism involved activating the NF-κB pathway (Layman et al., 2015), indicating that verification of candidate otoprotective agents requires testing in models that more closely resemble clinical situations, i.e., chronic dosing with aminoglycosides, preferably in the setting of inflammation (Koo et al., 2015). In the same vein, interfering with cell death signaling pathways also promoted acute hair cell survival and attenuated drug-induced hearing loss following chronic aminoglycoside dosing (Ylikoski et al., 2002).

Another promising approach involves activating heat shock proteins (HSPs), including HSP70, to promote hair cell survival against aminoglycoside ototoxicity (Taleb et al., 2008). Heat shock induces expression and secretion of HSP70 by supporting cells to effect otoprotection of hair cells (May et al., 2013). Intriguingly, exposure to sound sufficient to transiently stress the cochlea (without inducing permanent hearing loss, i.e., preconditioning) upregulated the expression of HSP70 (and HSP32) expression to significantly reduce aminoglycoside-induced hearing loss in preclinical models (Roy et al., 2013). Further discussion of the pro-survival and cell death factors influencing hair cell survival and hair cell death via autonomous and non-autonomous mechanisms are discussed elsewhere in this Research Topic (Francis and Cunningham, 2017).

CONCLUSION

Aminoglycoside antibiotics remain crucial pharmacotherapeutics for severe bacterial infections, despite their known side effects and the emergence of other (more labile) classes of broad-spectrum antibiotics. Aminoglycosides are also preferred due to their robust stability at ambient temperatures when used by itinerant healthcare providers in the field, and because of their bactericidal efficacy against bacteria resistant to other antibiotics. Increasing our understanding of aminoglycoside-induced (oto)toxicity requires greater insight into the mechanisms of cellular uptake kinetics, transcellular trafficking and intracellular disruption of physiological activities by aminoglycosides, especially in models that better mimic clinical settings such as exposure to higher levels of ambient sounds, co-therapeutics and/or inflammation that potentiate the degree of ototoxicity. Modifying dosing protocols, the structure of current aminoglycosides, and/or increased verification of candidate otoprotective agents could all enable aminoglycosides to be used more readily with reduced risks of lifelong ototoxicity in hospital.
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Aminoglycosides are potent antibiotics deployed worldwide despite their known side-effect of sensorineural hearing loss. The main etiology of this sensory deficit is death of inner ear sensory hair cells selectively triggered by aminoglycosides. For decades, research has sought to unravel the molecular events mediating sensory cell demise, emphasizing the roles of reactive oxygen species and their potentials as therapeutic targets. Studies in recent years have revealed candidate transport pathways including the mechanotransducer channel for drug entry into sensory cells. Once inside sensory cells, intracellular targets of aminoglycosides, such as the mitochondrial ribosomes, are beginning to be elucidated. Based on these results, less ototoxic aminoglycoside analogs are being generated and may serve as alternate antimicrobial agents. In this article, we review the latest findings on mechanisms of aminoglycoside entry into hair cells, their intracellular actions and potential therapeutic targets for preventing aminoglycoside ototoxicity.
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INTRODUCTION

Aminoglycosides are critical antimicrobials with potent activities against gram negative bacteria (World Health Organization, 2011). Over 10 million doses are consumed annually in the United States (Van Boeckel et al., 2014). In developed countries, aminoglycoside administration is tightly regulated and generally confined to inpatient settings where indications for their use include endocarditis, urinary tract infection, sepsis and other severe infections (Avent et al., 2011). In contrast, in some developing countries, usage is less restricted and substantially more commonplace. Moreover, because of their affordable cost and low incidence of antibiotic resistance, aminoglycosides are often selected in these countries as a first line of treatment (Van Boeckel et al., 2014).

Aminoglycosides are a large family of water-soluble, polycationic molecules that exist as either three- or four-ringed compounds. More specifically, aminoglycosides contain a common neamine core, composed of a six-member aminocyclitol ring (ring II) glycosidically linked to a glucosaminopyranose (ring I). Substitutions attached at either position 5 or 6 on ring II give rise to different aminoglycoside molecules that are categorized as either 4, 5 or 4, 6 aminoglycosides. To date, over 25 aminoglycoside compounds have been purified or synthesized (NCBI PubChem Compound Database, 2017). Aminoglycosides that are more commonly used clinically include neomycin, tobramycin, gentamicin and amikacin (Arya, 2007; NCBI PubChem Compound Database, 2017).

A significant side effect of aminoglycoside administration is kidney damage (nephrotoxicity) and irreversible sensorineural hearing loss (ototoxicity). Nephrotoxicity is largely reversible, whilst hearing loss is permanent. Hearing loss occurs in a dose-dependent manner and the antibacterial efficacy, nephrotoxicity, and ototoxicity of these drugs correlate with aminoglycoside blood concentration (Lacy et al., 1998; Mingeot-Leclercq and Tulkens, 1999; Chen et al., 2013). Hence, aminoglycosides are typically administered in inpatient settings and therapeutic drug monitoring of aminoglycoside levels in the blood is routinely performed in most developed countries (Freeman et al., 1997; Smyth et al., 2005; Agency for Healthcare Research and Quality, 2012). Because aminoglycosides are not metabolized and excreted exclusively through the kidneys, drug monitoring is particularly important among patients with compromised kidney function.

Even when aminoglycoside blood concentrations are within the recommended therapeutic range, ototoxicity can still occur. Some studies have indicated that cumulative duration of therapy, rather than peak and trough levels of drugs, is predictive of ototoxicity (Beaubien et al., 1989; Cheng et al., 2009; Modongo et al., 2015). Moreover, in a subset of patients with the mitochondrial DNA mutation m.1555A>G, hearing loss can occur following a single dose (Usami et al., 1998). Individuals with this mutation may otherwise have hearing that is within normal limits unless they have been exposed to aminoglycosides (Bitner-Glindzicz et al., 2009; Rahman et al., 2012). These studies illustrate how patients’ genotypes can influence the penetrance of aminoglycoside-related hearing loss. To date, four mutations in the mitochondrial genome and four genes in the nuclear genome are reported to be involved in aminoglycoside-related hearing loss, these will be returned to later in this review article (Li and Guan, 2002; Bykhovskaya et al., 2004a,b; Guan et al., 2006; Guan, 2011).

Estimates of the prevalence of ototoxicity in patients vary widely across the literature, ranging between 2%–25% for hearing deficits and 1%–10% for vestibular dysfunction (Ariano et al., 2008; Huth et al., 2015). For patients who require multiple courses of intravenous aminoglycoside antibiotics (e.g., treatment of tuberculosis and cystic fibrosis patients) estimates are higher and may exceed 50% (Duggal and Sarkar, 2007; Waters et al., 2015). This variability is likely due to a variety of factors such as the sensitivity of the audiometric tests, the patient population studied, their comorbid conditions, previous aminoglycoside treatment, the specific aminoglycoside used, its dosage and duration of treatment (Al-Malky et al., 2011, 2015; Seddon et al., 2012; Zimmerman and Lahav, 2013).

After aminoglycoside exposure, the main cochlear pathology underlying drug-induced hearing loss is sensory hair cell loss. Sensory hair cells are mechanoreceptors required for hearing and balance functions. In the cochlea, they are tonotopically arranged such that high frequency sounds stimulate hair cells in the basal region and low frequency in the apical region. Early on in the disease process when hearing loss typically begins in the high frequency, hair cell loss is found in the basal region (Fausti et al., 1992). However, hearing loss can progress into the mid- and low frequency ranges with corresponding hair cell loss in those regions in the cochlea. As such, research efforts have focused on defining the mechanisms of aminoglycoside trafficking into hair cells and the intracellular events leading to their demise.

In the mammalian cochlea, the apical surface of sensory hair cells are located in an extracellular fluid compartment filled with a unique endolymph solution, comprised of high potassium (K+, replacing NaCl in normal extracellular fluid) and low calcium (Ca2+, 20 μM as compared to 1.2 mM in normal extracellular fluid; Sterkers et al., 1982, 1984). Also unique to this compartment is a high endocochlear potential (+80 mV), which serves to drive positively charged ions into the hair cell. The endolymph compartment is bordered on the lateral wall of the cochlea by the stria vascularis, which is essential for endolymph maintenance and production (Sterkers et al., 1982; Salt and Plontke, 2005). The endocochlear potential, established by high concentration of K+ ions (160 mM), is the major driver for sensory transduction. During sound stimulation, K+ ions flow down an electrochemical gradient into hair cells through mechanically-gated channels located in sensory hair cell bundles. These unique, mechanically sensitive channels are non-selective cation carriers, allowing other large positively charged molecules, like aminoglycosides, to enter the hair cell.

Aminoglycosides were first discovered and used clinically in the 1940s, yet today and over 50 years later, preventative options remain largely limited to monitoring of dose and treatment duration. Decades of research have established fundamental knowledge and we refer the avid readers to other excellent reviews (Huth et al., 2011; Stawicki et al., 2015; Wong and Ryan, 2015). This review article will highlight two main research areas aminoglycoside transport and intracellular targets, as well as detailing novel mechanisms, and their respective potentials and limitations as therapeutic targets.

Targeting the Stria Vascularis to Prevent Ototoxicity

The stria vascularis houses the major blood-labyrinth barrier (BLB)–a highly specialized capillary network that controls exchanges between blood and the interstitial space in the cochlea. The BLB is one of the first sites of aminoglycoside entry from the blood into the inner ear, a concept first proposed by Hawkins (1973) (Dai and Steyger, 2008; Wang et al., 2010). The BLB is strongly influenced by physiological factors such as active and passive membrane functions, ion channels, blood flow, inflammation, free radicals and possibly noise exposure (Abbott and Blakley, 2007; Shi, 2016). This structure is capable of affecting the pharmacokinetics of aminoglycosides in the inner ear, supported by evidence that endotoxin-mediated inflammation enhances aminoglycoside trafficking across the BLB and potentiates cochlear uptake of aminoglycosides and permanent hearing loss in mice (Koo et al., 2015). Data also shows that melatonin exacerbates aminoglycoside ototoxicity in vivo, among its many roles in the body melatonin acts as a vasoconstrictor and vasodilator (Erdem et al., 2005).

Aminoglycosides conjugated to fluorescent labels have been developed and proven to be a powerful tool in the study of aminoglycoside trafficking from the blood into the endolymph. The most commonly used fluorescent aminoglycoside is gentamicin sulfate conjugated to the Texas red fluorophore, so called Gentamicin Texas Red (GTTR; Sandoval et al., 1998; Dai and Steyger, 2008). Notably, owing the variable chemical composition of compounds marketed as “Gentamicin Sulfate”, GTTR is not one pure compound but contains a mixture of gentamicin compounds differing by methyl, amine and hydroxyl groups (Antec, 2014). Chemical limitations of the current synthesis method mean that the site to which the Texas red fluorophore is attached is unknown, moreover, it could be conjugated to one or more of the six amines on the structure of gentamicin (Sandoval et al., 1998; Dai and Steyger, 2008). Whilst the compound itself has purity and fluorophore-related limitations, the GTTR compound is an incredibly useful tool in tracing aminoglycoside transport in the cochlea.

Studies show that GTTR systemically administered is first found in strial capillaries before being distributed to the marginal cells in the stria vascularis and the endolymph (Dai and Steyger, 2008; Wang and Steyger, 2009). As noted earlier, aminoglycoside treatment is associated with nephrotoxicity and ototoxicity. Because of the commonality in genes expressed between the two tissues, it is hypothesized that agents that trigger a pathological change in one may similarly affect the other. In particular, there are similarities between the stria vascularis in the cochlea and the proximal tubules and loop of Henle of the kidney (Quick et al., 1973; Jentsch et al., 2004; Fahlke and Fischer, 2010). For example, both the stria vascularis and kidneys contain high levels of megalin, a vitamin D transporter that may play a role in aminoglycoside transport into the endolymph and megalin deficiency confers protection from aminoglycoside-induced nephrotoxicity (Mizuta et al., 1999; Schmitz et al., 2002). Closure or manipulation of vitamin D transporters or the stria vascularis as an entry pathway is not yet investigated but could serve as a mechanism to prevent aminoglycoside ototoxicity.

Targeting Mechanotransducer Channel Mediated Entry to Prevent Ototoxicity

As an otoprotective strategy, preventing aminoglycoside entry into hair cells has emerged as another research focus in recent years (Huth et al., 2015). Breakthroughs following this strategy stem from the knowledge pool gained on the mechanotransduction (MET) channel, an area we will briefly review below.

Aminoglycosides enter hair cells via the MET channel, a non-specific cation channel at the tips of the hair cell stereocilia that opens and closes in response to hair bundle deflection (Alharazneh et al., 2011; Vu et al., 2013; Marcotti et al., 2016). The molecular structure of this mechanically-gated channel has been the subject of much research and the protein composition of the MET channel in hair cells remains unclear (Fettiplace and Kim, 2014; Zhao and Müller, 2015). Nonetheless, studies have extensively characterized the biophysical properties of the MET channel and estimated its pore opening to be <1.70 nm and its narrowest portion at 1.25 nm (Farris et al., 2004; Marcotti et al., 2005). The MET channel pore dimension is thus large enough to accommodate the passage of dihydrostreptomycin, a four-ringed aminoglycoside whose end-on diameter was estimated at 0.8 nm (Marcotti et al., 2005). Whilst dihydrostreptomycin can fit through this pore, it also acts as a permeant channel blocker, i.e., it forms a temporary block that is reduced by high extracellular calcium, and is voltage dependent, decreasing at extreme positive and negative potentials (Gale et al., 2001; Ricci, 2002; Ricci et al., 2002; Marcotti et al., 2005). The ability of different aminoglycosides to serve as permeant blockers of the MET channel likely varies as a function of the chemical size and charge. An electrophysiology study showing a side-by-side comparison of aminoglycosides in terms of size and charge is lacking, only sisomicin and a novel derivative have been studied independently (Farris et al., 2004; Huth et al., 2015). Whether channel permeation by aminoglycosides correlates with the level of ototoxicity remains to be explored.

Aminoglycosides more readily enter hair cells in the base than the apex corresponding to larger transduction currents at the cochlear base, and the larger single channel conductance in basal outer hair cells (Ricci et al., 2003; Waguespack and Ricci, 2005; Beurg et al., 2006). This is also consistent with the findings that basal hair cells are more susceptible to damage by aminoglycosides and that patients experience hearing loss beginning at the high frequencies.

A number of critical experiments demonstrate the importance of the MET channel as a mechanism of aminoglycoside hair cell entry. First, using the GTTR compound, Alharazneh et al. (2011) found that aminoglycosides are rapidly taken up into hair cells within minutes in rat cochlear explants. Moreover a variety of MET channel blockers were observed to protect against hair cell loss in vitro, leading to the suggestion that channel blockers can be otoprotective. Blocking MET channels (e.g., with amiloride, quinine or curare) prevents aminoglycoside entry into hair cells and confers hair cell protection from various aminoglycosides (Alharazneh et al., 2011). However, the potential issue with using channel blockers for otoprotection is that many of the blockers used are toxic to humans and thus are not suitable as therapeutic agents. Second, the data indicating that calcium competes with aminoglycosides as a permeant blocker of the MET channel supports the role of MET channels in aminoglycoside entry (Ricci, 2002; Coffin et al., 2009). In mammalian studies, low calcium levels result in more robust drug uptake and toxicity and conversely, higher calcium levels, which decrease MET channel currents, were otoprotective (Ricci, 2002; Ricci et al., 2002; Vu et al., 2013). In other studies, decreased GTTR uptake is observed using high calcium in the extracellular solution, which also leads to a reduction in hair cell loss caused by aminoglycoside treatment in both the lateral line in vivo and cochlea in vitro (Coffin et al., 2009; Wang and Steyger, 2009; Ou et al., 2012). Thirdly, several genetic models with reduced or abolished MET channel function also demonstrate reduced aminoglycoside uptake and/or toxicity, such as those that result from Cadherin23 deletion, Myosin7a deletion, and Transmembrane channel-like proteins 1 and 2 double knockouts (Wang and Steyger, 2009; Kawashima et al., 2011; Vu et al., 2013; Marcotti et al., 2016). Taken together, these studies indicate that the MET channel is a major entry route for aminoglycosides into hair cells and that this mode of entry is required for hair cell toxicity (Figure 1).
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FIGURE 1. Mechanisms of aminoglycoside hair cell entry. Two prevailing mechanisms are reported to allow aminoglycosides to enter hair cells—the mechano-electric transducer (MET) channel and endocytosis. The MET channel located at the tips of hair cell stereocilia mediates the flow of ions (including aminoglycosides) from the endolymph compartment into hair cells. Endocytosis mediated drug entry occurs via the invagination of the cell membrane.



Leveraging knowledge of the MET channel biophysical properties, Huth et al. (2015) designed a new version of modified aminoglycosides and found that sisomicin derivatives were less toxic to hair cells in vitro and in vivo than the parent aminoglycoside. When compared to sisomicin, the lead compound N1MS was found to permeate the MET channel to a lesser degree than the parent compound sisomicin by electrophysiological measurements (Kd = 65.0 ± 17.7 vs. 96.1 ± 9.9 μM, respectively; Huth et al., 2015). However, they found that altering aminoglycosides could decrease their antimicrobial activities, or in the case of N1MS, shift its spectrum of activities (Huth et al., 2015). While this study shows that it is possible to separate aminoglycoside entry into hair cells from entry into bacteria, more work is needed to gain insights into the relationship between aminoglycoside structure and antimicrobial actions, in particular bacterial uptake. While different mechanisms of aminoglycoside uptake likely exist between bacteria and sensory hair cells, it is possible intracellular actions (e.g., aminoglycoside-ribosome interactions) between the two cell types are similar. We will discuss aminoglycoside-ribosome binding later in this review article. In general, these recent studies provide proof-of-principal data that ototoxicity and antimicrobial activity can be separated and also that by preventing aminoglycoside entry via MET channels, ototoxicity is greatly reduced.

Targeting Alternative Entry Routes to Prevent Ototoxicity

Endocytosis is another route of entry for aminoglycosides into hair cells (Figure 1), however, relative to MET channel-mediated uptake it is slower (Hashino and Shero, 1995; Alharazneh et al., 2011). Immunogold-labeling and GTTR-based experiments show the presence of aminoglycosides in membrane-bound vesicles beneath the cell surface of hair cells (Hashino and Shero, 1995). The number of aminoglycoside-containing vesicles appears to increase over time with a subset increasing in size, presumably as a result of aggregation (Hashino and Shero, 1995). Recent live imaging studies reveal that both endocytic and non-endocytic uptake of aminoglycosides occur, and that both mechanisms can result in accumulation of drug in lysosomes (Nagai and Takano, 2014; Hailey et al., 2017). Lysosomes are the primary degradative compartment of eukaryotic cells (Giraldo et al., 2014; Perera and Zoncu, 2016). Notably, identification of compounds in vesicles does not causally link to the mechanism of uptake as entry via MET channels or endocytosis. Evidence supporting the role of endocytosis in aminoglycoside ototoxicity include observations made in the kidney where aminoglycosides are endocytosed and subsequently accumulate within lysosomes of renal proximal tubular cells, leading to cell death (Moestrup et al., 1995; Nagai and Takano, 2014).

In addition to the MET channels, other ion channels are implicated in mediating aminoglycoside entry into hair cells. One such family is the transient receptor potential (TRP) channels, which are large calcium-permeant, cationic channels (Myrdal and Steyger, 2005; Karasawa et al., 2008). While various channels are implicated in mediating aminoglycoside transport in renal tubular cells in vitro, their exact roles in mediating aminoglycoside ototoxicity are unclear (Myrdal and Steyger, 2005; Karasawa et al., 2008). For example, activated TRPA1 channels allow GTTR entry when the MET channel is blocked (Stepanyan et al., 2011). Since TRPA1 channels can be activated by lipid peroxidation products, it is proposed that it can amplify aminoglycoside uptake in addition to MET channel in damaged hair cells (Stepanyan et al., 2011). Another candidate modulator is the chloride/bicarbonate exchanger Slc4a1b, which mediates aminoglycoside uptake in the kidney (Stehberger et al., 2007; Alper, 2009) and in hair cells in the zebrafish lateral line (Hailey et al., 2017). Although the Slc family proteins are expressed in the stria vascularis in the mammalian cochlea, their exact roles in aminoglycoside transport are unknown and warrant further investigation (Stankovic et al., 1997).

As a strategy for preventing ototoxicity, targeting endocytosis and other ion channels is challenging as these pathways are not specific to hair cells, nor do these entry mechanisms appear to be the most predominant in the hair cell. Moreover, preventing endocytosis pharmacologically may have off-target effects. As we move further down the chain of events in aminoglycoside ototoxicity the issue of off-target effects becomes larger and the challenge of preventing damage becomes arguably greater.

Targeting Intracellular Mechanisms to Prevent Ototoxicity

A plethora of cellular structures and metabolic pathways are implicated in aminoglycoside ototoxicity. Building on a large body of literature on the roles of reactive oxygen species, recent studies aiming at unraveling these mechanisms at the organelle (mitochondria and endoplasmic reticulum (ER)) and other subcellular levels (ribosome, membrane lipids and potassium channel interactions) may open the door to preventing ototoxicity (Huth et al., 2015; Stawicki et al., 2015; Wong and Ryan, 2015). As it is difficult to distinguish between mechanisms that are primary and secondary in hair cell stress, we have grouped the mechanisms by target.

Once inside the hair cell, aminoglycosides rapidly fill the cytoplasm (Alharazneh et al., 2011). As cationic molecules, aminoglycosides are drawn to negatively charged molecules such as DNA, RNA, negatively charged phospholipids and cationic binding sites (basic residues) in proteins. In addition to building up in the cytoplasm, reports of ER and mitochondrial stress suggest that aminoglycosides accumulate within these organelles (Figure 2; Guan et al., 2000; Esterberg et al., 2014). These organelles are concentrated at two key functional zones in the hair cell, the apical region below the cuticular plate and hair bundle, and the basolateral region near the synaptic complex.
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FIGURE 2. Mechanisms of aminoglycoside intracellular action. Many intracellular mechanisms may be involved in cochlear hair cell death, including mitochondrial and cytosolic ribotoxicity, mitochondrial and endoplasmic reticulum (ER) calcium signaling, lipid interactions and reactive oxygen species (ROS) production.



The mitochondrion is a dynamic, double membrane bound organelle that contains its own genome and translational apparatus (mitochondrial ribosome or mitoribosome; Anderson et al., 1981). The mtDNA is a closed circular molecule of 16,569 nucleotides that encodes proteins involved in oxidative phosphorylation (OXPHOS; Anderson et al., 1981). This organelle has many functions, most notably the production of ATP via OXPHOS, a pathway responsible for producing over 90% of cellular ATP. Other energetic mitochondrial functions are reviewed elsewhere (Wallace et al., 2010). On the other hand, the ER is one of the largest organelles in the eukaryotic cells (Oakes and Papa, 2015). It is a network of branching tubules and flattened sacs interconnected through enclosed spaces called the ER lumen, which plays major roles in protein folding and calcium regulation (Oakes and Papa, 2015).

Targeting the Ribosome to Prevent Ototoxicity

As in bacteria, an intracellular target for aminoglycosides in the mammalian cochlear hair cell is the ribosome. Ribosomes (~30% of eukaryotic cellular mass) decode genetic information and convert it into proteins (Kramer et al., 2009). Each cell contains up to 106 ribosomes and 5–9 amino acids are incorporated into proteins per second (Kramer et al., 2009). In bacteria, aminoglycosides bind to the small ribosomal subunit, where they disrupt the rate and accuracy of protein synthesis (Ogle and Ramakrishnan, 2005). In humans, a longstanding hypothesis of aminoglycoside ototoxicity is that hair cell dysfunction arises from a similar mechanism of action due to structural resemblances between eukaryotic and bacterial ribosomes (Hutchin et al., 1993; Prezant et al., 1993; Guan et al., 2000; Hobbie et al., 2006, 2008a,b; Greber et al., 2015).

Of the two types of ribosome (mitochondrial and cytoplasmic) in the eukaryotic cell, the mitoribosome was implicated in aminoglycoside ototoxicity in 1993 (Hutchin et al., 1993; Prezant et al., 1993). The strongest evidence supporting the role of the mitoribosome in aminoglycoside ototoxicity is antibiotic hypersensitivity in patients with the m.1555A>G mitochondrial DNA mutation (Hutchin et al., 1993; Prezant et al., 1993; Estivill et al., 1998). Patients with this mutation located adjacent to the aminoglycoside ribosomal binding site are particularly susceptible to aminoglycoside induced hearing loss. While the mitochondrial ribosomal transcript in eukaryotic cells normally differs from that in the bacteria, the m.1555A>G mutation re-establishes one of the evolutionarily lost bacterial-like base pairs in the mitoribosome (Figure 3). Consequently, the structure of mutant mitochondrial ribosomal transcript resembles that of the E. coli transcript, rendering the mitochondrial decoding site more susceptible to aminoglycoside binding, resulting in translational impairment and possibly increased sensitivity to aminoglycoside toxicity (Hutchin et al., 1993; Böttger, 2010). In patients with the m.1555A>G mutation, hearing loss can occur following a single dose (Usami et al., 1998).
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FIGURE 3. Aminoglycoside ribosome binding. Aminoglycosides can bind to several sites on ribosomes, with the primary prokaryotic binding site reported to be a conserved pocket in the A-site (red box) formed by helix h44 of the 16S rRNA in the small ribosomal subunit. At this site, the correct tRNA anti-codon is matched with the correct mRNA codon. (A,B) Tertiary (A) and secondary (B) structures of the bacterial A-site. In bacteria, aminoglycosides bind to three conserved nucleotides A1408, C1409 and G1491 (red). (C,D) Schematic depicting the tertiary (C) and secondary (D) structures of the mitochondrial A-site. In the human mitochondrial ribosome, patients with the m.1555A>G mutation have a new base pair formed which makes it resemble the bacterial ribosome. Four nuclear genes are reported to modify the penetrance of aminoglycoside related hearing loss (TRMU, MTO1, GTPBP3 and TFB1M), the tRNA and rRNA nucleotides modified by these enzymes are shown in orange.



Functional studies also support the role of the mitoribosome in aminoglycoside ototoxicity. In human blood and skin-derived cell lines aminoglycoside treatment impairs mitochondrial protein synthesis (Guan et al., 2000; Giordano et al., 2002). Also a series of cell free assays using ribosomal constructs show that aminoglycosides have higher binding affinities for m.1555G ribosomes, which are less accurate at selecting the cognate tRNA when exposed to aminoglycosides (Hobbie et al., 2008b). Based on these results, it is hypothesized that cochlear hair cell death occurs when the level of translation decreases to below a certain threshold level (Guan et al., 2000; Giordano et al., 2002).

Furthermore, genetic studies lend additional support for mitoribosomal involvement by indicating that the variable penetrance of aminoglycoside-related hearing loss is due to the nuclear genetic background. Currently, four nuclear-encoded modifiers have been identified: mitochondrial transcription optimization 1 (MTO1); GTP binding protein 3 (GTPBP3); 5-methylaminomethyl-2-thiouridylate methyltransferase (TRMU); and mitochondrial transcription factor 1 (TFB1M; Li and Guan, 2002; Bykhovskaya et al., 2004a,b; Guan et al., 2006). GTPBP3, MTO1 and TRMU are hypothesized to alter the penetrance of aminoglycoside-related hearing loss by altering the accuracy of tRNA anti-codon mRNA codon interactions in the A-site (Figure 3; Li and Guan, 2002; Bykhovskaya et al., 2004b; Guan et al., 2006). The TFB1M enzyme modifies two, highly conserved, adjacent residues on the 3’ end of the 16S rRNA (Figure 3), but it remains unclear how TFB1M modifies aminoglycoside-related hearing loss (Seidel-Rogol et al., 2003; Cotney et al., 2009; Metodiev et al., 2009; Raimundo et al., 2012; Sharoyko et al., 2014; Lee et al., 2015; O’Sullivan et al., 2015).

While the established model of aminoglycoside ototoxicity suggests that mitochondrial ribotoxicity triggers hearing loss, there is a growing body of evidence suggesting that the cytosolic ribosome may also be affected by aminoglycoside (Nudelman et al., 2010; Kandasamy et al., 2012; Francis et al., 2013; Shulman et al., 2014). The cytosolic ribosome is responsible for the synthesis of over 20,000 cytosolic proteins and its composition, origin and function are different from its mitochondrial and bacterial counterparts (Ramakrishnan, 2002; Greber et al., 2015; Khatter et al., 2015). Francis et al. (2013) showed that the degree of aminoglycoside toxicity correlates closely with the extent of inhibition of cytoplasmic protein synthesis using an in vitro model. A prime example of aminoglycoside cyto-ribosome interaction is the clinical application of aminoglycosides in “codon-read through” therapy as a treatment for genetic diseases such as Rett syndrome, cystic fibrosis and Duchenne muscular dystrophy (Burke and Mogg, 1985; Nudelman et al., 2010; Baradaran-Heravi et al., 2017). Here, the concept is that synthesis errors can suppress otherwise deleterious mutations, such as premature stop-codon mutations.

Current ribotoxicity paradigms indicate that aminoglycosides kill bacteria by binding to the bacterial ribosome causing mistranslation. It is reduced aminoglycoside affinities to the corresponding eukaryotic ribosome as well as differences in cell entry that provide the rationale for bacterial specificity of aminoglycosides. Several studies have characterized and developed aminoglycosides with lower affinities for the mitochondrial ribosome (Matt et al., 2012; Perez-Fernandez et al., 2014). For example, the veterinary aminoglycoside, apramycin, is less ototoxic to hair cells in vitro and in vivo, and the lower ototoxicity profile of this aminoglycoside can be attributed to the lower affinity of this drug for the binding pocket in the mitochondrial ribosome (Matt et al., 2012). To further the development of less ototoxic aminoglycosides, more detailed studies are needed to evaluate the contribution of mitochondrial and cytosolic translational inhibition in aminoglycoside ototoxicity as it is unclear which mechanism predominates in vivo.

In addition to modifying the aminoglycoside backbone to prevent ototoxicity, two other strategies may be employed to prevent the effects of aminoglycoside-induced ribotoxicity: increased ribosomal accuracy and increased tolerance by the cell for ribosomal errors. In the current model of ribosome related ototoxicity an increase in errors as a result of aminoglycosides triggers cellular dysfunction. Amino-acid mis-incorporations during translation naturally occur, one in every 1000–10,000 codons translated is mistranslated (Drummond and Wilke, 2009). Studies indicate that both bacterial and mammalian ribosomes have the potential to switch to hyper-accurate states (Ruusala et al., 1984; Lodmell and Dahlberg, 1997). Moreover, in cell lines carrying mitochondrial translational defects, amino acid supplementation is reported to increase the fidelity of mitochondrial translation and can rescue translation defects in vitro (Boczonadi et al., 2013).

Targeting the Other Intracellular Events to Prevent Ototoxicity

In addition to interaction with the mitochondrial and cytosolic ribosomes, many potentially overlapping cellular events likely occur upon aminoglycoside entry into the hair cell. We will briefly review these areas in this section.

Calcium Signaling

Calcium signaling is a key component in aminoglycoside induced cell death (Esterberg et al., 2013, 2014; Hailey et al., 2017). Calcium ions are important signaling molecules and in hair cells, precise regulation of Ca2+ concentrations is critical, e.g., Ca2+ defines the open probability of the MET channel (Ricci et al., 1998). Recent in vivo zebrafish experiments show Ca2+ levels are elevated in the ER following neomycin treatment and that the flow of Ca2+ between the ER and mitochondrion is a key event in aminoglycoside ototoxicity (Esterberg et al., 2013, 2014; Hailey et al., 2017). Esterberg et al. (2013) showed that in aminoglycoside-treated hair cells from the zebrafish lateral line, spikes in Ca2+ levels in the ER are followed by similar spikes in the mitochondria. Ca2+ spikes increase mitochondrial respiration, reactive oxygen species production and lead to a collapse in mitochondrial membrane potential, release of Ca2+ from these intracellular stores and subsequent cell death (Esterberg et al., 2013, 2014; Hailey et al., 2017).

Lysosomal Degradation

The lysosome controls the degradation and recycling of proteins and polysaccharides by intracellular autophagy (Giraldo et al., 2014; Perera and Zoncu, 2016). Damaged material is engulfed by autophagosomes via endocytic pathways, which then fuse with the lysosome and result in the recycling of amino acids and monosaccharides (Giraldo et al., 2014; Perera and Zoncu, 2016). Evidence for lysosomal involvement in ototoxicity arose from mechanisms associated with nephrotoxicity where aminoglycosides are known to be transported and accumulate within lysosomes of renal proximal tubular cells causing injury and necrosis (Moestrup et al., 1995). In aminoglycoside-treated hair cells, the antibiotic is also detectable in lysosomes (Hashino and Shero, 1995; Hashino et al., 1997, 2000; Steyger et al., 2003; Dai et al., 2006; Hailey et al., 2017). Interestingly, pharmacological inhibition of aminoglycoside uptake into lysosomes exacerbated hair cell death, implicating an important role of lysosomal degradation (Hailey et al., 2017).

Interactions with the Plasma Membrane, PIP2s and Potassium Channels

Aminoglycosides can also directly interact with membrane lipids. For example, they can induce rapid changes to the hair cell plasma membrane including phosphotidylserine externalization and membrane blebbing on the apical surface (Richardson and Russell, 1991; Goodyear et al., 2008). Aminoglycosides also bind to and alter the levels of phosphoinositides phosphatidylinositol-4,5-bisphosphate (PIP2) and phosphatidylinositol l-3,4,5-trisphosphate (PIP3; Schacht, 1976; Gabev et al., 1989). As PIP2 controls transduction and adaptation by hair cells, this may in turn affect drug uptake and hair cell viability (Hirono et al., 2004). Biochemical studies demonstrate that several aminoglycoside members bind to negatively charged phospholipid bilayers and inhibit the activity of lysosomal enzymes (Brasseur et al., 1984, 1985). In bacteria, studies show that aminoglycosides also bind to lipid bilayers (Sautrey et al., 2016).

In the mammalian cochlea, the potassium channel KCNQ4 is highly expressed in outer hair cells and KCNQ4 mutations cause human hereditary hearing loss (Kubisch et al., 1999; Kharkovets et al., 2000, 2006). One proposed etiology of hearing loss is outer hair cell death caused by KCNQ4 deficiency (Kharkovets et al., 2000, 2006; Nouvian et al., 2003). As the activity of several KCNQ isoforms including KCNQ4 is linked to PIP2 metabolism aminoglycosides may indirectly cause KCNQ4 dysfunction by disrupting PIP2 homeostasis and in turn induce outer hair cell death (Li et al., 2005; Suh et al., 2006). In support of this possible mechanism, like the KCNQ4 deficient cochlea, aminoglycoside ototoxicity typically displays outer hair cell loss in a basal-to-apical gradient (Kubisch et al., 1999; Kharkovets et al., 2000, 2006).

Free Radical Production

Changes in free radicals contribute to signaling and cell death pathways. Free radicals encompass both reactive oxygen species (ROS) and reactive nitrogen species (RNS), and it is the odd number of electron(s) of a free radical that makes it unstable, short-lived and highly reactive (Forge and Schacht, 2000; Huth et al., 2011; Phaniendra et al., 2015). Both ROS and RNS are required for normal cellular function (e.g., intracellular signaling) and their damaging capabilities are tightly regulated by the antioxidant system. However, when the antioxidant defense system is overwhelmed, free-radical induced oxidative stress occurs damaging the integrity of various cellular components including lipids, proteins and DNA, thus contributing to cell death. Aminoglycoside-induced ROS production has been heavily studied. ROS are electrophilic molecules generated by the partial reduction of oxygen to form superoxide, hydrogen peroxide, and hydroxyl radicals. There are multiple sources of ROS in the cell, including mitochondria, peroxisomes, the ER, and NADPH oxidase enzymes (Brand, 2010; Phaniendra et al., 2015). In most cell types, the mitochondrial OXPHOS system is the largest contributor to intracellular oxidant production, with superoxide radicals being produced at two major sites during electron transport, namely Complex I (NADH dehydrogenase) and Complex III (ubiquinone cytochrome c reductase; Brand, 2010; Jastroch et al., 2010).

Aside from drug monitoring, efforts aimed at preventing aminoglycoside ototoxicity have focused on mitigating the damage effects of ROS since in vivo and in vitro studies show ROS production in cochlear hair cells following aminoglycoside treatment (Rybak and Whitworth, 2005; Shulman et al., 2014; Esterberg et al., 2016). Protection against aminoglycoside ototoxicity has also been demonstrated by a wide array of antioxidants (e.g., lipoic acid, Coenzyme Q10, N-acetylcysteine, vitamin E and salicylates; Rybak and Whitworth, 2005; Sha et al., 2006; Noack et al., 2017). A growing number of reports indicate that the mechanism of ROS generation and the role of ROS in aminoglycoside induced cell death may be more complicated than initially proposed (Francis et al., 2013; Majumder et al., 2015; Esterberg et al., 2016). For example, in vitro experiments show the depletion of glutathione (a major ROS scavenger) does not increase susceptibility to aminoglycoside induced cell death suggesting alternate roles for ROS (Majumder et al., 2015).

DISCUSSION

Aminoglycoside ototoxicity represents one of the most common, preventable forms of drug-related hearing loss worldwide. Studies in recent years have catapulted our understanding of this disease entity and revealed novel therapeutic approaches. Many unanswered questions remain thus impeding antibiotic/otoprotectant design and development. To help coordinate a targeted approach to tackle these questions, we will discuss key focus areas that can hopefully direct efforts to accelerate the prevention of aminoglycoside ototoxicity.


1.   How are novel aminoglycosides less ototoxic? It remains incompletely understood how novel aminoglycosides that have been developed are less ototoxic (Matt et al., 2012; Perez-Fernandez et al., 2014; Huth et al., 2015). Not only will this shape the development of the next generation of safer aminoglycoside antibiotics but it will also be relevant to those using aminoglycosides for codon-read-through therapies for rare diseases (Baradaran-Heravi et al., 2017). Specifically, one will need to establish whether compounds with lower affinities for the mitochondrial ribosome also show less entry into hair cells (Matt et al., 2012; Perez-Fernandez et al., 2014). Conversely, understanding whether compounds less readily entering hair cells are also toxic to the human ribosome is equally important (Huth et al., 2015). For this work, an in vitro screening assay using cochleae from an m.1555A>G mouse model would be a powerful tool to assess the mitochondrial ribotoxicity of less toxic aminoglycosides, since hair cells with these mutations would be the most sensitive to compounds toxic to the mitochondrial ribosome. At present, this type of mouse model remains elusive owing to the limitations of mitochondrial DNA transformation (Holt and Jacobs, 2014).

2.   How do aminoglycosides travel from the blood to endolymph? Our insights into how various medications including ototoxins such as aminoglycosides and the anti-neoplastic agent cisplatin traverse the blood-labyrinth-barrier is quite limited. This is in part due to our incomplete knowledge of candidate transporters expressed in the stria vascularis. Efforts by several laboratories to investigate gene expression and function should aid our understanding of aminoglycoside entry into the endolymph, an area that holds significant promise in preventing aminoglycoside ototoxicity (Dai and Steyger, 2008; Li et al., 2011; Shi, 2016).

3.   How do aminoglycosides enter hair cells and bacteria? Strategies focused on modifying aminoglycosides to prevent entry into hair cells hypothesize that differences in aminoglycoside uptake likely exist between bacteria and sensory hair cells. In hair cells both the MET channel and endocytosis are potential entry pathways (Figure 1). In the bacteria the membrane transporters porins and mechanosensitive channels are reported to allow aminoglycoside entry into gram negative cells (Silver, 2016). Should entry in both cell types occur predominantly through channel-mediated pathways, electrophysiological studies showing the permeation properties of different aminoglycosides ranked in terms of size, charge and hydrophobicity would be particularly valuable for novel drug design. Electrophysiology studies are somewhat limited by the size of bacteria (0.8–2 μm) but techniques have been developed to record the activities of mechanosensitive channels in several bacterial species, including the MscS and MscL channels (Moe et al., 1998; Blount et al., 1999; Martinac et al., 2013).

4.   What are primary and secondary intracellular interactions? Many intracellular targets/mediators in hair cells are reported to be involved in aminoglycoside ototoxicity. This complexity has presented challenges in defining the molecular mechanisms, their temporal sequence, and also candidate therapeutic targets. It is also unclear if redundancy may exist and if aminoglycosides have multiple intracellular targets, making the efficacy of singular-target approaches uncertain. Nonetheless, one of the attractive targets for aminoglycosides is the ribosome, as biochemical and molecular evidence strongly suggest their interaction. Recent advances in cryo-electron microscopy may soon reveal aminoglycosides binding to the cytosolic and mitochondrial ribosomes in situ, results from which may inform binding patterns and potentially drug design/development (Greber et al., 2015).

5.   What is the true prevalence of ototoxicity? As discussed previously, the reported incidence of aminoglycoside-induced hearing loss varies widely and establishing the true prevalence of ototoxicity following aminoglycoside exposure is key. Estimates of ototoxicity in patients range between 2%–25% for hearing deficits and 1%–10% for vestibular dysfunction (Ariano et al., 2008). To move the development of therapeutic options forward (e.g., otoprotective compounds or less ototoxic antibiotics) and help guide public interventions, such fundamental knowledge is critical. For example, close to 100% of patients with the m.1555A>G mutation are reported to develop hearing loss following aminoglycoside exposure. However, for other patients, the incidence is significantly lower. In order to formulate a national policy on genetic testing for the mitochondrial m.1555A>G mutation in the context of aminoglycoside usage in neonatal intensive care, the contribution of m.1555A>G to deafness in neonates who are likely to have received multiple courses of aminoglycoside antibiotics is currently being assessed (Bitner-Glindzicz et al., 2014).



CONCLUSION

Tremendous genetic and functional work has shed light on the intricacies of aminoglycoside entry and action. This has facilitated the development of strategies with significant translational promise, in particular, the concept of modifying the aminoglycoside itself to prevent ototoxicity. The paradigm of modifying aminoglycoside antibiotics has been around for many years and nearly all antibiotics brought to market over the last 30 year have been variations on existing drugs (The Pew Charitable Trusts, 2016). However, it is only in recent years that this roadmap has been employed to reduce ototoxicity (Perez-Fernandez et al., 2014; Huth et al., 2015). In nature, aminoglycosides are modified by the living organisms (soil bacteria) that produce them. In industry, pharmaceutical companies have modified aminoglycosides (e.g., dibekacin, amikacin and netilmicin) synthetically to protect certain sites from aminoglycoside-modifying resistance enzymes and bolster antibacterial potency. Most recently, plazomicin, a semi-synthetic aminoglycoside with improved antibacterial efficacy has made it to a phase III clinical trials with readouts due in 2017 and 2018 (ClinicalTrials.gov, trial number NCT02486627 and NCT01970371). Should less ototoxic aminoglycosides with maintained or better antimicrobial potencies be developed, an accelerated track to clinical translation could be followed.

Going forward it is imperative that we continue to develop a better insight and scientific understanding of aminoglycoside entry and action, and that scientists modifying aminoglycosides to different ends continue to work together to develop compounds with better physiochemical properties. Whilst the development of life-saving antibiotics will always remain the priority, we owe it to our patients to continue to explore the possibility that a simple tag or chemical modification could limit the dramatic side effect that is aminoglycoside-related hearing loss—a global health problem.
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Reactive oxygen species are important elements in ototoxic damage to hair cells (HCs), appearing early in the damage process. Higher levels of natural antioxidants are positively correlated with resistance to ototoxins and many studies have shown that exogenous antioxidants can protect HCs from damage. While a very wide variety of antioxidants with different characteristics and intracellular targets exist, most ototoxicity studies have focused upon one or a few well-characterized compounds. Relatively little research has attempted to determine the comparative efficacy of large variety of different antioxidants. This has been in part due to the lack of translation between cell culture and in vivo measures of efficacy. To circumvent this limitation, we used an in vitro assay based on micro-explants from the basal and middle turns of the neonatal mouse organ of Corti to screen a commercial redox library of diverse antioxidant compounds for their ability to protect mammalian HCs from a high dose of the ototoxic antibiotic gentamicin. The library included several antioxidants that have previously been studied as potential treatments for HC damage, as well as many antioxidants that have never been applied to ototoxicity. The micro-explants were treated with 200 μM gentamicin alone, gentamicin plus one of three dosages of a redox compound, the highest dosage of compound alone, or were untreated. HC counts were determined before the gentamicin insult and at 1, 2, and 3 days afterward to evaluate the HC survival. From a total of 81 antioxidant compounds, 13 exhibited significant protection of HCs. These included members of a variety of antioxidant classes with several novel antioxidants, not previously tested on HCs, appearing to alleviate the damaging gentamicin effect. Some compounds previously shown to be protective of HCs were correspondingly protective in this in vitro screen, while others were not. Finally, one of the three pro-oxidant compounds included in the library as well as six antioxidants exhibited evidence of toxicity in the absence of gentamicin. The results demonstrate the wide variability in the ability of antioxidants to protect HCs from high-dose gentamicin damage, and identify promising candidate leads for further study as potential drug targets.

Highlights

• A medium-throughput assay based on micro-explants of the organ of Corti was developed to screen mammalian cochlear hair cells for protection from damage by ototoxins.

• Eighty one antioxidants and 3 pro-oxidants were evaluated for hair cell protection from high-dose gentamicin.

• Thirteen antioxidants were significantly protective, while 6 proved to be damaging.

• The use of a common assay permitted an evaluation of the relative capacity of different antioxidants for the protection of hair cells.

Keywords: inner ear, sensory cell, redox, ototoxicity, damage prevention, hair cell, screen

INTRODUCTION

Ototoxicity, hearing loss and vestibular disorders are significant side effects of a number of valuable medications. This includes important categories of drugs used to treat life-threatening illnesses, such as aminoglycoside antibiotics and platinum-based anti-neoplastic agents. Hearing loss due to aminoglycosides is estimated to occur in almost 50% of patients (Fausti et al., 1992), while the incidence of hearing loss following cisplatin or carboplatin treatment can be as high as 75–100% (McKeage, 1995; Rybak et al., 2009). The potential for ototoxicity can limit the use of these drugs. If their use is unavoidable, it can result in hearing loss up to and including complete deafness. Vestibular disorders are also a common side effect (Schacht et al., 2012).

The most vulnerable elements of the inner ear to ototoxic drugs are the sensory HCs (Wong and Ryan, 2015). The cellular mechanisms that underlie HC damage are incompletely understood. However, there is extensive evidence that ototoxins induce the formation of ROS as an early step in the damage course. ROS formation precedes visible damage to the cell by up to 24 h (h) (Choung et al., 2009), consistent with an early role. The antioxidant glutathione increases in HCs from the base to the apex of the cochlea (Sha et al., 2001a), while sensitivity to ototoxins decreases from base to apex (e.g., Ryan and Dallos, 1975). In animals, treatment with antioxidants or the upregulation of antioxidant genes has been convincingly shown to delay or prevent ototoxin-induced HC loss (e.g., Garetz et al., 1994a,b; Rybak et al., 1999; Sha et al., 2001b).

This success in animal experiments has led to a limited number of clinical trials that have evaluated the effects of antioxidant treatment on ototoxic or noise-induced HC and hearing loss. Kocyigit et al. (2015) reported that NAC provided a degree of protection against amikacin ototoxicity at the highest frequencies tested. A trial of NAC in military trainees undergoing firearms training also showed some degree of protection (Lindblad et al., 2011). In contrast, a recent trial of NAC versus placebo treatment prior to stapedectomy, where drilling noise and surgical trauma can produce sensorineural hearing loss, showed an equivalent level of hearing loss (∼10 dB) in both groups, and thus was unable to demonstrate a protective effect (Bagger-Sjöbäck et al., 2015). Kramer et al. (2006) found no effect of NAC on temporary threshold shift induced by loud music.

The reasons for the variability in clinical trial results are unclear. However, the degree of experimental control in clinical trials is much less than that in animal studies. Another possibility is that the antioxidant dose actually reaching the cochlea after systemic administration may be non-optimal. Moreover, different antioxidants can exert their effects via several distinct mechanisms and targets. This includes scavenging the radical species that initiate peroxidation, quenching singlet oxygen, chelating metals, breaking free radical chain reactions, reducing the concentration of O2, preventing oxidation of proteins or DNA, and/or stimulating endogenous antioxidant enzymes (Lü et al., 2010). Because antioxidants may employ one or more of several mechanisms, differences in their effectiveness may vary with differences in the cellular processes involved.

It should also be noted that while many antioxidants have been tested for their ability to protect HCs, there are many other compounds with antioxidant properties. Moreover, few studies have compared HC protection by antioxidants in a standardized model, so that relative effectiveness can be estimated. For the reasons noted above, differences in their potential for HC protection seem likely. Hence, a comparative screen of a large number of antioxidants using a standardized model of HC damage could identify novel antioxidants with protective properties and might also provide evidence regarding differences in protective efficacy.

To address these issues, we screened a commercial library of antioxidants in a single model of aminoglycoside-induced HC damage. Micro-explants from the neonatal murine oC were exposed to a high dose of the ototoxic aminoglycoside gentamicin to elicit oxidative stress. We used a transgenic mouse line in which HCs express GFP under the control of a HC-specific promoter (Masuda et al., 2011). This allowed for visualization of HC loss over the course of gentamicin treatment in culture. HC loss was compared between micro-explants without any treatment, with gentamicin treatment alone, or with gentamicin and antioxidant co-treatment. This allowed us to determine the relative efficacy of the 81 different antioxidants and 3 pro-oxidants to influence HC viability.

MATERIALS AND METHODS

Animals

Experiments were performed on transgenic animals in which eGFP was selectively expressed in HCs under the control of a pou4f3 promoter construct (Masuda et al., 2011). All experiments were performed to National Institutes of Health guidelines and approved by the Institutional Animal Care and Use Committee of the VA San Diego Medical Center.

Micro-Explant Preparation

The oC was dissected from the cochleas of postnatal day 3–5 pou4f3/eGFP mouse pups. The apical region of each epithelium, which is relatively insensitive to aminoglycoside toxicity, was discarded. The basal and middle regions of the epithelium were divided using a diamond scalpel into micro-explants consisting of approximately 20 inner HCs and the 60 associated outer HCs. Micro-explants were individually plated in each well of a flat-bottom 96 well plates in media consisting of DMEM F-12 (Gibco) plus 30 U/ml Penicillin and 5% FBS, maintained in a humidified tissue culture incubator (37°C, 5% CO2).

Redox Library Screening

Screening was performed using the Screen-Well Redox Library (BML-2835, Enzo Life Sciences, Farmingdale, NY, United States). The library consists of 81 antioxidant and 3 pro-oxidant compounds. The library represents a variety of classes of compounds, including some that have been shown previously to protect HCs from damage. This includes glutathione (Garetz et al., 1994a), α-lipoic acid (Rybak et al., 1999), α-tocopherol (Fetoni et al., 2003), D-methionine and ebselen (Kopke et al., 1997). Many pharmacological compounds that had not been previously applied to HC protection were also present, providing the opportunity to identify new protective compounds discovery and repurposing. The compounds present in the library are listed in Supplementary Table 1. Test compounds were initially dissolved in DMSO and diluted in culture media with the total amount of DMSO adjusted to a final concentration of 0.1%.

Each experimental oC micro-explant was pretreated for 24 h with one of the library compounds at concentration of 10, 100, or 1000 μM, performed in triplicate wells. The next day, the media were withdrawn, fresh media containing 200 μM gentamicin plus the pharmacological compound with the appropriate concentration was added, and the micro-explants were cultured for 72 h. Untreated (negative) controls were maintained in media alone and positive controls were treated with 200 μM gentamicin alone. Media for both control groups contained 0.1% DMSO, to match the experimental groups. Compounds were screened in duplicated 96-well plates with seven compounds per plate, plus controls. The size of the testing plates and performance of experiments on different days and with different media or gentamicin batches required replication of both control conditions on each plate, for comparison with the results from the compounds evaluated on that plate.

Green florescent protein-positive HCs were imaged by fluorescence microcopy on each day of treatment, and survival curves were generated for each compound and condition. HC counts, including both inner and outer HCs, were evaluated in ImageJ, and normalized as percentages to the number of HCs present on D1, prior to the start of gentamicin treatment. Any micro-explants that did not attach and flatten in the well by D1 were excluded (usually less than 3% per plate), because HC counts could not be accurately quantified at that time. There were sufficient wells on each plate that three micro-explants per condition could almost always be accommodated even with some unattached samples.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6, StatView 5, using the Kruskal–Wallis non-parametric ANOVA to detect treatment effects. Individual condition comparisons were performed using the Mann–Whitney U test, with correction for multiple comparisons. For purposes of the figures, standard deviations were calculated from the non-normalized HC counts.

Validation

Redox compound “hits” were identified in the initial round of screening as deviating significantly from the controls. Following this initial identification, repeat plates were prepared in an identical manner for all hits, for a total N of 6 micro-explants. Statistical analysis was then repeated. Hits that demonstrated a repeatable effect in the following round were considered to be confirmed.

RESULTS

Control Micro-Explants and Gentamicin Cytotoxicity

Imaging of GFP-positive HCs in control wells typically showed HC survival similar to that illustrated in Figure 1. Untreated (negative control) micro-explants maintained only in culture media showed near-complete HC survival from D1-D3, with some HC loss on D4. In contrast, HCs treated with 200 μM gentamicin (positive control) showed significant losses by D1, and severe losses by D2 and D3. HC counts from negative and positive control micro-explants in each plate were generated, converted to percent survival relative to Day 1 (D1, just prior to gentamicin exposure), and averaged across all plates. The results are illustrated in Figure 2. Negative controls showed high levels of HC survival on both D2 (96%) and D3 (93%). By D4, negative control micro-explants showed somewhat reduced HC survival (71%). Positive control micro-explants showed significantly reduced survival on D2, after 24 h exposure to gentamicin (53%), and significantly lower survival on D3 after 48 h gentamicin exposure (14%). D4 gentamicin showed continued loss of GFP-positive cells (8%). As expected, Kruskal–Wallis non-parametric ANOVA and Mann–Whitney post hoc tests showed a highly significant difference between negative and positive controls from D2–D4 (p < 0.0001). It should be noted that variation in controls was noted, as can been seen in later figures. In particular, some negative controls showed HC loss on D3 greater than the average range, while some positive controls showed HC loss on D1 that was less than the average range. This is reflected in the greater variation shown in Figure 2 for those time points. However, data were always compared statistically to positive controls from the same plate, which were generated with the same batches of media and gentamicin.
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FIGURE 1. Control cultures. Montage of a typical negative control oC micro-explant (top) and a 200 μM gentamicin-treated positive-control micro-explant (bottom), illustrating GFP-positive HCs from D1 (just prior to addition of gentamicin to the positive controls) to D4. In the negative control, there is modest loss of HCs, primarily on D3 and D4. In the positive control, HC loss is significant by D2 and near-total on D3 and D4.
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FIGURE 2. Control culture cell counts. All of the positive and negative control oC micro-explants from all plates were counted and the results pooled to illustrate the control survival curves between D1 and D4. Data points represent medians, and error bars present the interquartile range.



Library Results

Of the 81 antioxidants and 3 pro-oxidants in the redox library, 68 antioxidants and 2 pro-oxidants had no effect on either untreated or gentamicin-treated micro-explants. Two examples of antioxidants with no effect are illustrated in Figures 3, 4. Micro-explants treated with the highest concentration of each antioxidant (1000 μM) exhibited HC counts very similar to that seen for negative control micro-explants cultured in media alone. Micro-explants treated with three concentrations of each antioxidant plus 200 μM gentamicin showed HC counts that were similar to that observed with gentamicin alone.
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FIGURE 3. Normalized D1-4 HC survival curves for two antioxidants (canthatraxin and terbinafine HCl) that had no significant effect on normal or gentamicin-treated micro-explants. HC survival with 1000 μM of the compound alone (open green circles) was not significantly different from an untreated, negative control micro-explant (open black circles). Treatment with the compound at 10 μM (solid red circles), 100 μM (solid blue) or 1000 μM (solid green) plus 200 μM gentamicin was not significantly different from 200 μM gentamicin alone (solid black). N = 6 micro-explants per data point.
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FIGURE 4. Montages illustrating representative oC micro-explants treated with 1000 μM canthatraxin alone, or 100 μM terbinafine HCl plus 200 μM gentamicin, for 72 h.



Thirteen antioxidants exhibited statistically significant protection of HCs in micro-explants treated with both the compound and gentamicin. The results for these compounds are illustrated in Figure 5, arranged in order of degree of HC protection. Seratrodast and idebenone exhibited the strongest protection from gentamicin toxicity, which was complete at 1000 μM, the highest dosage tested, and, also, significant at 100 μM. However, idebenone alone appeared to reduce HC survival on D4. Resveretrol, BHA, α-lipoic acid, hinokitiol, BHT, dithiotreitol and MC-186 were strongly protective at some gentamicin exposure times and antioxidant dose concentrations. However, at the highest concentration tested, MC-186 significantly enhanced early HC loss due to gentamicin. Procysteine and trolox were more modestly protective at some times and concentrations, while thiourea and thymoquinone were protective only at 24 h, and only for the lowest antioxidant concentrations. Examples of two micro-explants that were protected by antioxidants are presented in Figure 6.
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FIGURE 5. (A–C) Normalized D1–4 HC survival curves for 13 compounds that showed significant protection from gentamicin. The data also illustrate the variability seen in positive in negative controls. This variability necessitated the use of separate controls for each plate in our assay. N = 6 micro-explants/data point.
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FIGURE 6. Montages illustrating representative micro-explants treated with 100 μM seratrodast plus 200 μM gentamicin or 1000 μM hinokitiol plus 200 μM gentamicin, for 72 h.



The pro-oxidant β-lapachone and the antioxidants disuliram, ferulic acid ethylester, gossypol, gentisisc acid and caffeic acid were significantly toxic to HCs in the absence of gentamicin, although none significantly worsened gentamicin-induced HC damage. HC survival curves for the pro-oxidant and two damaging antioxidants are presented in Figures 7. Image montages demonstrating the HC toxicity after treatment with lapachone alone, or ferulic acid ethylester alone, for 72 h, is seen in 8.
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FIGURE 7. Normalized D1–4 HC survival curves for 1 pro-oxidant (β lapachone) and 2 representative antioxidants (ferulic acid ethylester and gentisisc acid). When each of these compounds was applied to micro-explants in the absence of concurrent gentamicin, far more HC damage was observed than in untreated (negative controls) micro-explants. N = 6 micro-explants/data point.
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FIGURE 8. Montages illustrating representative oC micro-explants treated with 1000 μM β-lapachone alone, or 1000 μM ferulic acid ethylester alone, for 72 h, illustrating HC toxicity without gentamicin.



DISCUSSION

Summary

We have developed an assay based on micro-explants of the neonatal mouse oC to screen a variety of antioxidants for their ability to alter aminoglycoside damage to mammalian cochlear HCs in vitro. All significantly positive “hits” were confirmed by re-screening. This resulted in the identification of 13 out of 81 antioxidants that offered significant protection against gentamicin-induced HC damage. In addition, we identified several antioxidants that showed evidence of toxicity in our assay, even in the absence of gentamicin. Some of the protective antioxidants identified in the screen have been studied previously and a protective role identified in vitro or in vivo. The HC protective role of others is identified here for the first time. The screen also provides comparative information on the protective capacity of antioxidants, under the conditions tested, with some antioxidants offering significant superior protection.

Mammalian Organ of Corti Micro-Explant Assay

Many assays for the evaluation of compounds on HCs have been developed. The assay presented here, like any preclinical assay, has both advantages and disadvantages. A key advantage of the micro-explant screening assay is that it employs mammalian HCs rather than HCs from different animal classes or mammalian cell lines. This is important since mammalian HCs, and especially cochlear HCs, are quite different from the HCs of different animal classes such as birds or fish. The outer HC, the most vulnerable element in the mammalian cochlea, is not present in other classes of animals. HCs are of course quite different from mammalian cell lines. Thus, it might be argued that an assay based on the mammalian oC gives results more applicable to humans.

Another advantage of the model is the ability to evaluate the effects of a much larger number of compounds than can be achieved with an in vivo mammalian model. This is because several explants can be generated from each murine oC. While the assay is by no means high-throughput, it would allow the screening of a few hundred compounds. Because the assay is uniform, it allows not only hit identification, but also information on relative effectiveness. Thus, we found that seratrodast and idebenone were the most effective HC protectants under the conditions of this assay. Since seratrodast has not been studied as a HC protectant in the past, this compound, plus other novel antioxidants identified, deserve more extensive study.

Of course, there are also disadvantages to this assay system. Since adult HCs do not survive in culture, the assay is based on neonatal HCs that are not yet functionally mature. They may respond differently to gentamicin or to antioxidants than adult HCs. In addition, the number of compounds that can be tested is limited. Thus, screening very large compound libraries is beyond the capacity of our method. Similarly, including a very large number of conditions, such as a large range of gentamicin dosages, would be difficult when also varying compound concentrations. Finally, this is a screening assay, which as with all screens does not provide definitive data, but rather identifies candidates that warrant further study. These limitations must be considered when interpreting the results of the assay.

HC Protective Antioxidants

A relatively small number of antioxidants among those tested proved to be protective to HCs. The range of protection varied from nearly complete to modest. There was no single category of antioxidant that proved to be superior to others. Several different categories of antioxidants were represented in the protective compounds. Moreover, often some antioxidants of the same class were found to have no effect on HC survival, or even in a few cases to be harmful. Hence, the mechanism of protection is believed to be associated with their antioxidant capacity but is not fully understood.

Seratrodast

Seratrodast is a quinone antioxidant, and was one of the most protective compounds identified in the screen. It has not previously been studied as a protective agent for HCs. Seratrodast acts as a free radical scavenger. It is not only an antioxidant, but also a blocker of the thromboxane A2 receptor and is used in the treatment of asthma. While thromboxane A2 has been implicated in vascular disorders of the inner ear (e.g., Umemura et al., 1993), it has never been associated with ototoxicity. It therefore seems likely that the protective effects of seratrodast are related to its antioxidant properties.

Idebenone

Idebenone, is a quinone antioxidant and a synthetic analog of co-enzyme Q. It is a free radical scavenger that was also highly effective in protecting against high-dose gentamicin-induced HC damage in the assay. Sergi et al. (2006) found that systemically administered idebenone provided protection against noise-induced hearing loss in guinea pigs. Since this protection was not additive with that of α-tocopherol (vitamin E), it was assumed that their mechanisms of action were overlapping. There has been no previous study of idebenone as a HC protectant against ototoxins.

Resveratrol

Resveratrol is a naturally occurring stilbene polyphenolic antioxidant that acts as a free radical scavenger. It was very effective in protecting HCs from gentamicin toxicity. A number of studies have shown resveratrol to be protective against various forms of HC damage including cisplatin (Yumusakhuylu et al., 2012) and noise (Hanci et al., 2016) in vivo, as well as gentamicin in vitro treatment (Bonabi et al., 2008). In addition to its antioxidant properties, resveratrol has been shown to activate sirtuin-1 and to de-acetylate NFκB, and these properties have been implicated in the protection of HCs from anoxic damage (Wang et al., 2013).

Butylated Hydroxyanisole

Butylated hydroxyanisole is a phenolic antioxidant and potent free radical scavenger that is often used as a food additive to prevent oxidative damage, especially to lipids. It was a very effective HC protectant against high-dose gentamicin. BHA has not previously been studied as a HC protectant. Reports that BHA is a carcinogen at high levels have since been repudiated, but they led to limits on permissible BHA levels and a decline in BHA use in some foods from the 1990s (Hui, 2006).

DL-α-Lipoic Acid

DL-α-lipoic acid is a sulfur-containing antioxidant. It is a free radical scavenger and metal chelator that also enhances intracellular levels of glutathione (Shay et al., 2009). It was very protective of HCs against high-dose gentamicin. There have been numbers of studies of α-lipoic acid as a protective agent against cisplatin ototoxicity (see Rybak et al., 2009 for a review). Other animal studies have evaluated this compound as a protectant against age-related hearing loss (Ahn et al., 2008) and cochlear implant trauma (Chang et al., 2017).

Hinokitiol

Hinokitiol (β-thujaplicin) is a naturally occurring antioxidant, found in the heartwood of certain plants. It acts as a metal chelator and, also, enhances the activity of superoxide dismutase (Huang et al., 2015). It was found to be very protective in the assay. It has not been previously studied as a HC protectant. In addition to its antioxidant properties, hinokitiol has been shown to reduce inflammation via suppression of NFκB, and metalloproteinases, and to activate caspase 3. The former activities could contribute to its protective effect.

Butylated Hydroxytoluene

Butylated hydroxytoluene is a phenolic antioxidant and potent free radical scavenger that, like BHA, is a frequent food additive. It was moderately effective in the prevention of HC damage in the assay. It has not previously been studied as a HC protectant.

Dithiotreitol

Dithiotreitol is a thiol-containing, reducing agent that is a free radical scavenger and metal chelator. It was moderately protective in the assay. It has not previously been evaluated for its ability to protect HCs.

MC-186

MC-186 (MCI-186; edaravone) is a non-phenolic antioxidant. It is a potent free-radical and protein carbonyl scavenger and inhibitor of lipid peroxidation that is used in clinical trials for the treatment of chronic obstructive pulmonary disorder. It was moderately protective against high-dose gentamicin damage to HCs. Several previous studies have shown MC-186 to be protective against various forms of HC damage (e.g., Maetani et al., 2003; Horiike et al., 2004; Takemoto et al., 2004; Masuda et al., 2006).

Procysteine

Procysteine (L-2-Oxothiazolidine-4-carboxylic acid, OTC) is a glutathione precursor that promotes rapid restoration of intracellular glutathione levels following depletion by ROS. Procysteine has been shown to reduce threshold shifts and HC loss following noise exposure in guinea pigs (Yamasoba et al., 1998), and to protect HCs in zebrafish from ototoxins (Ton and Parng, 2005).

Trolox

Trolox is a water-soluble, short chain vitamin E analog. It is a potent free radical scavenger. It was modestly protective in the assay. It has previously been shown to slightly inhibit HC damage due to gentamicin in vitro (Garetz et al., 1994b) as well as cisplatin- (Teranishi and Nakashima, 2003) and noise-induced (Yamashita et al., 2005) cochlear damage in vivo.

Thiourea

Thiourea is a thiol-containing reducing agent and free radical scavenger. It was modestly protective in the assay. Thiourea is toxic when administered at high systemic dosages. It preferentially inhibits the peroxidase in the thyroid gland and thus inhibits thyroxine production. The reduced synthesis of thyroid hormone causes an increased pituitary secretion of thyreotropic hormone and so hyperplasia of the thyroid which, on continuous stimulation in animals, can lead to tumor formation and, in man, to various thyroid-treated illnesses (Peters et al., 1949). However, intracochlear thiourea has been found to protect against cisplatin-induced HC loss in vivo (Ekborn et al., 2003).

Thymoquinone

Thymoquinone is a quinone antioxidant. It was minimally effective in our assay, showing protection only after 24 h of gentamicin treatment, and only at the lowest dosage. It is therefore possible that this represents a false positive. However, thymoqunone has previously been shown to protect HCs against damage due to gentamicin (Sagit et al., 2014), cisplatin (Sagit et al., 2013), and noise (Aksoy et al., 2015) in vivo.

It should be noted that some of the antioxidants that failed to exhibit protection have been shown in previous studies to protect HCs and hearing. Consequently, their failure to provide protection in our assay was unanticipated and surprising. Nonetheless, there are many potential explanations for these differences. They may be related to the relatively high concentration of gentamicin employed in our assay (200 μM), which presumably provided a very strong oxidative stress response. Differences could also be related to the in vitro nature of our assay, specific culture conditions, redox compound effective concentrations, species differences between mice and other animal models or humans, or to the use of neonatal as opposed to adult HCs.

Antioxidants as HC Protectants

The range of protective and toxic responses observed in the assay illustrates the complexity of antioxidative compounds and their underlying mechanisms. Antioxidant effectiveness depends on several important intrinsic factors: permeability, activation energy, rate constants, molecular stability, oxidation–reduction potential, and solubility (Nawar, 1996). These functional factors are in turn closely related to the antioxidant molecular structure. Those antioxidants capable of interrupting the free radical chain reaction are usually the most effective (Brewer, 2011). They are characterized by aromatic or phenolic rings and act by donating a hydrogen atom to free radicals formed during oxidation. In the process, they transition into a radical form themselves; however, these radical intermediates are stable due to resonance delocalization of the extra electron within the aromatic ring and subsequent formation of stable quinones (Nawar, 1996). The most effective phenolic antioxidants have low oxidation-reduction potentials and OH groups in the ortho-position on the B phenolic ring. Phenolic antioxidants were well represented in our protective antioxidants. However, our two most effective antioxidants were quinone antioxidants. While they both possess an aromatic ring, the rings themselves are not characterized by OH groups, which lie elsewhere on the molecule.

As noted above, antioxidants also vary considerably in their mechanisms. These include scavenging the species that initiate peroxidation, quenching singlet oxygen, metal chelating, interrupting free radical chain reactions, and reducing oxygen concentrations (Badarinath et al., 2010). Antioxidants are not all equally powerful in reacting according to these varied mechanisms. For example, phenolic acids effectively trap free radicals but are not efficient metal chelators, while flavonoids can both scavenge free radicals and chelate metals efficiently (Brewer, 2011). Antioxidants can also differ in their ability to access the intracellular environment, and exhibit different half-lives. Finally, as noted above for some of the protective compounds, antioxidants can also have effects on cells that are not related to their antioxidant properties. This complexity makes the choice of antioxidants to employ difficult. The value of a broad screen, as employed here, is that no a priori knowledge of the properties of an antioxidant are required, and unexpected results may be obtained.
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Previous studies have reported that modification of histones alters aminoglycoside-induced hair cell death and hearing loss. In this study, we investigated three FDA-approved histone deacetylase (HDAC) inhibitors (vorinostat/SAHA, belinostat, and panobinostat) as protectants against aminoglycoside-induced ototoxicity in murine cochlear explants and in vivo in both guinea pigs and CBA/J mice. Individually, all three HDAC inhibitors reduced gentamicin (GM)-induced hair cell loss in a dose-dependent fashion in explants. In vivo, however, treatment with SAHA attenuated neither GM-induced hearing loss and hair cell loss in guinea pigs nor kanamycin (KM)-induced hearing loss and hair cell loss in mice under chronic models of ototoxicity. These findings suggest that treatment with the HDAC inhibitor SAHA attenuates aminoglycoside-induced ototoxicity in an acute model, but not in chronic models, cautioning that one cannot rely solely on in vitro experiments to test the efficacy of otoprotectant compounds.

Keywords: ototoxicity, HDAC inhibitors, prevention of aminoglycoside-induced hearing loss, modification of histone acetylation, acute and chronic animal models

INTRODUCTION

Aminoglycoside antibiotics continue to be indispensable drugs for treatment of acute infections and for specific indications such as treatment of tuberculosis or Pseudomonas infections in patients with cystic fibrosis, owing to their broad antibacterial spectrum and efficacy against resistant bacterial strains. However, their use has been limited due to ototoxic and nephrotoxic side effects. A pathological feature of aminoglycoside-induced ototoxicity is loss of mechanosensory hair cells in the inner ear, resulting in hearing loss and vestibular dysfunction. Since mammalian cochlear sensory hair cells lack the ability to regenerate, the loss of or damage to sensory hair cells is permanent. Although there have been efforts to find potential therapies to mitigate these side effects, no established clinical therapies for prevention or amelioration are yet available.

Gene expression can be modulated by epigenetic changes in response to physiological and metabolic demand or to environmental stimuli. For example, gene expression is silenced by condensing chromatin, methylating DNA, or deacetylating histones. Conversely, histones may be acetylated and chromatin will unravel to facilitate gene transcription. Two types of enzymes can modulate the acetylation status of histones: (1) Histone acetyltransferases (HATs) add acetyl groups to lysine residues on the histone tails, facilitating the binding of transcription factors to nucleosome DNA and activate transcription. (2) Histone deacetylases (HDACs) remove the acetyl groups, promoting chromatin condensation, and reduce transcription (Marks et al., 2001).

An imbalance of histone acetylation has been linked to a variety of diseases. For example, deficient histone acetylation is found in cancer and progressive neurodegenerative diseases, such as Parkinson and Alzheimer’s diseases (Falkenberg and Johnstone, 2014). Our previous research has found that aminoglycoside antibiotics increased HDAC1, HDAC3 (class I HDACs) and HDAC4 (class II HDAC) in outer hair cells (OHCs) and reduced histone acetylation. The HDAC inhibitors trichostatin A and sodium butyrate rescued OHCs during acute aminoglycoside toxicity (Chen et al., 2009). These two drugs are highly toxic and rarely used in the clinic. However, in recent years, several less toxic HDAC inhibitors have been tested in clinical trials or are already approved by the FDA for the treatment of cancer. Among these, SAHA (vorinostat) attenuated hearing loss in mice caused by treatment with the combination of kanamycin (KM) and furosemide or by noise (Layman et al., 2015; Wen et al., 2015; Chen et al., 2016).

In order to provide basic information on the potential of HDAC inhibitors as therapeutic protectants, we evaluated three of these inhibitors (SAHA, belinostat, and panobinostat), which specifically inhibit HDAC subtypes I, II, and IV, for their likely protective effects during aminoglycoside challenge to organ of Corti explants. We then assessed the protective effects of SAHA in vivo both in guinea pigs and CBA/J mice in chronic hearing-loss models that we have previously established (Sha et al., 2001; Wu et al., 2001).

MATERIALS AND METHODS

Animals

For breeding, sexually mature male (6-week-old) and female (8-week-old) CBA/J mice were purchased from Harlan Sprague Dawley Incorporation (Indianapolis, IN, USA). For KM in vivo trials, male CBA/J mice at 4 weeks of age were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Male Hartley guinea pigs (200–250 g) were purchased from Charles River (Wilmington, MA, USA). All animals were kept at 22 ± 1°C under a standard 12-h light/12-h dark schedule and had free access to water and a regular mouse (Harlan 2918) or guinea pig diet (#5025; 18.5% protein; Purina, St. Louis, MO, USA). All experimental protocols and all compounds used were approved either by the University of Michigan Committee on the Use and Care of Animals (UCUCA) or the Institutional Animal Care & Use Committee at the Medical University of South Carolina (MUSC). Animal care was under the supervision of the University of Michigan’s Unit for Laboratory Animal Medicine (ULAM) or under the supervision of the Division of Laboratory Animal Resources at MUSC.

Organotypic Cultures of Post-Natal Murine Organ of Corti

The culture procedures have been described in detail (Chen et al., 2009). In brief, postnatal day 3 (p3) CBA/J pups were euthanized after antisepsis using 70% ethanol. Inner ears were extracted from surrounding tissue and immersed in cold Hank’s balanced salt solution. The lateral wall tissues (stria vascularis and spiral ligament) and the auditory nerve bundle were micro-dissected from the organ of Corti. The explants were placed onto a prepared culture dish containing a 15-μL polymerized drop of rat tail collagen in 1 mL of culture medium consisting of Basal Medium Eagle, 1% serum-free supplement (Invitrogen, Carlsbad, CA, USA), 1% bovine serum albumin, 5 mg/mL glucose, and 10 U/mL penicillin G. After 4 h of incubation (37°C, 5% CO2), an additional 1 mL of medium was added to submerge the explants.

Treatment of the Explants

Explants were incubated for 2 days to recover from dissection stress before administering HDAC inhibitors and gentamicin (GM; Sigma-Aldrich Co., St. Louis, MO, USA). The medium was then exchanged for new medium containing a final concentration of 4.5 μM GM with or without various concentrations of the HDAC inhibitors and incubated for 72 h. The stock solutions with 95 mM of SAHA/vorinostat (Cayman Chemical, Ann Arbor, MI, USA), 100 mM of belinostat (Selleckchem, Houson, TX, USA), and 100 mM of panobinostat (Cayman Chemical), were dissolved in 100% dimethyl sulfoxide (DMSO) and stored at −20°C. GM solution was made fresh from powder in culture medium at 0.2 mM and then diluted to the final concentration for each experiment.

Evaluation of Ototoxicity by Hair Cell Counts in Explants

Explants were fixed with 4% paraformaldehyde overnight at 4°C and permeabilized for 30 min with 3% Triton X-100 in phosphate-buffered saline (PBS) at room temperature (22–24°C). The specimens were then washed three times with PBS and incubated with rhodamine-phalloidin (Invitrogen) at a 1:100 dilution for 60 min at room temperature (22–24°C). After rinsing in PBS, the specimens were mounted on a slide with Gel-Mount™ (BioMeda Corp., Foster City, CA, USA). The phalloidin-stained stereociliary bundles and circumferential F-actin rings on the cuticular plate of OHCs allowed the determination of cells that were present or missing. A clear “V” shape of stereocilia indicates the presence of OHCs. If the “V” shape is not visualized, we accept this as a damaged hair cells. Cell populations were assessed on a Leitz Orthoplan upright microscope equipped for epifluorescence, using a 50× oil-immersion objective. The right objective had a 0.19-mm calibrated scale imposed on the field for reference and all three rows of OHCs were oriented longitudinally within each 0.19-mm frame. Each successive 0.19-mm field was evaluated for the absence of OHCs beginning from the apex and moving down the organ of Corti to the base. The percentage of OHC loss was calculated.

Drug Administration to CBA/J Mice in Vivo

Male CBA/J mice at the age of 5 weeks received subcutaneous (SQ) injections of KM at 700 mg base/kg (dissolved in saline) twice per day (AM and PM). SAHA for administration was dissolved in 100% DMSO for stock solutions of 50 mg/mL and diluted with saline immediately before intraperitoneal (IP) injection, for a final dose of 50 mg/kg, given twice per day for 15 days. The concentration of DMSO vehicle control was 1 mL/kg body weight. All solutions were filtered with a syringe filter before injection. Body weight was measured before each injection.

Experimental Groups and Drug Administration to Pigmented Guinea Pigs in Vivo

Pigmented male guinea pigs initially weighing 200–250 g from Charles River were used in the in-vivo study. Experiments were begun 1 week after the guinea pigs arrived. To select safe doses of SAHA for protective studies, we conducted two separate sets of experiments to assess serum platelet concentrations. In the first set, pigmented guinea pigs received daily IP injections of SAHA at lower doses (LD; 2 mg/kg and 5 mg/kg) concurrent with SQ injections of 120 mg GM base/kg body weight daily for 2 weeks. In the second study, the higher doses (HD) of SAHA (15 mg/kg and 25 mg/kg) were used. The DMSO concentration was 1.1 g/kg, equal to the DMSO concentration used for the 25 mg/kg concentration of SAHA. Since the highest dose (25 mg/kg/day for 14 days) of SAHA significantly reduced serum platelet concentrations, the doses of SAHA used for the protective studies were 25 mg/kg or less. We then tested the protective ability of SAHA at LD (2 mg/kg and 5 mg/kg) and at HD of SAHA (15 mg/kg and 25 mg/kg) against GM-induced hearing loss concurrent with daily SQ injections of GM (dissolved in saline) at 120 mg base/kg for 14 days. SAHA was dissolved in 100% DMSO for stock solutions of 25 mg/mL and diluted with saline immediately before IP injections. All compound solutions were filtered with syringe filters before injection. Body weights were measured before each injection. If a guinea pig lost ~5% of its body weight, an additional 3–4 mL of saline was administrated subcutaneously.

Surface Preparations of Guinea Pig Cochlear Epithelia for Hair Cell Counts

The procedures for surface preparations of guinea pig cochlear epithelia were followed as previously described (Sha and Schacht, 1999b). After the last auditory brain stem response (ABR) measurement, guinea pigs from the second group of experiments were deeply anesthetized in a CO2 chamber and decapitated. Cochleae were immediately removed and perfused with 4% paraformaldehyde in PBS at pH 7.4 and fixed overnight at 4°C. Micro-dissected surface preparations of the organ of Corti were permeabilized for 30 min with 0.5% Triton X-100 in PBS at room temperature (22–24°C) and stained with rhodamine phalloidin (Invitrogen) at a 1:100 dilution for 60 min at room temperature (22–24°C). After rinsing in PBS, the specimens were mounted on a slide with Gel-Mount™ (BioMeda Corp.). OHC counts were conducted with microscopy as described above for mice.

Assessment of Guinea Pig Blood Urea Nitrogen (BUN), Creatinine, and Platelet Levels

Blood was obtained by nail clipping after light anesthesia of the guinea pigs by metofane inhalation after the last drug injections. Blood cells were separated by centrifugation at 1000× g for 15 min, and sera were stored at −20°C. Blood urea nitrogen (BUN), creatinine and platelet concentrations were determined using a Kodak Ektachem700XR Clinical Chemistry Analyzer (Clinical Products Division, Eastman Kodak, Rochester, NY, USA) and analyzed by Dr. Donald Giacherio, Chemical Pathology Laboratory, University of Michigan.

Auditory Brainstem Response (ABR)

ABRs were measured 3 days before and 3 weeks after drug treatments. Animals were anesthetized with IP injections of ketamine (100 mg/kg) and xylazine (10 mg/kg) for mice or ketamine (58.8 mg/kg), xylazine (2.4 mg/kg), and acepromazine (1.2 mg/kg) for guinea pigs. Body temperature was maintained near 37°C with a heating pad. ABRs were measured at 12 and 32 kHz for guinea pigs or 8, 16, and 32 kHz for mice in a sound-isolated and electrically shielded booth (Acoustic Systems, Austin, TX, USA). Sub-dermal electrodes were inserted at the vertex of the skull, under the left ear and under the right ear (ground). Tucker Davis Technology System III hardware and SigGen/Biosig software were used to present the stimuli monaurally (15 ms duration tone bursts with 1 ms rise-fall time) through a Beyer earphone attached to a customized plastic speculum inserted into the ear canal. Up to 1024 responses were averaged for each stimulus level. Thresholds (the lowest stimulus level with a reproducible response) were determined by reducing the intensity in 10-dB steps and then in 5-dB steps approaching the threshold until no organized response was detected. Thresholds were evaluated based on ABR wave I. Scores were given by an expert blinded to experimental conditions between the highest stimulus level without a response and the lowest stimulus level where an organized response was observed. All ABR measurements were conducted by the same experimenter.

Statistical Analysis

Data were analyzed using SYSTAT and GraphPad software for Windows. The group size (n) in vivo was determined by the variability of measurements and the magnitude of the differences between groups. Statistical methods used include one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons and unpaired t-tests. All tests were two-tailed and a p-value < 0.05 was considered statistically significant.

RESULTS

Toxicity of HDAC Inhibitors in Murine Cochlear Explants

In order to evaluate the protective potential of the three HDAC inhibitors on aminoglycoside-induced ototoxicity, we first determined their safety on auditory sensory hair cells using p3 murine organ of Corti explants. Explants were incubated for 2 days for recovery from the stress of dissection, followed by 72 h of incubation with or without inhibitors. Toxic effects were assessed by OHC loss. Control samples showed no loss of cells (Figure 1A) but all three HDAC inhibitors damaged OHCs in a dose-dependent manner. OHCs in the basal turn show changes in the orientation of the stereociliary bundles beginning with concentrations of 4 μM for SAHA, 3 μM for belinostat, and 20 nM for panobinostat. The toxic effects increased significantly with increasing concentrations and loss of OHCs reached 100% at 8 μM of SAHA, 5 μM of belinostat, and 50 nM of panobinostat (p < 0.0001). Statistical analysis using one-way ANOVA showed a significant dose-dependence of the toxic effect for SAHA (F(4,12) = 840.8, p < 0.0001), as well as for belinostat (F(3,9) = 11,856, p < 0.0001) and panobinostat (F(3,9) = 13,972, p < 0.0001; Figures 1B–D; for detailed Tukey’s multiple comparison test values see Table 1). The median toxic doses (TD50), defined as the concentrations leading to 50% OHC loss, for SAHA, belinostat and panobinostat were 5.5 μM, 3.5 μM, and 35 nM, respectively.
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FIGURE 1. Safety and toxicity of Histone deacetylase (HDAC) inhibitors in organ of Corti explants. (A) Image of a control p3 murine explant after culture for 5 days, stained with rhodamine phalloidin (red) to illustrate the preservation of three rows of outer hair cell (OHC) and one row of inner hair cells (IHCs) under the test conditions. Confocal images were taken from the basal turn. Scale bar = 10 μm. (B–D) Incubations in the presence of HDAC inhibitors for 72 h damaged hair cells of the basal turn in a dose-dependent manner. Data are presented as means ± SD, n = 3 or 4 at each concentration. **p < 0.01, ***p < 0.001, ****p < 0.0001.



TABLE 1. Tukey’s multiple comparison test values for data in Figure 1.
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HDAC Inhibitors Protect Against Gentamicin-Induced Outer Hair Cell Loss in Murine Explants in a Dose-Dependent Manner

After having established the safe concentration range for the HDAC inhibitors, we explored their efficacy as protective agents against GM-induced OHC loss. In the 72-h incubations of explants, GM with the vehicle alone (DMSO) caused loss of OHCs in a base-to-apex gradient with a 40% overall loss at 4.5 μM. Co-incubation with SAHA (Figure 2A) proved protective, beginning at 0.5 μM SAHA and increasing in efficacy with increased doses, such that 2 μM SAHA completely protected from OHC loss (F(3,24) = 59.95, p < 0.001; Figure 2D). Similarly, co-administration of belinostat (Figure 2B) or panobinostat (Figure 2C) with GM also reduced GM-induced OHC loss in a dose-dependent manner. GM-induced OHC loss was attenuated by co-administration of 0.1 μM belinostat and was totally prevented by 0.4 μM (F(4,21) = 29.2, p < 0.001; Figure 2E). Additionally, with administration of panobinostat protection started at 5 nM and OHC loss was completely blocked by 15 nM panobinostat (F(3,8) = 81.19, p < 0.001; Figure 2F). From the assessment of safe doses and the median effective (protective) doses (ED50) of the three HDAC inhibitors, we calculated the therapeutic index (TI = TD50/ED50) to be highest (safest) for belinostat and lowest for panobinostat (for detailed values see Table 2).
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FIGURE 2. HDAC inhibitors protect against gentamicin (GM)-induced hair cell loss in p3 murine explants. (A–C) Representative images show that administration of HDAC inhibitors (A: SAHA, B: belinostat, C: panobinostat) attenuated GM-induced sensory hair cell loss in the basal turn. Scale bar = 20 μm. (D–F) Quantification of HDAC inhibitors (D: SAHA, E: belinostat, F: panobinostat) prevented OHC loss from GM in a dose-dependent manner. Data are presented as individual points and means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant.



TABLE 2. Therapeutic index (TI) of three HDAC inhibitors in murine explants.
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SAHA Does Not Prevent Kanamycin-Induced Hearing Loss in Mice in Vivo

In order to assess the protective potential of SAHA in vivo in a chronic ototoxicity model, we tested if SAHA treatment had protective effects against KM (700 mg base/kg body weight twice daily)-induced hearing loss in CBA/J mice. Consistent with our previous studies (Wu et al., 2001), treatment with KM for 15 days caused auditory threshold shifts of an average of 55 dB at 16 kHz (p < 0.0001) and 32 kHz (p < 0.0001). Treatment with SAHA at 50 mg/kg body weight twice daily did not attenuate KM-induced auditory threshold shifts (Figure 3). Typical ABR waveforms for each treated group are illustrated in Supplementary Figure S1.
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FIGURE 3. Treatment with SAHA (50 mg/kg twice daily for 15 days) does not attenuate kanamycin (KM, 700 mg base/kg twice daily for 15 days)-induced auditory threshold shifts in CBA/J mice. Data are presented as individual points and means ± SD.



The Effects of SAHA Treatment on Platelet Concentration in Guinea Pigs in Vivo

While the CBA/J mouse is a well-established model for chronic KM-induced ototoxicity, we wished to ascertain whether the lack of protection by SAHA might be species-dependent. We therefore tested if SAHA treatment had protective effects against GM-induced hearing loss in guinea pigs. To find safe doses to be used in guinea pigs in vivo, we first assessed serum platelet concentrations. Guinea pigs tolerated injections of SAHA at all concentrations of 5–25 mg/kg body weight concurrent with SQ injections of 120 mg GM base/kg body weight daily for 2 weeks with normal appearing fur and steadily increasing body weight. Blood samples were collected after the last injection. Renal function, assessed by BUN and creatinine (Cr) concentrations, was similar to that of control guinea pigs (detailed values see Table 3). However, the platelet concentration was significantly lower with the highest concentration of SAHA (25 mg/kg; t6 = 2.682, p = 0.037) compared to GM alone treated groups (Figure 4).

TABLE 3. Guinea pigs renal function tests.
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FIGURE 4. Effects of SAHA treatment on platelet concentration. Treatment with SAHA for 2 weeks led to a decrease in platelet concentration, significant at 25 mg SAHA/kg with 120 mg GM base/kg in guinea pigs. Data are presented as individual points and means ± SD. *p < 0.05.



SAHA Does Not Prevent Gentamicin-Induced Ototoxicity in Guinea Pigs in Vivo

Based on the experiments to assess safe doses of SAHA, we tested several doses of SAHA below 25 mg/kg body weight against 120 mg GM base/kg body weight daily for 2 weeks in guinea pigs in vivo. In agreement with our previous results, GM treatment induced significant auditory threshold shifts at high frequencies (Figures 5A,B) with an average shift of 40 dB at 12 kHz (t10 = 3.128, p = 0.011) and 60 dB at 32 kHz (p < 0.0001) and caused significant OHC loss in the basal turn (F(1,4) = 8.013, p = 0.047; Figures 5C,D). Confirming the results from CBA/J mice, treatment with SAHA at a range of concentrations (LD: 2–5 mg/kg body weight or HD: 15–25 mg/kg body weight) did not attenuate GM-induced auditory threshold shifts at 12 (F(2,19) = 0.9708, p = 0.397) and 32 kHz (F(2,19) = 0.03664, p = 0.964) or loss of OHCs (F(1,6) = 0.849, p = 0.392). DMSO (1.1 g/kg body weight) used as the solvent vehicle for SAHA did not affect GM-induced auditory threshold shifts (Figure 5A).
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FIGURE 5. Treatment with SAHA does not protect against GM-induced auditory threshold shifts and hair cell loss in pigmented guinea pigs in vivo. (A,B) Co-treatment with SAHA at low doses (2–5 mg/kg, LD) or high doses (15–25 mg/kg, HD) did not attenuate GM-induced (120 mg/kg, qd × 15 days) auditory threshold shifts at 12 kHz and 32 kHz. Data are presented as individual points and means ± SD. (C) Representative images illustrated OHC loss in the basal turn of surface preparations examined 1 week after 15 days of GM treatment. OHC1, 2 and 3 indicate the three rows of OHCs. Scale bar = 10 μm. (D) GM-induced OHC loss was not attenuated by treatment with SAHA in pigmented guinea pigs. Data are presented as means ± SD, n = 3–5 at each group.



DISCUSSION

An intriguing line of evidence suggests that HDAC inhibitors could prove to be an effective modality to attenuate aminoglycoside-induced ototoxicity in acute models. The HDAC inhibitors trichostatin A and butyrate rescued hair cells from GM-induced damage in organotypic cultures of the cochlea (Chen et al., 2009), and butyrate also protected guinea pigs in vivo when locally applied to the middle ear (Wang et al., 2015). Systemic SAHA attenuated the acute effects of the ototoxic combination of KM and furosemide (Layman et al., 2015) and the trauma of exposure to excessive noise (Chen et al., 2016). The results presented here extend the palette of potential therapeutics to three clinically available HDAC inhibitors when studied in cochlear explants. In vivo, however, SAHA failed to reduce hair cell loss and threshold shifts induced by chronic aminoglycoside exposure both in mice and guinea pigs. This in-vivo result offers an important caution because the chronic animal model better reflects clinical situations in which aminoglycosides tend to be administered for weeks, or even months in cases like tuberculosis.

In a chronic model the protective capability of the drug must be weighed against its potential side effects. Arguing for their safety, the chosen drugs are either FDA approved for treatment of cutaneous T-cell lymphoma (SAHA) or peripheral T-cell lymphoma (belinostat) or in a phase 3 trial for multiple myeloma (panobinostat). Indeed, although the median effective dose (ED50) varies, GM-induced OHC loss in explants is completely blocked by any of three HDAC inhibitors within non-toxic concentrations. However, as the explant studies also show, all three inhibitors tend to kill hair cells at higher concentrations. Based on the therapeutic index (TI = TD50/ED50), belinostat is the safest among the three HDAC inhibitors and might be selected for further in-vivo studies. We chose SAHA, however, based on published in-vivo data suggesting SAHA is suitable for prevention of inner ear trauma in mice (Layman et al., 2015; Chen et al., 2016). For example, administration of SAHA for 2 weeks at 100 mg/kg/day showed no ototoxicity in mice and IP injection of SAHA penetrates the mouse inner ear and crosses the blood-labyrinth barrier (Layman et al., 2015). SAHA also crosses the blood-brain barrier in a mouse model of Huntington’s disease (Hockly et al., 2003) and thus can be expected to cross the blood-labyrinth barrier to the inner ear as well. We, therefore, tested SAHA in an established and reliable mouse model of chronic ototoxicity from 700 mg/kg KM twice per day for 2 weeks (Wu et al., 2001). Administration of SAHA at 100 mg/kg/day (dosed as SAHA at 50 mg/kg/twice daily concurrent with KM injections), however, did not prevent KM ototoxicity.

In order to challenge the robustness of our results and to rule out species-specific effects, we tested protection in the guinea pig, another well-established chronic model of GM-induced ototoxicity (Sha and Schacht, 1999b, 2000). In agreement with our previous data, treatment with GM at 120 mg/kg/day for 2 weeks resulted in significant elevations of auditory thresholds. Here again, administration of SAHA at low doses (2–5 mg/kg) or high doses (15–25 mg/kg/day) did not attenuate GM-induced auditory threshold shifts. Since the highest dose (25 mg/kg/day for 14 days) significantly reduced serum platelet concentrations, further increases in the dose of SAHA were considered to have no bearing for translational research.

The difference in the ability of SAHA to protect against inner ear insults in acute and chronic animal models of aminoglycoside-induced ototoxicity could be attributable to the vast differences between models used in the studies. In an acute model, as reported by Layman et al. (2015), the ototoxicity is induced by one SQ dose of KM with one dose of furosemide via IP injection. In contrast, the chronic model of ototoxicity is induced by KM alone via SQ injection for 15 days twice per day. Although SAHA may cross the blood-labyrinth barrier to the inner ear, administration of furosemide or noise exposure may facilitate compounds crossing the blood-labyrinth barrier. Additionally, differences may be owed to the cell death pathways induced, as we previously reported that caspase-independent hair cell death predominates such chronic in-vivo models (Jiang et al., 2006). Such disparities may account for why some in-vivo models show a protective effect against aminoglycosides while others may not. Furthermore, such difference between acute and chronic models cautions that one cannot rely solely on in-vitro experiments to test the efficacy of otoprotectant compounds.

HDACs regulate acetylation of histone proteins at specific arginine and lysine residues, changing chromatin structure and altering gene expression. Acetylation tends to promote gene expression while inner ear insults such as aminoglycoside treatment or noise exposure promote histone deacetylation via HDACs. Among the four classes of mammalian HDACs identified (Dietz and Casaccia, 2010), class II has been recognized as having a pathogenic role in neurodegenerative diseases such as Alzheimer’s disease (Falkenberg and Johnstone, 2014) and in HIV-infected neuronal cells (Atluri et al., 2014). In line with our previous and studies by others, the three HDAC inhibitors used in this study cover an even broader spectrum, acting as inhibitors of HDACs I, II, and VI (Chen et al., 2009, 2016; Layman et al., 2015).

The mechanism of the epigenetic effects of aminoglycosides remains unknown. Since aminoglycoside-induced ototoxicity is well documented to involve oxidative stress (Sha and Schacht, 1999a; Chen et al., 2013), it is reasonable to speculate that a pathway leading to the upregulation of HDAC involves oxidative stress, a condition that can lead to changes in genomic and epigenetic regulation of gene expression (Mikhed et al., 2015). In particular, gene expression mapping after ischemia-induced oxidative stress demonstrated cell-specific upregulation of HDAC 1, 2 and 3 in the brain (Baltan et al., 2011). Additionally, inner ear insults such as traumatic noise exposure induce oxidative stress (Ohlemiller et al., 1999; Yamashita et al., 2004; Yuan et al., 2015) and result in upregulation of HDAC 1, 2 and 3 in the inner ear of CBA/J mice (Chen et al., 2016).

In summary, this study highlights potential disparities between acute and chronic inner ear damage by demonstrating that treatment with the HDAC inhibitor SAHA attenuates aminoglycoside-induced ototoxicity in vitro but not in vivo in chronic animal models. Furthermore, our results suggest that the protective effects of other HDAC inhibitors against aminoglycoside-induced ototoxicity deserve careful exploration in animal models and more detailed studies, such as study of drug kinetics and permeability through the blood-labyrinth barrier, before these compounds are considered for clinical application.
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FIGURE S1 | Typical ABR waveforms of CBA/J mice at 16 and 32 kHz. Baseline testing revealed normal ABRs measured before kanamycin (KM) treatment. The baseline thresholds at both 16 and 32 kHz were 25 dB SPL. I, II, III, IV and V indicate ABR waves I, II, III, IV and V. The images for KM, KM plus DMSO, and KM plus SAHA illustrate representative ABR waveforms measured 1 week after the end of 15 days of treatment.
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Aminoglycoside antibiotics are widely used for the treatment of life-threatening bacterial infections, but cause permanent hearing loss in a substantial proportion of treated patients. The sensory hair cells of the inner ear are damaged following entry of these antibiotics via the mechano-electrical transducer (MET) channels located at the tips of the hair cell's stereocilia. d-Tubocurarine (dTC) is a MET channel blocker that reduces the loading of gentamicin-Texas Red (GTTR) into rat cochlear hair cells and protects them from gentamicin treatment. Berbamine is a structurally related alkaloid that reduces GTTR labeling of zebrafish lateral-line hair cells and protects them from aminoglycoside-induced cell death. Both compounds are thought to reduce aminoglycoside entry into hair cells through the MET channels. Here we show that dTC (≥6.25 μM) or berbamine (≥1.55 μM) protect zebrafish hair cells in vivo from neomycin (6.25 μM, 1 h). Protection of zebrafish hair cells against gentamicin (10 μM, 6 h) was provided by ≥25 μM dTC or ≥12.5 μM berbamine. Hair cells in mouse cochlear cultures are protected from longer-term exposure to gentamicin (5 μM, 48 h) by 20 μM berbamine or 25 μM dTC. Berbamine is, however, highly toxic to mouse cochlear hair cells at higher concentrations (≥30 μM) whilst dTC is not. The absence of toxicity in the zebrafish assays prompts caution in extrapolating results from zebrafish neuromasts to mammalian cochlear hair cells. MET current recordings from mouse outer hair cells (OHCs) show that both compounds are permeant open-channel blockers, rapidly and reversibly blocking the MET channel with half-blocking concentrations of 2.2 μM (dTC) and 2.8 μM (berbamine) in the presence of 1.3 mM Ca2+ at −104 mV. Berbamine, but not dTC, also blocks the hair cell's basolateral K+ current, IK,neo, and modeling studies indicate that berbamine permeates the MET channel more readily than dTC. These studies reveal key properties of MET-channel blockers required for the future design of successful otoprotectants.
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INTRODUCTION

Aminoglycoside antibiotics are prescribed worldwide as an effective treatment for serious and life-threatening conditions including tuberculosis, sepsis, neonatal infections, and those associated with cystic fibrosis (Rizzi and Hirose, 2007; Durante-Mangoni et al., 2009). The potency of these drugs against such infections ensures their continued use despite the knowledge that they are both nephro- and ototoxic (Forge and Schacht, 2000). Whilst kidney damage is reversible, a degree of permanent hearing loss is found in around 20–30% of patients treated with these antibiotics (Rizzi and Hirose, 2007; Schacht et al., 2012). The hearing loss is the result of damage caused to the sensory hair cells in the inner ear, an organ in which the aminoglycosides are found to selectively accumulate, with the basal, high-frequency outer hair cells (OHCs) being those that are predominantly affected (Forge and Schacht, 2000; Nakashima et al., 2000).

The main route of aminoglycoside entry into the hair cells is via their mechano-electrical transducer (MET) channels, large non-selective cation channels located at the tips of the hair cells' stereocilia (Marcotti et al., 2005; Alharazneh et al., 2011; Vu et al., 2013). Evidence for the molecular identity of the MET channel is increasingly suggesting that the transmembrane channel-like (TMC) family proteins, TMC1, and TMC2, are prime candidates (Kawashima et al., 2011, 2015; Pan et al., 2013; Kurima et al., 2015; Corey and Holt, 2016; Fettiplace, 2016). Once inside the cells the aminoglycosides disrupt various pathways and organelles, resulting in the activation of multiple signaling cascades including those involving the caspases (Forge and Li, 2000; Matsui et al., 2002, 2004; Owens et al., 2007). In the absence of alternative antibiotics of similar efficacy, identifying methods to protect the hair cells from this damage is crucial. Although one approach is to interrupt the intracellular pathways this may prove complex as, for example, the two closely-related aminoglycosides neomycin and gentamicin have been found to activate distinct cell-death pathways in zebrafish lateral line hair cells (Owens et al., 2009; Coffin et al., 2013a,b). Arguably, a more effective and universal method would be to administer compounds that block the MET channels and prevent aminoglycoside entry into the cells.

d-Tubocurarine (dTC), historically known as the main active component of the arrow poison, curare, is a naturally occurring alkaloid obtained from the bark of the South American plant Chondrodendron tomentosum (Perotti, 1977). It is a nicotinic antagonist that has been shown to block the acetylcholine receptor response in mature guinea-pig OHCs (Housley and Ashmore, 1991; Eróstegui et al., 1994) as well as the MET channels in neonatal mouse cochlear OHCs (Glowatzki et al., 1997). A study into the pore of the MET channels in turtle auditory hair cells reported that curare acts as a non-permeant blocker of these channels (Farris et al., 2004), making this an interesting molecule to investigate for potential otoprotective properties. The co-application of 1 mM curare was shown to significantly reduce the loading of 3 μM Texas Red conjugated gentamicin (GTTR) into rat cochlear inner hair cells (IHCs) and OHCs (Alharazneh et al., 2011) suggesting a competitive block of the pore, and the presence of 1 mM curare during the exposure of rat cochlear cultures to 0.1 mM gentamicin prevented hair-cell death from occurring during a subsequent 48-h antibiotic-free period (Alharazneh et al., 2011).

Looking for other potential MET channel blockers, we identified berbamine as having a very similar chemical structure to dTC. Berbamine is a naturally occurring alkaloid that is present in a number of plant species within the Berberidaceae family (Rahmatullah et al., 2014). It has been used in Eastern medicine for centuries to treat inflammation and related conditions such as rheumatoid arthritis and is still of interest to date for its potential anti-cancer properties (Ji et al., 2009; Meng et al., 2013; Rahmatullah et al., 2014; Zhao et al., 2016). Studies on zebrafish lateral line hair cells have revealed that 25 μM berbamine can protect these cells from the damage caused by 50–400 μM of either neomycin or gentamicin (Kruger et al., 2016). Furthermore, these authors found that berbamine blocked the loading of both GTTR and FM1-43, a styryl dye that acts as a permeant blocker of the hair cells' MET channels (Gale et al., 2001), leading Kruger et al. (2016) to conclude that berbamine is providing protection by competitively blocking the MET channels.

The zebrafish lateral line system is a useful and effective model for initial screening, with the hair cells being both structurally and functionally similar to mammalian inner ear hair cells and externally located, making them easily accessible for pharmacological studies. A degree of caution is however required as to date only three of the compounds that have been identified to protect lateral line hair cells have also been shown to protect mammalian inner ear hair cells (PROTO1, tacrine, and phenoxybenzamine; Owens et al., 2008; Ou et al., 2009; Majumder et al., 2017). We therefore sought to ascertain if berbamine would protect mammalian hair cells from the toxic side effects of aminoglycoside antibiotics and, likewise, if dTC would protect zebrafish lateral line hair cells. Furthermore, we fully characterized how dTC blocks the MET channel in mammalian OHCs and whether berbamine, like dTC, acts in a similar fashion or otherwise. Comparisons between the two structurally related molecules will assist in understanding the features/characteristics of a compound that are required to provide optimum otoprotection.

MATERIALS AND METHODS

Zebrafish Husbandry and Embryo Generation

Zebrafish embryos were obtained from sibling crosses of adult AB fish. Embryos were staged following standard protocols (Kimmel et al., 1995; Westerfield, 2000) and raised at 28.5°C in E3 medium (1 mM NaCl, 0.17 mM KCl, 0.33 mM MgSO4, 0.33 mM CaCl2).

Zebrafish Protection Assay

AB larvae (4 days post fertilization, dpf) were pre-incubated with 3 μM of Yo-Pro-1 (Molecular Probes Y3603) for 30 min to label the hair cells, washed and pipetted into 96-well plates (three larvae per well). Larvae were co-incubated with serial dilutions of test compound (dTC or berbamine) ranging from 200 to 1.55 μM with 6.25 μM neomycin sulfate (Sigma N1876) for 1 h, or with 10 μM gentamicin sulfate (Sigma G3632) for 6 h. Plates were screened on a Zeiss IM35 inverted microscope with a 16X objective. Trunk neuromasts 3–9 were viewed for qualitative assessment of damage. Images of trunk neuromast 4 of all three larvae in each well were taken on a Nikon D5000 at 40X magnification and individual cells within the neuromast counted for quantitative analysis. Experiments were repeated at least four times.

Mouse Cochlear Culture Preparation

Cochlear cultures were prepared from wild-type CD-1 mice as previously described by Russell and Richardson (1987). In brief, postnatal day 2 (P2) pups of either sex were killed by cervical dislocation following Home Office guidelines. Decapitated heads were surface sterilized by three 1-min washes in 80% ethanol. Sagittal incisions were made down the midline of the head and cochleae were removed. Subsequent dissections were performed in Hanks' Balanced Salt Solution (HBSS; Thermo Shandon 14025050) buffered with 10 mM Hepes (Sigma H0887) (HBHBSS). Cochleae were removed from the bony labyrinth and explanted onto collagen-coated (Corning 354236) coverslips in cochlear culture medium (93% DMEM-F12, 7% fetal bovine serum and 10 μg.ml−1 ampicillin). The coverslips complete with cochleae were then sealed in Maximow slide assemblies and the cultures were left to grow and adhere to the collagen in a 37°C incubator before use.

Mouse Cochlear Culture Protection Assay

Following 24 h incubation coverslips with adherent cochleae were removed from the Maximow slide assemblies, placed in 35 mm petri dishes (Greiner Bio-One 627161) and incubated for 48 h in the presence of 1 ml of cochlear culture medium that had been diluted with DMEM-F12 to reduce the serum concentration to 1.4%, together with 5 μM gentamicin (Sigma G3632) and varying concentrations of berbamine or dTC. Following 48-h incubation, cultures were washed in phosphate buffered saline (PBS), fixed in 3.7% formaldehyde (Sigma F1635) in 0.1 M sodium phosphate buffer pH 7.4, and stained with TRITC-phalloidin (Sigma P1951). Cultures were mounted on glass slides with Vectashield (Vector Laboratories H-1000) and imaged using a Zeiss Axioplan2 microscope. Images were obtained from the middle of the basal coil at a position ~20% along the length of the cochlea, measured from the basal tip. For quantification, the OHCs in these images were counted and averaged across a number of experiments. Image width was 220 μm and was aligned along the length of the cochlea.

Mouse Cochlear Culture Electrophysiology

Recordings were made from OHCs in organotypic cultures that had been maintained for 1–3 days in vitro. The organotypic cultures were transferred to the microscope chamber on their collagen-coated coverslips and the chamber was continuously perfused with an extracellular solution containing (in mM): 135 NaCl, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5.6 D-glucose, 10 HEPES-NaOH, 2 sodium pyruvate. MEM amino acids solution (50X) and MEM vitamins solution (100X) were added to a final concentration of 1X from concentrates (Fisher Scientific). The pH was adjusted to 7.48 with 1 molar NaOH (osmolality ~308 mOsmol kg−1). The organs of Corti were observed with an upright microscope (Olympus) with Nomarski differential interference contrast optics (40X water-immersion objective). Whole-cell patch-clamp recordings were obtained from basal-coil OHCs at room temperature (20–23°C) using an Optopatch (Cairn Research) patch-clamp amplifier. For MET current recordings patch pipettes (2.5–3.0 MΩ) contained the following (in mM): 137 CsCl, 2.5 MgCl2, 1 EGTA-CsOH, 2.5 Na2ATP, 10 sodium phosphocreatine, 5 HEPES-CsOH; pH adjusted to 7.3 with CsOH (osmolality ~295 mOsmol kg−1). For recording basolateral potassium currents patch pipettes contained (in mM): 131 KCl, 3 MgCl2, 5 Na2ATP, 1 EGTA-KOH, 5 HEPES, 10 sodium phosphocreatine, pH adjusted to 7.28 with KOH (osmolality ~295 mOsmol kg−1). Patch pipettes were coated with surf wax (Mr. Zogs SexWax) to minimize the fast capacitance transient across the wall of the patch pipette. MET currents were elicited by stimulating the OHC hair bundles using a fluid jet from a pipette (tip diameter 8–10 μm) driven by a piezoelectric disc (Kros et al., 1992; Marcotti et al., 2005). Mechanical stimuli (filtered at 1.0 kHz, 8-pole Bessel) were applied as 45 Hz sinusoids or, to quantify kinetics of block, voltage steps, with driver voltage amplitudes of ±40 V, sufficient to elicit large, saturating MET currents. Currents were acquired using pClamp (Molecular Devices) software and stored on a computer for off-line analysis. To look at extracellular block the compounds were locally superfused onto the OHCs at concentrations ranging from 300 nM to 100 μM in a solution containing (in mM): 145 NaCl, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5.6 glucose, 10 HEPES-NaOH, 2 sodium pyruvate. The pH was adjusted to 7.48 with NaOH (osmolality ~305 mOsmol kg−1). This solution, without any compound, was superfused as a control solution before and after the application of each compound. A modest negative pressure applied to the tip of the fluid jet pipette resulted in the compound-containing solution being sucked into the pipette during superfusion. This prevented mixing and dilution of the compound with bath solution during fluid jet stimulation. To look at intracellular block the compounds were included in the patch-pipette solution at concentrations ranging from 100 μM to 1 mM. MET currents obtained at the beginning of each recording were used as controls, by which time the compounds would not yet have diffused into the cells.

MET current size was determined by measuring the difference between the minimum current during the inhibitory phase of the sinewave and the current ~6 ms after the onset of the excitatory phase of the sinewave, a time point at which the current would have reached near steady state. The current sizes were averaged for each 22 ms phase of the sinewave, omitting the first cycle. Basolateral currents were determined by measuring the steady-state current toward the end of the voltage-step. Series resistance compensation was applied (50–80%) and the average residual series resistance was calculated to be 1.73 ± 0.10 MΩ (n = 78). The average maximum MET current size was 1.54 ± 0.08 nA (n = 66), and the average maximum basolateral current was 2.09 ± 0.11 nA (n = 12). This would result in a maximum voltage drop across the residual series resistance of 2.7 and 3.6 mV respectively, considered sufficiently small to not require any correction to quoted voltage values. All voltages reported include a −4 mV correction for the liquid junction potential between extra- and intra-cellular solutions.

Two-Barrier One Binding-Site Model of Permeant Block of the MET Channel

The model used is a modification of that used for describing permeation and block by dihydrostreptomycin (DHS; Marcotti et al., 2005), to allow for values of the Hill coefficient (a measure of the degree of cooperativity of the binding process of blocker molecules to the binding site) that are greater or less than unity (van Netten and Kros, 2007). Assuming that the fraction of unblocked transducer channels is indicated by C, the fraction of blocked channels by CB, the extra- and intracellular blocker by Bo and Bi, the Hill coefficient by nH, and using the forward (k1, k2) and reverse (k−1, k−2) rate constants, the reaction equation is given by:
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Introducing the time variable t, the dynamics of the two fractions are denoted by C(t) and CB(t) = 1− C(t). The rate of change of C(t) is dependent on the four rate constants k1, k−1, k2, k−2 of the transitions across the barriers and the intra- and extracellular blocker concentrations, [Bi] and [Bo]. We assume that the intracellular compound concentration Bi is small and it is therefore set to zero ([Bi = 0]).

The voltage across the MET channel is assumed to vary with a fixed gradient so that it linearly changes the free energy across the membrane, effectively tilting the overall free energy profile in proportion to the membrane potential V. The maxima of the free energy related to the barriers are defined as E1 and E2 and the minimum free energy related to the binding site as Eb, with respect to V = 0. We further assume that the two barriers are located at both sides of the membrane so that their fractional positions across the membrane are δ1 = 0 (outside), and δ2 = 1 (inside). This is a simplification of, but otherwise similar to, that used in a previous study of block by DHS, where the barriers were positioned just inside the field (Marcotti et al., 2005).

Block of GTTR Loading in Mouse Cochlear Cultures

Cochlear cultures on the collagen-coated coverslips were transferred from the Maximow slide assemblies into a viewing chamber in which they were incubated for 5 min in HBHBSS together with 1% DMSO and 100 μM of compound (dTC or berbamine) or 1% DMSO vehicle alone. GTTR was then added to a final concentration of 0.2 μM and left for 10 min. The cultures were washed three times and imaged using a 60X dipping lens on a Zeiss Axioplan2 microscope. Fluorescence intensity values were obtained from ten cells for each condition from images captured at a time point 27 min from the start of the experiment. Experiments for each condition were repeated three times (30 cells total) and the intensity values averaged. Images were obtained from a region that was ~800 μm from the basal tip of the cochlea.

Compound Analysis

Structures of dTC and berbamine were prepared, energy minimized (using MMFF94x forcefield) and flexibly aligned using Molecular Operating Environment (MOE) 2015.10. pKa was calculated using MarvinSketch 16.8.15.0, ChemAxon (https://www.chemaxon.com).

Statistical Analysis

Values of half-blocking concentration (KD) and Hill coefficient (nH) determined from fitting dose-response curves were tested for significant differences using 95% confidence intervals (CI). This is equivalent to p < 0.05 being the criterion for statistical significance. Multiple comparisons were made using 1-way ANOVA with Dunnett (cell counts) or Tukey (GTTR fluorescence) post tests. Compounds were considered fully protective if the cell counts differed significantly from the cell counts in the presence of aminoglycoside antibiotic (neomycin or gentamicin) alone, but not from the cell counts in the control medium. Compounds were considered partially protective if cell counts differed significantly from both aminoglycoside and control media. Means are quoted and shown in Figures ± SEM. Level of statistical significance is shown in Figures as follows: *p < 0.05; **p < 0.01; ***p < 0.001.

Study Approval

Animals were raised following Home Office guidelines. All experiments were performed in accordance with the Home Office Animals (Scientific Procedures) Act 1986 and approved by the University of Sussex Animal Welfare and Ethical Review Board.

RESULTS

d-Tubocurarine and Berbamine Protect Zebrafish Lateral Line Hair Cells from Aminoglycoside Damage

In order to assess the protective capabilities of dTC and berbamine against aminoglycoside damage, a protection assay was performed using hair cells in the lateral line organs of zebrafish larvae at 4 dpf. This time point ensures the reliable loading of Yo-Pro 1 (Santos et al., 2006; Kindt et al., 2012). dTC was found to fully protect against damage induced by 6.25 μM neomycin in zebrafish larvae at concentrations ≥12.5 μM, with partial protection at 6.25 μM (Figures 1A–F, 2A). Full protection against damage induced by 10 μM gentamicin was only observed at concentrations ≥50 μM dTC, with partial protection at 25 μM (Figures 1G–L, 2B). Berbamine protected at somewhat lower concentrations compared to dTC. It fully protected against neomycin-induced neuromast damage in zebrafish larvae at concentrations ≥12.5 μM, with partial protection even down to 1.55 μM, the lowest concentration tested (Figures 1M–R, 2C). Berbamine offered full protection against gentamicin damage at 25 μM and above, with partial protection at 12.5 μM (Figures 1S–X, 2D). No signs of toxicity due to either compound were observed at the highest concentration tested (200 μM).
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FIGURE 1. d-Tubocurarine and berbamine protect lateral line hair cells in zebrafish from gentamicin and neomycin induced damage. Zebrafish were treated with: (A,G,M,S) E3 alone (B) 6.25 μM neomycin, or (C–F) 25, 12.5, 6.25, or 3.1 μM of dTC plus 6.25 μM neomycin, (H) 10 μM gentamicin, (I–L) 25, 12.5, 6.25, or 3.1 μM of dTC plus 10 μM gentamicin, (N) 6.25 μM neomycin, (O–R) 25, 12.5, 6.25, or 3.1 μM of berbamine plus 6.25 μM neomycin, (T) 10 μM gentamicin, (U–X) 25, 12.5, 6.25, or 3.1 μM of berbamine plus 10 μM gentamicin. Neuromasts were pre-stained with 3 μM Yo-Pro1. n > 3 independent experiments with at least 3 fish per well. Images were obtained with a 40X objective. Scale bar = 25 μm.
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FIGURE 2. Cell count analysis for lateral line hair cell protection against gentamicin and neomycin by d-tubocurarine and berbamine. (A–D) A range of concentrations (1.55–200 μM) of either dTC or berbamine with either neomycin or gentamicin are compared to neomycin or gentamicin alone. Number of hair cells were counted in trunk neuromast 4. (A) dTC against neomycin, (B) dTC against gentamicin, (C) berbamine against neomycin and (D) berbamine against gentamicin. Cells counts that are significantly different from aminoglycoside alone are indicated above the bars, with the number of stars representing the level of significance. The letter P in the bars indicates concentrations that were deemed partially protective, because cell counts were also significantly different from the control (A: ***; B: ***; C: ***; D: **). Numbers above the bars indicate experimental replicates, with cell numbers in three neuromasts counted and averaged for each replicate. *p < 0.05; **p < 0.01; ***p < 0.001.



d-Tubocurarine and Berbamine Protect Mouse Cochlear Hair Cells from Aminoglycoside Damage, but Berbamine Is Toxic at Higher Concentrations

dTC and berbamine were subsequently tested in mouse cochlear cultures to see if they would protect mammalian cochlear hair cells from the damage induced by exposure to 5 μM gentamicin for 48 h (Figures 3A–D). Such treatment results in the nearly complete loss of OHCs from the basal 35% of the cochlea, but has little effect if any on the survival of IHCs. dTC and berbamine were found to be protective at minimum concentrations of 25 μM and 20 μM, respectively, as quantified in Figures 4A,B, which show counts of OHCs in a 220 μm wide segment of the basal coil of the cochlea. As a further criterion to assess the suitability of a compound for use as an otoprotectant we examined the hair-bundle morphology. No hair-bundle damage was observed during exposure to either compound.
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FIGURE 3. d-Tubocurarine and berbamine protect cochlear OHCs from gentamicin damage. Protection assay using cultures prepared from CD-1 mice at postnatal day 2 (P2). Cultures were stained with TRITC-phalloidin at the end of the experiment allowing visualization of the actin-rich stereocilia. (A) Control culture incubated for 48 h in the presence of medium alone. The sensory hair cell loss shown in (B) caused by 48 h incubation with 5 μM gentamicin can be prevented by co-incubation with 25 μM dTC (C) or 20 μM berbamine (D). Cells incubated in 50 μM dTC in the absence of gentamicin were not damaged (E), whereas 30 μM berbamine resulted in widespread loss of IHCs, OHCs and other cell types (F). Scale bar = 50 μm.
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FIGURE 4. Quantification of survival of OHCs exposed to gentamicin and otoprotective compounds. (A,B) Bar charts showing average numbers of OHCs remaining after 48 h in medium alone (control), in medium containing 5 μM gentamicin, in 5 μM gentamicin plus different concentrations of compounds, and in medium containing the compound alone. Number of OHCs were counted in a 220 μm wide field. Significant protection occurs at dTC concentrations of 25 μM and above (A) and for 20 μM berbamine (B). While 50 μM dTC alone does not cause OHC damage, OHCs are obliterated at ≥30 μM berbamine, with or without gentamicin. Numbers above the bars indicate experimental replicates. ***p < 0.001.



To determine if either compound had any adverse effects on hair cells in the absence of gentamicin, they were tested alone at a higher concentration of 50 μM. Berbamine was found to be generally cytotoxic and killed both the IHCs and OHCs as well as other cell types in the entire organ of Corti, whereas dTC had no adverse effects on hair cells or hair-bundle morphology at this concentration (Figures 3E, 4A). Berbamine was tested alone at the lower concentrations of 20 and 30 μM and found to be equally toxic at 30 μM as it was at 50 μM (no IHCs or OHCs could be identified) but not at 20 μM, the concentration at which it showed protection against 5 uM gentamicin (Figures 3F, 4B). When 30 μM berbamine was tested together with 5 μM gentamicin, the same cytotoxic effect was observed as with 30 μM berbamine alone. While berbamine can thus protect from gentamicin toxicity, albeit over a narrow concentration range, we saw no evidence that gentamicin could protect from berbamine cytotoxicity.

d-Tubocurarine and Berbamine Block MET Channel Currents in Mouse Cochlear Hair Cells

To determine whether the protection observed for both compounds may be the result of a direct interaction with the hair cells' MET channels, thereby reducing or preventing aminoglycoside entry, we examined the effect of dTC and berbamine on the MET currents in basal-coil OHCs, the cells that are predominantly affected by aminoglycoside ototoxicity. Although dTC has previously been described as a MET channel blocker (Glowatzki et al., 1997; Farris et al., 2004), no such study has been carried out with berbamine. MET currents were recorded at membrane potentials ranging from −164 to +96 mV before, during and after superfusion with dTC or berbamine at concentrations ranging from 300 nM to 100 μM (dTC), or 1 to 30 μM (berbamine). During exposure to either dTC or berbamine, a reduction in the current sizes was seen when the cells were stepped to hyperpolarized potentials. This reduction was less pronounced at depolarized potentials, with the level of the reduction being dependent upon the concentration of the compound. Examples of MET current block by dTC and berbamine at a concentration of 3 μM are shown in Figures 5A,B. Note that currents before and after application of the compounds appear as rectified versions of the sinewave stimulus. During superfusion of the compounds the currents look similar at positive potentials, but at negative potentials the MET currents can be seen to decline rapidly on each cycle after an initial inward current peak. This is suggestive of an open-channel blocking mechanism, where the blocker can only interact with the open channel. The block of the channel and subsequent washout were both rapid, with the currents making a full recovery upon re-exposure to the control superfusion solution, indicating that the block by both dTC and berbamine is completely reversible (Figures 5A,B).
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FIGURE 5. Extracellular d-tubocurarine and berbamine block the OHC MET channel. (A,B) MET currents recorded from P2+2 OHCs before, during and after superfusion with a solution containing 3 μM dTC (A) or 3 μM berbamine (B). Both compounds can be seen to predominantly block the MET currents at hyperpolarized potentials with the block fully reversible as seen from the washouts. Membrane potentials were stepped between −164 mV and +96 mV and MET currents were recorded in response to a sinewave delivered by a fluid jet (45 Hz sinusoid, ±40 V driver voltage, DV) shown above each trace. The capacitances of the cells were 6.9 pF (A) and 7.8 pF (B).



Average normalized current-voltage curves show the extracellular block by dTC and berbamine at a range of concentrations (Figures 6A,B). These curves clearly demonstrate both the increase in the block with increasing compound concentration and the voltage dependence of the block, with minimal block at the depolarized potentials and stronger block at the hyperpolarized potentials.
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FIGURE 6. Normalized current-voltage curves reveal the voltage-dependence of d-tubocurarine and berbamine MET channel block. (A,B) Average normalized current-voltage curves for the peak MET currents recorded before and during extracellular superfusion with 300 nM to 100 μM dTC (A), or 1 to 30 μM extracellular berbamine (B). Currents were normalized to the peak current measured at +96 mV. For the two compounds, block increases with both increasing hyperpolarization and compound concentration. Inclusion of 0.1 to 1 mM dTC in the patch-pipette resulted in a block of the MET currents from the intracellular side at depolarized potentials (C). Currents in (C) were normalized to the peak current measured at −164 mV. Numbers of cells and peak current (A) Control: 43, 0.92 ± 0.05 nA; 300 nM: 5, 1.01 ± 0.14 nA; 1 μM: 6, 1.00 ± 0.09 nA; 3 μM: 9, 0.89 ± 0.10 nA; 10 μM: 5, 0.75 ± 0.09 nA; 30 μM: 13, 0.78 ± 0.10 nA; 100 μM: 5, 0.32 ± 0.03 nA (B) Control: 37, 0.65 ± 0.07 nA; 1 μM: 6, 0.76 ± 0.19 nA; 3 μM: 14, 0.51 ± 0.10 nA; 10 μM: 8, 0.54 ± 0.11 nA; 30 μM: 9, 0.38 ± 0.11 nA (C) Control: 10, −1.86 ± 0.13 nA; 100 μM: 3, −1.84 ± 0.31 nA; 300 μM: 2, −1.95 ± 0.12 nA; 1 mM: 5, −1.40 ± 0.13 nA.



To examine whether either compound has an effect on the MET currents when applied from the intracellular side of the channel, dTC and berbamine were included in the intracellular patch pipette solution at varying concentrations to enable their entry into the cells. Transducer currents were recorded in the same way as for the extracellular experiments, but omitting any local superfusion of the cells. Intracellular berbamine at concentrations of 100 and 300 μM was found to have no effect on the size of the MET currents (data not shown). A higher concentration of 1 mM resulted in the rapid loss of the cells and the inability to maintain whole-cell recordings in every cell tested. Conversely, intracellular dTC, at concentrations ranging from 100 μM to 1 mM, was found to reduce the current size when cells were depolarized but not when they were hyperpolarized, indicating a block of the channel from the intracellular side. Average normalized current-voltage curves showing this intracellular block are shown (Figure 6C). Again, these curves clearly demonstrate the voltage dependence of the block and the increase in block with increasing compound concentration.

Dose-response curves for the extracellular block of the MET channels by dTC and berbamine were generated (Figures 7A,B). These curves were derived from the currents measured at −104 mV, near the membrane potential at which the block was seen to be the strongest, and fitted with the equation:

[image: image]

where IC is the control current in the absence of the compound, [B] is the concentration of the blocking compound, KD is the half-blocking concentration and nH is the Hill coefficient. From these curves, the KD for dTC was found to be 2.2 μM (95% CI 1.7 μM to 2.7 μM), a value very similar to the previously reported value for neonatal mouse OHC MET channel block of 2.3 μM (Glowatzki et al., 1997). The KD for berbamine was found to be 2.8 μM (95% CI 2.4–3.2 μM), similar to the styryl dye FM1-43 (2.4 μM at −104 mV: Gale et al., 2001) and not significantly different from dTC. Both dTC and berbamine have a higher affinity for the MET channel than DHS, which has a reported KD of 10 μM (Marcotti et al., 2005). The Hill coefficients calculated from the dose-response curve fits were 1.02 for berbamine and 0.80 for dTC, the latter a value that is significantly smaller than one (p < 0.05). These values suggest that, in the case of berbamine, a single molecule interacts with and blocks the channel whereas for dTC two molecules are involved, showing negative cooperativity (Wyman and Gill, 1990).
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FIGURE 7. d-Tubocurarine and berbamine block MET channels with similar half-blocking concentrations. (A,B) Dose-response curves of MET channel block by dTC (A) and berbamine (B) derived from currents recorded at −104 mV and fit with Equation (2). dTC: KD 2.2 μM, Hill coefficient 0.80; berbamine: KD 2.8 μM, Hill coefficient 1.02. From 5 to 14 cells were used for each data set.



A dose-response curve for the intracellular block of the MET channels by dTC was generated, derived from the currents measured at +96 mV and fitted with Equation (2) (not shown). From this curve dTC was found to block the intracellular side of the channel with a KD of 880 μM (95% CI 700–1,070 μM) and a Hill coefficient of 0.92, values similar to those found for the intracellular block of the MET channel by DHS (Marcotti et al., 2005; Corns et al., 2016). These values show that the affinity of dTC for the MET channel is greatly reduced when blocking from the intracellular side as opposed to the extracellular side.

Fractional block curves for both dTC and berbamine at all concentrations tested were plotted (Figures 8A,B). The data were fitted with a two-barrier, one binding-site (2B1BS) model similar to that previously used to describe the block of the MET currents by DHS (Marcotti et al., 2005) but adapted to allow for Hill coefficients different from one (van Netten and Kros, 2007; see Section Materials and Methods). For plotting the fractional block, the half-blocking concentration KD in Equation (2) above becomes voltage-dependent as follows:
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where ΔE = E2 − E1, the slope factor: [image: image], is the ratio of thermal energy (kT, i.e., Boltzmann's constant multiplied by absolute temperature) and effective charge of the blocker molecule (ze0, i.e., valence multiplied by elementary charge) and δb is the relative electrical distance of the binding site along the membrane.
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FIGURE 8. Fractional block of the MET currents by d-tubocurarine and berbamine shows that both are permeant blockers. (A,B) Fraction of the MET current remaining during dTC (A) or berbamine (B) superfusion relative to the control current at the same membrane potential. Concentrations ranged from 300 nM to 100 μM (dTC) or 1 to 30 μM (berbamine). Data are fitted with a two-barrier, one binding-site model (see Section Materials and Methods). A release of the block at extreme hyperpolarized potentials indicates that both compounds can enter the cells. Maximum current block is seen at −118 mV (dTC) and −94 mV (berbamine). Fitted parameters were for dTC ΔE 4.96 kT; Eb −8.67 kT; z 1.09; δb 0.52, and for berbamine ΔE 2.68 kT; Eb −12.0 kT; z 0.94; δb 0.57. Number of cells (A) 300 nM: 5, 1 μM: 6, 3 μM: 9, 10 μM: 5, 30 μM: 13, 100 μM: 5 (B) 1 μM: 6, 3 μM: 14, 10 μM: 8, 30 μM: 9.



The data and fitted curves show that block is voltage-dependent for both compounds, with block being released strongly at positive potentials but also, to a lesser extent, at extreme negative potentials—the latter indicative of permeant block in which the compounds enter the cell with a sufficiently strong electrical driving force. This release at hyperpolarized potentials was more pronounced for berbamine than for dTC. The membrane potential of maximum block was −118 mV for dTC and −94 mV for berbamine.

Large step stimuli were applied to the cells before and during superfusion of the compounds to confirm whether or not the channel is required to open before block can occur, i.e., whether the compounds act as open-channel blockers, as suggested by the MET currents recorded in response to sinusoidal stimuli (Figures 5A,B), and to quantify the time course of the block. Currents were recorded in response to a large force step before and during superfusion with different concentrations of each compound (3–30 μM; examples of recordings are shown in Figures 9A–D). In the absence of the blockers the force steps result in large, saturating MET currents showing minimal adaptation. Upon superfusion of either dTC or berbamine the currents activate with the same rapid time course, followed by an exponential decline in the currents, with the speed of the decline increasing with increasing concentration. This decline in the current following channel opening indicates that both compounds act as open-channel blockers and can only access their binding site once the channel is open. The time constants measured from the MET current decline allow for a calculation of the rate constants for entry into the channel from the extracellular side (k1; see Marcotti et al., 2005; van Netten and Kros, 2007). Mean values of the time constants were, for dTC, 6.7 ± 0.6 ms (n = 7 OHCs) for 3 μM and 2.1 ± 0.2 ms (n = 6) for 30 μM. For berbamine at 3 μM the time constant was 4.7 ± 0.4 ms (n = 10), at 10 μM 2.45 ± 0.15 (n = 5) and at 30 μM 0.97 ± 0.22 ms (n = 3). From these values, the entry rates into the hair cells can be calculated. At all potentials berbamine enters more avidly than dTC (Figure 9E).
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FIGURE 9. Kinetics of MET channel block reveal d-tubocurarine and berbamine act as open channel blockers. (A–D) Transducer currents were recorded from OHCs in response to a mechanical step delivered by a fluid-jet (±40 V driver voltage, DV), shown above each trace [(A,B) P2+2; (C,D) P2+3]. From a holding potential of −84 mV, cells were exposed to an initial saturating inhibitory stimulus, resulting in the closure of the MET channels, followed by a saturating excitatory step eliciting rapidly activating inward currents. Currents (averaged from 10 repetitions) before (black trace) and during (red trace) superfusion of 3 μM dTC (A), 30 μM dTC (B), 3 μM berbamine (C), and 30 μM berbamine (D) were scaled and superimposed. Maximum transducer currents were; (A) −679 pA before and −369 pA during 3 μM dTC application, (B) −742 pA before and −137 pA during 30 μM dTC application, (C) −271 pA before and −211 pA during 3 μM berbamine application and (D) −271 pA before and −67 pA during 30 μM berbamine application. Both dTC and berbamine can be seen to act as open channel blockers from the decline in current size observed following the excitatory step. The currents during compound superfusion were fitted with single exponentials (A) τ = 6.9 ms (B) τ = 2.1 ms (C) τ = 3.2 ms (D) τ = 0.83 ms. (E) Entry rates into the OHC of extracellular dTC and berbamine as a function of membrane potential. At all membrane potentials berbamine enters the cell more rapidly than dTC. Rates calculated for 1 μM compound, 80 channels, popen 0.1.



Effect of the Compounds on the Basolateral Potassium Currents in Mouse Outer Hair Cells

dTC is a known nicotinic antagonist that has also been shown to block various potassium channels including the apamin-sensitive potassium current in neurones (Goh and Pennefather, 1987), cloned small conductance calcium-activated potassium (SK) channels (Ishii et al., 1997) and a calcium-dependent potassium current in rat tumoral pituitary cells (Vacher et al., 1998). During the first postnatal week OHCs express a slow outward K+ current (IK,neo) activated at potentials positive to −50 mV (Marcotti and Kros, 1999). We therefore investigated whether dTC or berbamine could suppress this current and confer additional protection through causing a shift in resting membrane potential, with any depolarization of the cell potentially resulting in a reduced driving force for the positively charged aminoglycosides to enter the cells. Currents were elicited by applying a series of hyperpolarising and depolarizing voltage steps from the holding potential of −84 mV and currents recorded before and during exposure to 30 μM of each compound. Berbamine was found to substantially reduce IK,neo whereas dTC had no effect at this concentration (Figure 10A). Average normalized current-voltage curves for all cells recorded from are shown (Figure 10B).
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FIGURE 10. Basolateral potassium currents are blocked by berbamine but not by d-tubocurarine. (A) Currents from an OHC recorded before and during exposure to 30 μM dTC or berbamine reveal a decrease in current size during berbamine, but not dTC superfusion. Currents were recorded in response to 10 mV hyperpolarizing and depolarizing voltage steps from a holding potential of −84 mV. Schematic representations of the voltage step protocols are shown below each trace. The leakage currents have been subtracted but the membrane potentials have not been adjusted for the residual series resistance (3.0 MΩ). The capacitance of the cell was 6.7 pF. (B) Average normalized steady-state I-V curves for all cells before (closed symbols; n = 12) and during exposure to 30 μM dTC (open circles; n = 9) or 30 μM berbamine (open triangles; n = 8). (C) Monitoring membrane potential changes under current clamp revealed that exposure to both 30 μM berbamine and 30 μM dTC resulted in a hyperpolarization of the cell of more than 10 mV from the resting potential of −55 mV.



Notably, neither compound elicited a reduction in the resting membrane potential when it was perfused onto OHCs under current clamp at a concentration of 30 μM (Figure 10C). In fact the reverse was observed, with similar increases in resting membrane potential during both dTC and berbamine superfusion. This hyperpolarization, which would lead to an increase in the electrical force driving the aminoglycosides to enter the hair cells, eliminates changes in resting membrane potential as a potential protective mechanism for both dTC and berbamine.

d-Tubocurarine and Berbamine Reduce GTTR Loading into Cochlear Hair Cells

In order to test whether either compound could block or reduce the accumulation of gentamicin into the OHCs, mouse cochlear cultures were exposed to a low concentration (0.2 μM) of GTTR in the presence of a large molar excess (100 μM) of each compound for a short period of time to enable a quantification of the gentamicin uptake (Steyger et al., 2003). For a negative control, cultures were incubated in 0.2 μM GTTR and 1% DMSO alone. Following a 5 min pre-incubation with dTC, berbamine or DMSO alone and a subsequent 10 min co-incubation with 0.2 μM GTTR, a significant decrease in GTTR loading was seen in OHCs that were exposed to GTTR in the presence of either dTC or berbamine compared to the DMSO vehicle controls (Figures 11A–D). The reduction in GTTR labeling observed with the two compounds was similar and not significantly different.
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FIGURE 11. d-Tubocurarine and berbamine reduce the loading of GTTR. (A) dTC and berbamine significantly reduced the fluorescent intensity of 0.2 μM GTTR compared to DMSO controls (***p < 0.001). No significant difference was seen between the reduction by dTC and berbamine. Fluorescent intensity was measured in arbitrary units (a.u.). Error bars are ±SEM. (B–D) Representative images taken following 10 min GTTR exposure in DMSO, dTC and berbamine. Scale bar = 50 μm.



DISCUSSION

The results of this study show that berbamine protects hair cells in mouse cochlear cultures from gentamicin toxicity, and that dTC can protect zebrafish lateral line hair cells from the toxic side effects of both neomycin and gentamicin. Furthermore, we confirm previous observations showing that dTC can protect mammalian hair cells from gentamicin (Alharazneh et al., 2011) and that berbamine can protect zebrafish hair cells from aminoglycoside toxicity (Kruger et al., 2016). The two alkaloids dTC and berbamine are therefore versatile otoprotectants that work in both fish and mammals.

Following on from this we set out to determine whether berbamine and dTC share the same mechanism of protection in mammals. The MET channels are the main entry site for the aminoglycosides into the hair cells (Marcotti et al., 2005) and a block of these channels has been suggested as the mechanism of protection for both berbamine in zebrafish lateral line hair cells (Kruger et al., 2016) and curare in rat OHCs (Alharazneh et al., 2011). Furthermore, previous studies have shown also that dTC is a MET channel blocker (Glowatzki et al., 1997; Farris et al., 2004). Our results clearly demonstrate that both compounds act as permeant blockers of the MET channel, rapidly and reversibly blocking the channels with similar half-blocking concentrations. Maximum block is seen at −118 mV for dTC and −94 mV for berbamine, with the block reducing at more hyperpolarized potentials, indicating both compounds can enter into the cells, albeit at a greatly reduced rate compared to the aminoglycoside DHS (Marcotti et al., 2005). For example, with the conditions chosen for Figure 9E (1 μM compound, 80 MET channels, popen 0.1), the entry rates into the OHCs are 110 molecules/s for dTC and 205 molecules/s for berbamine, at a membrane potential of −150 mV. Taking the parameters for DHS permeation in the presence of 1.3 mM extracellular Ca2+ from Marcotti et al. (2005), the entry rate of 1 μM DHS into the cells would be some 1,130 molecules/s, an order of magnitude faster. For higher concentrations the entry rates started to saturate, so rates for dTC and berbamine can never approach those for DHS (e.g., for 100 μM rates were 319 molecules/s for dTC, 1107 molecules/s for berbamine and 11,460 molecules/s for DHS).

Whilst a previous study has reported that dTC is non-permeant and remains in the channel pore (Farris et al., 2004), this finding was based on studies in turtle auditory hair cells in which the cells were not hyperpolarized much beyond the potential at which we observe maximum block. The release of the block was therefore not observed. In our study cells were hyperpolarized to –164 mV, a potential at which a release of the block was clearly evident. This is a physiologically relevant membrane potential as the electrical driving force across the MET channels in the mammalian cochlea in vivo is generated by a positive endocochlear potential of +80 to +100 mV (Bosher and Warren, 1971) and a negative hair-cell resting potential of some −40 to −60 mV (Johnson et al., 2011). In turtle hair cells, Farris et al. reported KD values for dTC block of 6.3 μM for the steady-state current and 16 μM for the peak current, values ~3–8 times higher than our (near steady-state) finding of 2.2 μM. They also calculated a Hill coefficient of 2 suggesting the cooperative binding of 2 dTC molecules in the channel pore as opposed to the negative cooperativity suggested by our finding of a Hill coefficient of 0.8. These observations imply marked differences between the turtle and mouse MET channels, highlighting the need for caution in interpreting results across species.

Both dTC and berbamine significantly reduce the loading of GTTR into the OHCs. This observation, together with the knowledge that they are both MET channel blockers with a reasonably high affinity for the channel pore, strongly suggests that protection is conferred via a competitive block of the channels. Both compounds can, however, enter the cells so it is possible that there are alternative and/or additional intracellular targets. This seems unlikely though as dTC and berbamine provide protection against both neomycin and gentamicin in zebrafish, a species in which these aminoglycosides activate distinct cell death pathways (Owens et al., 2009; Coffin et al., 2013a,b) and may have different targets (Owens et al., 2008; Vlastis et al., 2012). Although berbamine and dTC are both permeant, open-channel blockers of the hair cell's MET channel that reduce GTTR loading into hair cells and protect against aminoglycoside toxicity, berbamine was found to be toxic to mammalian hair cells and other cell types in the developing organ of Corti at concentrations ≥30 μM. It also blocks the hair cell's basolateral K+ current IK,neo. As mentioned above, berbamine is more permeant than dTC, and the energy profiles (Figure 12) indicate substantial differences between their interactions with the MET channel, with dTC having higher entry and exit barriers. The latter feature would hinder its entry into the hair cells.
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FIGURE 12. Energy profiles for MET channel permeation and block by extracellular d-tubocurarine and berbamine. Energy profiles calculated from fits to the fractional-block curves and kinetics of MET current block are shown. Values for the free energies of the binding site Eb and barriers E1 and E2 are shown in the absence of a voltage across the membrane (Vm = 0 mV). The voltage-independent extracellular barrier E1, at an electrical distance of zero, has a free energy of 15.16 kT for dTC and 12.14 kT for berbamine. Eb is −8.67 kT for dTC and −12.0 kT for berbamine. The binding sites, δb, are located at an electrical distance from the extracellular side of 0.52 for dTC and 0.57 for berbamine. The intracellular barrier E2, positioned at an electrical distance of one, is 20.13 kT for dTC and 14.82 kT for berbamine.



dTC is an alkaloid formed of two isoquinoline moieties linked via hydroxyl-benzyl groups to form an 18 atom macrocycle. It bears one fixed positive charge (quaternary nitrogen) and a pH dependent positive charge (tertiary nitrogen, calculated pKa ~8.0). Ionization simulation shows that at physiological pH ~80% of the molecule will bear two positive charges. The distance between the two positive charges of dTC (Figure 13A), with the stereochemistry of the carbon atoms next to the quaternary and the tertiary nitrogens being R and S respectively, is 8.89 Å. Whilst berbamine is an 18 atom macrocycle alkaloid that is structurally related to dTC and bears the same two isoquinoline moieties the latter are, however, linked differently. In comparison to dTC, berbamine does not bear any fixed positive charge but has instead two pH dependent ones, with the calculated pKa for the two tertiary nitrogens being ~7.4 and 8.2. Prediction of ionization status at physiological pH suggests that 50% of the molecules will bear two positive charges and ~40% only one positive charge. The distance between the two positive charges for berbamine, with the stereochemistry of the carbon atoms next to the two nitrogens being R and S (Figure 13B), is 10.18 Å, slightly higher than that in dTC. Flexible alignment of the two structures (Figure 13C) shows a good overall superimposition of the molecules; however, the isoquinoline moiety bearing the quaternary nitrogen of dTC and one of the two tertiary nitrogens of berbamine do not superimpose properly with the two nitrogens being 1.2 Å apart from each other.
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FIGURE 13. d-Tubocurarine and berbamine share similar chemical structures. (A,B) Energy-minimized structures showing the distance between the positive charges for dTC (8.89 Å; yellow) and berbamine (10.18 Å; magenta) respectively. (C) A flexible alignment with the structures not minimized reveals dTC and berbamine share striking structural similarities.



Some of the differences between the structures of dTC and berbamine outlined above may explain why their properties and interactions with the MET channel are different. For example, the higher entry and exit energy barriers for dTC could tentatively be explained by the fact that a higher percentage of dTC molecules will bear two positive charges compared to berbamine molecules at physiological pH, thereby hindering the passage of dTC across the positive charges present at the mouth and exit of the channel (van Netten and Kros, 2007). Alternatively, the distance between the positive charges may critically determine the strength of interactions with the MET channel protein. As discussed earlier, dTC and berbamine are both less permeant than the aminoglycoside DHS (Marcotti et al., 2005), entering the cells at a substantially slower rate, by an order of magnitude. This may, in part, be explained by the fact that dTC and berbamine both have a more rigid structure, are less flexible compared to DHS, and may therefore be unable to adapt their conformation within the channel.

In the search for potential otoprotective compounds we have identified dTC as a promising lead compound for further investigation. dTC is a reasonably high-affinity MET channel blocker (KD = 2.2 μM) that rapidly and reversibly blocks the channel. It has advantages over berbamine which include reduced permeability and a lack of toxicity up to 50 μM. By comparison berbamine had only a narrow range of protective concentrations in the cochlea, as it was found to be toxic at concentrations above 30 μM. Moreover, berbamine damaged OHCs when applied intracellularly at 1 mM. As berbamine was not toxic to neuromast hair cells, and protected these cells at lower concentrations than dTC, results from the zebrafish assay alone would have favored berbamine over dTC as a potential otoprotective compound. This points to the necessity to follow-up results from zebrafish screening with a mammalian otoprotection assay. One future approach would be to modify dTC in order to increase its affinity for the MET channel and eliminate its ability to enter the cells. In parallel one would need to reduce its action as a nicotinic antagonist to avoid blocking the middle ear reflex and the action of the olivocochlear bundle following trans-tympanic application.
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Inner ear hair cell death leads to sensorineural hearing loss and can be a direct consequence of aminoglycoside antibiotic treatment. Aminoglycosides such as gentamicin are effective therapy for serious Gram-negative bacterial infections such as some forms of meningitis, pneumonia, and sepsis. Aminoglycosides enter hair cells through mechanotransduction channels at the apical end of hair bundles and initiate intrinsic cell death cascades, but the precise cell signaling that leads to hair cell death is incompletely understood. Here, we examine the cell death pathways involved in aminoglycoside damage using the zebrafish (Danio rerio). The zebrafish lateral line contains hair cell-bearing organs called neuromasts that are homologous to hair cells of the mammalian inner ear and represents an excellent model to study ototoxicity. Based on previous research demonstrating a role for p53, Bcl2 signaling, autophagy, and proteasomal degradation in aminoglycoside-damaged hair cells, we used the Cytoscape GeneMANIA Database to identify additional proteins that might play a role in neomycin or gentamicin ototoxicity. Our bioinformatics analysis identified the pro-survival proteins phosphoinositide-dependent kinase-1 (PDK1) and X-linked inhibitor of apoptosis protein (Xiap) as potential mediators of gentamicin-induced hair cell damage. Pharmacological inhibition of PDK1 or its downstream mediator protein kinase C facilitated gentamicin toxicity, as did Xiap mutation, suggesting that both PI3K and endogenous Xiap confer protection. Surprisingly, aminoglycoside-induced hair cell death was highly attenuated in wild type Tupfel long-fin (TL fish; the background strain for the Xiap mutant line) compared to wild type ∗AB zebrafish. Pharmacologic manipulation of p53 suggested that the strain difference might result from decreased p53 in TL hair cells, allowing for increased hair cell survival. Overall, our studies identified additional steps in the cell death cascade triggered by aminoglycoside damage, suggesting possible drug targets to combat hearing loss resulting from aminoglycoside exposure.
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INTRODUCTION

Aminoglycosides antibiotics, including neomycin and gentamicin, cause hearing loss and vestibular dysfunction in 20–30% of patients who take these drugs (Rizzi and Hirose, 2007; Xie et al., 2011; Schacht et al., 2012). However, these antibiotics are still frequently used world-wide because of their relatively low cost and high efficacy in fighting devastating infectious diseases such as tuberculosis, sepsis, and other severe Gram-negative bacterial infections (Maurin and Raoult, 2001; Rizzi and Hirose, 2007). Aminoglycosides cause hearing loss by killing sensory hair cells in the inner ear, which eliminates the first neural step in transforming acoustic energy into neural impulses (Schacht et al., 2012). Damage to mammalian hair cells is permanent, as they do not regenerate. It is therefore critical that we understand how aminoglycosides cause hair cell death so that we may develop targeted therapies to intervene in the damage process and preserve hearing.

Cell death signaling is traditionally broken into two domains: apoptosis and necrosis. Apoptosis is classified morphologically by nuclear condensation and biochemically by caspase activation, while necrosis is distinct, with nuclear and plasma membrane swelling (Zimmermann et al., 2001; Danial and Korsmeyer, 2004). However, this binary classification fails to fully encompass the complexity of cell death signaling that occurs in many tissues, including the ear (Forge and Schacht, 2000; Matsui et al., 2002; Jiang et al., 2006a; Coffin et al., 2013b). Studies in the past decade demonstrate that aminoglycosides activate a complex set of signaling cascades in damaged hair cells, and that not all hair cells respond to aminoglycosides in the same biochemical manner (Jiang et al., 2006a; Taylor et al., 2008; Coffin et al., 2013b). For example, in vitro and in vivo studies in chickens and rodents suggest that classical apoptosis plays a dominant role in aminoglycoside damage, primarily activating the mitochondrial cell death pathway driven by caspase-9 and caspase-3 (e.g., Forge and Li, 2000; Cunningham et al., 2002; Matsui et al., 2002, 2004; Cheng et al., 2003). However, other research in mammals and zebrafish demonstrates caspase-independent cell death in vivo, albeit with involvement of mitochondrial proteins (Jiang et al., 2006a; Owens et al., 2007; Tabuchi et al., 2007; Coffin et al., 2013a,b). These contradictory data likely result from differences in species and experimental conditions, including in vitro vs. in vivo differences and differences in drug treatment paradigms. Reactive oxygen species formation is a hallmark feature in many aminoglycoside ototoxicity studies, and antioxidants confer some level of protection (Hirose et al., 1999; McFadden et al., 2003; Choung et al., 2009; Poirrier et al., 2010; Esterberg et al., 2016). Other studies suggest involvement of numerous cell death and survival cascades, including c-Jun N-terminal kinase (JNK) and p53 signaling (Wang et al., 2003; Sugahara et al., 2006; Coffin et al., 2013a; Anttonen et al., 2016). Despite these studies, we still have an incomplete picture of the signaling events that occur in aminoglycoside-damaged hair cells. A better understanding of cell death and survival signaling due to aminoglycoside exposure will provide more targets for therapeutic intervention.

The present study uses the larval zebrafish lateral line to better understand cell death processes after aminoglycoside exposure. The lateral line is used by zebrafish to detect near field vibrations in the water caused by abiotic or biotic sources such as prey, predators, or water current (Montgomery et al., 1997; Coombs et al., 2014). The lateral line system contains clusters of neuromasts—sensory hair and supporting cells encapsulated in a jelly-like cupula—that are arranged along the head and trunk of the fish. Lateral line hair cells are structurally and functionally similar to the hair cells of the mammalian inner ear and show similar responses to aminoglycosides and other hair cell toxins (Harris et al., 2003; Ou et al., 2007; Coffin et al., 2010). In the lateral line, neomycin and gentamicin activate distinct, yet somewhat overlapping, responses in damaged hair cells, suggesting that not all cell death responses are common across aminoglycosides and that a greater understanding of these differences is necessary to develop appropriate therapeutics (Coffin et al., 2009, 2013a,b; Owens et al., 2009; Hailey et al., 2017). Neomycin induces changes in calcium mobilization, mitochondrial membrane potential, and reactive oxygen species generation, and damage is dependent on the mitochondrial protein Bax (Owens et al., 2007; Coffin et al., 2013a; Esterberg et al., 2013, 2014, 2016). Although gentamicin toxicity in the lateral line is less well-studied, prior research shows that gentamicin-induced damage is independent of Bax and substantially dependent on p53 signaling (Coffin et al., 2013a).

In a previous study, we screened a cell death inhibitor library to identify novel regulators of aminoglycoside-induced hair cell death in the lateral line (Coffin et al., 2013b). This study identified several compounds that modulate aminoglycoside-induced hair cell death in the lateral line, including a Bax channel blocker, the p53 inhibitor pifithrin-α (PFTα), the Omi/HtrA2 inhibitor Ucf-101, and the autophagy inhibitor 3-MA (Coffin et al., 2013a,b). Here, we used this cell death inhibitor dataset as the input for pathway analysis using Cytoscape GeneMANIA to identify additional protein targets that may modulate aminoglycoside ototoxicity. We generated a list of molecular targets for each pharmacological reagent from the inhibitor dataset, basing our target selection on the literature demonstrating specific targets for each inhibitor. Our list contains 36 genes that our previous work suggests may modulate aminoglycoside ototoxicity, with some gene products implicated in neomycin toxicity, some in gentamicin toxicity, and some in response to either aminoglycoside. Pathway analysis yielded a complex network of potentially interacting signaling molecules in response to neomycin or gentamicin application.

We then used pharmacological or genetic manipulation to examine how these protein targets influence aminoglycoside-induced hair cell death. We selected two candidate classes of molecules: phosphoinositide-dependent kinase-1 (PDK1) and inhibitor of apoptosis proteins (IAPs), for further analysis, based on the potentially central role of these molecules, the paucity of information about these molecules in the auditory periphery, and the availability of pharmacological and genetic reagents for experimental use. We elected to focus on modulators of gentamicin damage because there is relatively little information on gentamicin ototoxicity in the lateral line, while neomycin damage is more understood (e.g., Harris et al., 2003; Esterberg et al., 2013, 2014, 2016). We found that PDK1 plays a protective role in gentamicin-damaged hair cells, as does X-linked inhibitor of apoptosis protein (Xiap). The Xiap mutant fish were created on a Tupfel long-fin (TL) background, and through comparisons with other wild type fish lines we discovered that hair cells in TL fish are less sensitive to aminoglycoside damage than hair cells in ∗AB fish, likely owing to differences in p53.

MATERIALS AND METHODS

Pathway Analysis

Based on our previous work (Coffin et al., 2013a,b), we generated a list of 36 genes that may modulate neomycin or gentamicin toxicity in the lateral line. Accession numbers and nucleotides for each gene were collected from the NCBI database (Brown et al., 2015). We used this gene list as input for pathway analysis of hair cell responses to neomycin or gentamicin damage. Supplementary Table 1 contains the list of input genes. Functional annotation of genes was performed using The Database for Annotation, visualization and Integrated Discovery (DAVID) Gene-Enrichment and Functional Annotation Analysis (Dennis et al., 2003; Huang et al., 2007; Wilhelm et al., 2012). The default EASE threshold of 0.1.0 was used. Global co-expression networks were then constructed using the Cytoscape app GeneMANIA (Campanaro et al., 2007; Montojo et al., 2010; Vied et al., 2014; Hausen et al., 2017). The desired organism used was human, with the options to display up to 50 related genes, 20 related attributes, and automatic weighting. Interactions were designated as genetic interactions, shared protein domains, pathway, co-expression, physical interactions, and predicted interactions. These different interactions are represented by different colored lines in the final output. From this analysis, we selected candidate proteins for pharmacological or genetic manipulation during aminoglycoside exposure in larval zebrafish.

Animals

Experiments were conducted on ∗AB wild type fish unless specifically noted. The Xiapsa2739 mutant fish, which have a premature stop codon in the Xiap gene, were created by the Sanger Institute on a TL background (zfin.org). Xiap mutants were purchased through the Zebrafish International Resource Center (ZIRC) and bred as a homozygous line. Wild type TL fish were also purchased through ZIRC. All fish were reared in the zebrafish facility at Washington State University, Vancouver. Larvae were produced through group matings and raised at 28°C in Petri dishes containing fish water. All experiments were performed in E2 embryo medium (EM: 1 mM MgSO4, 0.15 mM KH2PO4, 1 mM CaCl2, 0.5 mM KCl, 15 mM NaCl, 0.05 mM Na2HPO, and 0.7 mM NaHCO3 in dH2O, pH 7.2; Westerfield, 2000). Animals were used at 5–6 days post-fertilization (dpf) because at this age their hair cells exhibit mature sensitivity to known hair cell toxins (Murakami et al., 2003; Santos et al., 2006; Ou et al., 2007). This study was carried out in accordance with the recommendations of the American Veterinary Medical Association and the Institutional Animal Care and Use Committee at Washington State University. The protocol was approved by the Institutional Animal Care and Use Committee at Washington State University.

Drug Exposure

Stock solutions of the aminoglycosides gentamicin and neomycin (Sigma-Aldrich, St. Louis, MO, United States) were diluted in EM to final concentrations of 25–400 μM. The ototoxic chemotherapy agent cisplatin was also used for one set of experiments. Cisplatin (MWI Animal Health, Boise, ID, United States) was diluted in EM to final concentrations of 250–1000 μM. For all experiments, fish were divided into treatment groups of 6–20 fish per group and placed in custom transfer baskets in a six-well plate. In order to understand the differences between neomycin- and gentamicin-induced hair cell death, we used either an acute treatment paradigm (30 min drug exposure, 60 min recovery in EM), or a continuous treatment paradigm (6 h drug exposure), as previous research demonstrates that these treatments activate distinct sets of cell death events (Coffin et al., 2009, 2013a,b; Owens et al., 2009). The acute exposure paradigm was used for neomycin treatment, while the continuous exposure paradigm was used for gentamicin.

In order to examine cell death, we used the following cell signaling modulators: PHT-427, which is a dual inhibitor of Akt and PDK1 proteins (Selleck Chemicals, Houston, TX, United States), LCL-161, a Smac/Diablo mimetic that acts as an antagonist of IAPs (Selleck Chemicals), an Akt inhibitor (Akt Inhibitor VIII, EMD Millipore, Billerica, MA, United States), the PDK1 inhibitor BX795 (UBPBio, Aurora, CO, United States), the protein kinase C (PKC) inhibitor Calphostin C (EMD Millipore), the p53 inhibitor PFTα, or the Mdm2 inhibitor nutlin-3a, which stabilizes p53. PFTα and nutlin-3a were purchased from Sigma. Cell death modulators were added 1 h prior to drug treatment and remained present during aminoglycoside exposure. Cell death modulators were reconstituted in DMSO. Control fish were given a corresponding amount of DMSO, ranging from 0.001 to 1% total volume to match the DMSO concentrations in the inhibitor treatment.

Hair Cell Assessment

To quantify hair cell survival, fish were treated with the vital dye 2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide (DASPEI, Life Technologies, Grand Island, NY, United States). Fish were incubated in 0.005% DASPEI for 15 min, then rinsed twice in fresh EM and anesthetized with 0.001% buffered 3-aminobenzoic acid ethyl ester methanesulfonate (MS-222, Argent Labs, Redmond, WA, United States) prior to imaging with a Leica M165FC fluorescent stereomicroscope (Leica Microsystems, Buffalo Grove, IL, United States). Ten pre-determined anterior neuromasts (IO1, IO2, IO3, M2, IO4, O2, MI1, MI2, SO1, and SO2; Raible and Kruse, 2000) per fish were then assigned a score from 0 to 2 based on brightness of DASPEI labeling, with 0 being no visible neuromast, 1 indicating visible but faint labeling, and 2 indicating bright labeling (Harris et al., 2003; Coffin et al., 2009; Owens et al., 2009). Aggregate scores were given per fish as a sum of its 10 neuromast scores (score of 0–20 per fish), and data were normalized to the control group for each experiment.

For a sub-set of experiments, direct hair cells counts were used to validate DASPEI scores (Coffin et al., 2009, 2013a). Fish were euthanized with 0.002% buffered MS-222 and fixed in 4% paraformaldehyde overnight at 4°C. Fish were then rinsed in phosphate-buffered saline (PBS, Life Technologies) and blocked in PBS supplemented with 5% normal goat serum and 0.1% Triton-X (both from Sigma-Aldrich). Fish were then incubated overnight at 4°C in anti-parvalbumin, a specific hair cell label, in PBS with 0.1% Triton-X and 1% goat serum (1:500 antibody dilution, EMD Millipore). Fish were rinsed in fresh PBS + Triton-X, incubated in secondary antibody (Alexa Fluor goat anti-mouse 488 or 568, Life Technologies) for 4 h at room temperature, rinsed again, and stored at 4°C in a 1:1 solution of PBS:glycerol. The fish were then mounted on bridged coverslips and viewed using a Leica DMRB compound fluorescent microscope at 40× magnification, or with a Leica SP8 scanning confocal microscope. Hair cells from the same five neuromasts situated under the eye (IO1, IO2, IO3, M2, and OP1; Raible and Kruse, 2000) were counted and summed to arrive at one value per fish.

UV-Induced Cell Death

In order to examine cell death in other cells, we used UV light exposure, which causes DNA damage and cell death in a variety of cell types (Zeng et al., 2009; Yabu et al., 2015; Mao et al., 2017). Three dpf larvae (∗AB or TL) were exposed to UV light for 90 s, then allowed to recover in either EM or PFTα for 3 h. Fish were then labeled with 5 μg/ml acridine orange (AO) for 45 min (Life Technologies; Kong et al., 2016), rinsed twice in fresh EM, anesthetized with MS-222, and imaged on a Leica SP8 confocal microscope. Identical laser, gain, and offset setting were used for all images. AO-labeled cells were quantified from a 10,000 μm2 region of the ventral surface of the head, where the gill arches meet.

Data Analysis

Data were analyzed by one- or two-way ANOVA (as appropriate) using GraphPad Prism version 7. All data are presented as mean ± 1 SD. With power analysis using 10 animals per group, our standard sample size, we can detect a difference of 12% with 95% power, with type I and type II errors of 0.05. For experiments with N = 6, this allows us to detect a 15% difference.

RESULTS

PI3K or IAP Inhibition Modulates Hair Cell Death

Pathway analysis yielded a complex network of potentially interacting signaling molecules in response to neomycin or gentamicin application (Supplementary Figure 1 and Data Sheets 1, 2). Here, we focus on PDK1 and IAP as potential modulators of hair cell death, as both molecules appeared on one or both pathway diagrams (for neomycin and gentamicin).

PHT-427, a dual inhibitor of PDK1 and Akt, sensitized hair cells to gentamicin damage, with 750 nM PHT conferring significant sensitization (Figure 1; one-way ANOVA, p < 0.001). 750 nM PHT increased gentamicin-induced hair cell damage by 13–17%, depending on the gentamicin concentration (Figure 1E). There was no sensitization observed with 200 μM gentamicin, as this concentration damaged all hair cells without PHT, meaning that a further reduction in hair cell survival could not be detected. PHT did not sensitize hair cells to neomycin toxicity (Figure 1; one-way ANOVA, p = 0.17). PHT was not ototoxic on its own (“zero AAB” data points in Figures 1D,E and data not shown). These data suggest that either PDK1 or Akt normally protect hair cells specifically from gentamicin toxicity. Using 1 μM Akt inhibitor, which has been previously used in the zebrafish lateral line, we found that Akt-specific inhibition did not modulate aminoglycoside-induced hair cell death (Uribe et al., 2015, and Figure 2; two-way ANOVA, p = 0.13 and p = 0.35 for neomycin and gentamicin, respectively). By contrast, the PDK1 inhibitor BX795 significantly sensitized hair cells to 25 μM gentamicin, with a 13.7% decreased in hair cell survival in the presence of 1 μM BX795 (Figure 3A; one-way ANOVA, p < 0.001). However, this sensitization was not evident at higher gentamicin concentrations (Figure 3B; two-way ANOVA, p = 0.06). Collectively, our data suggest PDK1 as the endogenously protective component of this pathway.
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FIGURE 1. The PDK1/Akt inhibitor PHT-427 sensitizes hair cells to gentamicin damage but not to neomycin. (A) Representative images showing DASPEI-labeled fish from the indicated groups. Scale bar = 200 μm and applies to all panels. (B) PHT dose–response function with 50 μM neomycin. PHT does not alter neomycin sensitivity (one-way ANOVA, F4,50 = 1.68, p = 0.17). (C) PHT increases sensitivity to gentamicin toxicity (one-way ANOVA, F4,43 = 6.94, p < 0.001). Bonferroni-corrected post hoc analysis demonstrates significant sensitization at 0.75 or 1 μM PHT. (D) 0.75 μM PHT does not alter the neomycin dose–response function (two-way ANOVA, F1,86 = 1.04, p = 31). (E) 0.75 μM PHT significantly sensitizes hair cells to gentamicin (two-way ANOVA with inhibitor presence as the factor, F1,67 = 31.95, p < 0.001). In panels (D,E), solid lines are aminoglycoside (AAB) only, dashed lines are aminoglycoside with 0.75 μM PHT. Bonferroni-corrected post hoc analysis shows significant differences at 25, 50, and 100 μM gentamicin. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. N = 6–12 fish/treatment.
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FIGURE 2. Akt inhibition does not modulate aminoglycoside-induced hair cell death. Fish were treated with 1 μM Akt inhibitor and variable concentrations of neomycin (A) or gentamicin (B). Solid lines are aminoglycoside (AAB) only, dashed lines are aminoglycoside with Akt inhibitor. Data were analyzed by two-way ANOVA with inhibitor presence as the factor. F1,55 = 2.31, p = 0.13 (neomycin), F1,59 = 0.89, p = 0.35 (gentamicin). N = 10–12 fish/treatment.
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FIGURE 3. The PDK1 inhibitor BX795 sensitizes hair cells to gentamicin damage. (A) BX795 exhibits dose-dependent sensitization (one-way ANOVA, F5,60 = 8.807, p < 0.001). Significant sensitization is seen with 1 or 10 μM BX795 against 25 μM gentamicin (∗∗∗p < 0.001 and ∗p < 0.05, respectively).(B) A trend toward BX795 sensitization is seen across the gentamicin dose–response function, although this effect is not significant (two-way ANOVA with inhibitor presence as the factor, F1,101 = 3.501, p = 0.06). Solid lines are gentamicin only, dashed lines are gentamicin with BX795. N = 8–13 fish/treatment.



PDK1 can activate both Akt and PKC. As our data in Figure 3 suggest that gentamicin damage does not rely on Akt, we next assessed the role of PKC using the specific inhibitor Calphostin C (Schmidt et al., 2004). Calphostin C significantly facilitated gentamicin toxicity (Figure 4A; one-way ANOVA, p = 0.0009), with approximately a 20% reduction in hair cell survival with 50 or 250 nM Calphostin C, respectively. 250 nM Calphostin C sensitized hair cells to variable concentrations of gentamicin (two-way ANOVA, p = 0.0007; Figure 4B), with a 14.5% reduction in hair cell survival seen at 50 μM gentamicin and a 13.6% reduction observed with 100 μM gentamicin. These data suggest that PDK1 may protect hair cells by activation of PKC.
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FIGURE 4. The PKC inhibitor Calphostin C (CalC) facilitates gentamicin-induced hair cell death. (A) CalC significantly sensitizes hair cells to damage from 25 μM gentamicin (one-way ANOVA, F4,31 = 6.16, p = 0.0009). Either 50 or 250 nM CalC facilitates damage (∗p < 0.05 in each case). N = 5–8 fish/treatment. (B) 250 nM CalC sensitizes hair cells to varying concentrations of gentamicin (two-way ANOVA with inhibitor presence as the factor, F1,81 = 12.48, p = 0.0007). Significant sensitization is seen at 50 or 100 μM gentamicin (∗∗p < 0.01). N = 8–10 fish/treatment.



We then examined the role of IAPs in aminoglycoside toxicity. The Smac mimetic LCL-161, which targets cIAP1 and cIAP2 for degradation and leads to caspase activation, modestly sensitized hair cells to gentamicin damage (Figure 5; one-way ANOVA, p = 0.28), with 10 μM LCL reducing hair cell survival by 18.4% over gentamicin only. 10 μM LCL appeared to protect hair cells from neomycin damage, at least at 100 μM neomycin, with 14.8% more hair cells surviving when LCL was present (Figure 5C; two-way ANOVA, p = 0.041). Higher concentrations of LCL were ototoxic on their own (data not shown). More substantial results were observed in Xiap loss of function mutant fish. Hair cells in Xiap mutants were significantly more sensitive to gentamicin than were hair cells in wild type TL fish, the background strain on which the Xiap mutant line was created (Figure 6; two-way ANOVA, p < 0.0001). There was a modest effect of genotype on neomycin sensitivity (two-way ANOVA, p = 0.002). However, this effect resulted from a difference in neomycin susceptibility between ∗AB and TL fish, while Xiap mutant and TL hair cells did not differ in neomycin sensitivity (two-way ANOVA, p = 0.12). These data suggest that endogenous Xiap expression may protect hair cells from gentamicin, but not from neomycin damage. We also found that TL hair cells were resistant to gentamicin when compared to wild type ∗AB fish, demonstrating strain-specific differences in aminoglycoside susceptibility (Figure 6; see figure legend for pairwise statistical comparisons).
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FIGURE 5. The Smac mimetic LCL-161, which inhibits cIAP1, modestly sensitizes hair cells to gentamicin damage. (A) Variable LCL-161 concentrations do not affect toxicity to 50 μM neomycin (one-way ANOVA, F4,69 = 1.54, p = 0.199). (B) Variable LCL has a modest but significant effect on gentamicin toxicity (one-way ANOVA, F4,31 = 3.14, p = 0.028), with 10 μM LCL conveying significant sensitization (∗p < 0.05). (C) 10 μM LCL appears to modestly protect hair cells from 100 μM neomycin (two-way ANOVA, F1,74 = 4.34, p = 0.041, post hoc analysis ∗p < 0.05). (D) 10 μM LCL increases susceptibility to gentamicin (two-way ANOVA with inhibitor presence as the factor, F1,88 = 12.93, p < 0.001). Sensitization is only apparent at 50 μM gentamicin (∗∗p < 0.01). Solid lines are aminoglycoside (AAB) only, dashed lines are aminoglycoside with LCL. N = 6–12 fish/treatment.
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FIGURE 6. Ototoxin sensitivity differs by genotype. ∗AB, TL, or Xiap mutant fish (created on a TL background) were treated acutely with neomycin or continuously with gentamicin. Hair cells were assessed by direct counts of anti-parvalbumin-labeled cells. (A) Representative confocal images of anti-parvalbumin-labeled hair cells from ∗AB, TL, and Xiap mutant fish. The scale bar = 10 μm and applies to all panels. (B) Genotype significantly effects hair cell sensitivity to neomycin (two-way ANOVA, F2,102 = 6.363, p = 0.002). Significant pairwise comparisons: 50 μM neo: AB vs TL p < 0.001, AB vs. Xiap p < 0.05; 100 μM neo: AB vs. TL p < 0.05. (C) There is a significant difference of genotype on gentamicin sensitivity (two-way ANOVA with genotype as the factor, F3,96 = 24.15, p < 0.0001). There is also a significant interaction between genotype and gentamicin concentration (F6,96 = 3.028, p = 0.009). Significant pairwise comparisons: 50 μM gent: AB vs. TL p < 0.01, TL vs. Xiap p < 0.001; 100 μM gent: TL vs. Xiap p < 0.01; 200 μM gent: AB vs. TL p < 0.001, TL vs. Xiap p < 0.001. In panels (B,C), black solid lines are ∗AB fish, gray dashed lines are TL fish, and blue dashed lines are Xiap mutant fish. N = 7–11 fish/treatment.



Strain Differences in p53 Signaling

We went on to explore the differences between ∗AB and TL strains in more detail, focusing on the more robust differences observed in gentamicin-exposed fish. Previous studies demonstrate that p53 modulates gentamicin-induced hair cell death in zebrafish (Coffin et al., 2013a,b). There was a significant effect of fish strain on the response to p53 manipulation (Figure 7; two-way ANOVA, p < 0.001). Inhibiting p53 with PFTα significantly protected ∗AB hair cells from gentamicin damage (Figure 7A; p < 0.0001), with PFT-treated ∗AB fish having 19.7% more hair cells than ∗ABs treated with gentamicin only. By contrast, there was no increase in hair cell survival in TL fish (p = 0.14). Similarly, stabilizing p53 with nutlin-3a greatly sensitized ∗AB hair cells to gentamicin damage, with a 23.9% reduction in hair cells in nutlin-3a-treated fish (Figure 7; p < 0.0001). Nutlin-3a did not affect gentamicin damage in TL hair cells (p = 0.99). These experiments suggest that p53 signaling may be altered in TL hair cells, or that gentamicin-induced hair cell death is independent of p53 in this line.
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FIGURE 7. p53 modulation does not affect gentamicin-induced hair cell death in TL fish. Fish were treated with 25 μM gentamicin either alone, with (A) 50 μM nutlin-3a, or with (B) 25 μM PFTα. Data are normalized to untreated ∗AB fish. There is a significant effect of treatment, genotype, and the interaction between the two (F3,112 = 705.1, F1,112 = 149.7, F3,112 = 47.07 for treatment, genotype, and the interaction term, respectively, p < 0.001 in all cases). Asterisks denote significant differences from gentamicin-only treatment, not including controls. ∗∗∗p < 0.001. N = 10–20 fish/group.



We next asked if TL hair cells are resistant to cisplatin damage. Cisplatin is an ototoxic chemotherapy drug that, in the lateral line, kills hair cells in a p53-independent manner (Ou et al., 2007; Coffin et al., 2013a). As shown in Figure 8, there was no difference in cisplatin-induced hair cell death between TL and ∗AB fish (two-way ANOVA, p = 0.084), suggesting that the relative resistance of TL hair cells to damage is specific for aminoglycosides and may be related to differences in p53.
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FIGURE 8. There is no strain difference in cisplatin ototoxicity. Six hours continuous exposure to cisplatin results in dose-dependent hair cell death, with no significant difference between ∗AB and TL fish (two-way ANOVA with genotype as a factor, F1,92 = 3.049, p = 0.084). N = 9–13 fish/treatment.



Finally, we asked if cell death in response to UV light exposure was altered in TL fish. UV light kills multiple cell types through p53-dependent signaling cascades (Zeng et al., 2009; Gong et al., 2015). There was a significant effect of treatment for either fish strain (Figure 9; one-way ANOVA, p < 0.001 for each strain). UV light caused a threefold increase in the number of AO-labeled cells in the ventral head region of ∗AB fish (p < 0.0001), and this increase was attenuated by treatment with PFTα, with no significant difference observed between control fish and fish exposed to UV but treated with PFTα (Figure 9B, p = 0.87). In TL fish, UV exposure also led to a significant fourfold increase in AO labeling (p < 0.0001), but PFTα did not significantly reduce the magnitude of cell death (Figure 9C; p = 0.99). In neither case did PFTα itself alter the number of AO-labeled cells. Collectively, these data point to strain-specific differences in p53-dependent cell death signaling.
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FIGURE 9. p53 differentially modulates UV-induced cell death between AB and TL fish. (A) Representative confocal images of the ventral head region, showing the differences in AO labeling between groups. Each box is 100 × 100 μm; the actual size of the regions used to collect the quantitative data in panels (B,C). Arrows in the upper left panel point to examples of AO-labeled cells. Dashed line in the upper middle panel (AB/UV group) outlines a neuromast for reference. Scale bar in the upper left panel = 10 μm and applies to all panels. (B) UV exposure in ∗AB fish significantly kills cells, and PFTα treatment returns cell death to baseline levels. One-way ANOVA, F3,25 = 11.27, p < 0.001. (C) UV exposure also increase the number of AO-labeled cells in TL fish, and PFTα does not prevent cell death. One-way ANOVA, F3,26 = 13.96, p < 0.001. For both panels, asterisks “∗∗∗” indicate different from controls of the same strain, p < 0.001. N = 6–8 fish/group.



DISCUSSION

Cell Death and Survival in Aminoglycoside-Damaged Hair Cells

The goal of this study was to identity new candidate molecules involved in aminoglycoside-damaged hair cells of the zebrafish lateral line, and to experimentally manipulate them to determine their effect on hair cell death. We used DAVID and GeneMANIA to construct hypothetical genetic interaction pathways for neomycin and gentamicin damage, using known hair cell death molecules from the Bcl2 family and pharmacological modulators of aminoglycoside ototoxicity in the lateral line as the basis for selecting input genes (Coffin et al., 2013a,b). Our pathway analysis yielded several signaling proteins known to modulate aminoglycoside ototoxicity in mammalian systems, such as JNK and heat shock proteins (e.g., Wang et al., 2003; Cunningham and Brandon, 2006; Sugahara et al., 2006; Taleb et al., 2008). However, our analysis also yielded other candidate genes for future exploration. Collectively, the pathway analysis provides new molecular targets for ototoxicity research.

The pathway analysis diagrams in Supplementary Figure 1 differ for gentamicin and neomycin, because our previous research demonstrates that in the lateral line, these aminoglycosides activate only partially overlapping suites of cell death regulators (Coffin et al., 2009, 2013a,b; Owens et al., 2009). For the present study, we focused on proteins from the gentamicin analysis, as gentamicin ototoxicity is relatively understudied in the lateral line, and gentamicin is in widespread clinical use. We selected three candidates for manipulation: the PI3K signaling protein PDK1, the inhibitor of apoptosis protein Xiap, and the mitochondrial protein Smac. We found that PDK1 inhibition sensitized hair cells to gentamicin damage but not neomycin toxicity, suggesting that endogenous PDK1 may protect hair cells from gentamicin exposure. In rodent models, aminoglycoside exposure can alter expression of PI3K signaling components and PI3K inhibition sensitizes cochlear explants to gentamicin damage (Chung et al., 2006; Jiang et al., 2006b; Jadali and Kwan, 2016). Our data suggest that PDK1, which activates downstream members of the PI3K pathway, may be responsible for the PI3K-dependent modulation of aminoglycoside ototoxicity.

PDK1 can phosphorylate multiple downstream targets, including Akt and PKC (Mora et al., 2004). Akt inhibition does not alter aminoglycoside susceptibility in the lateral line (Figure 3; Uribe et al., 2015), suggesting that PKC or other downstream PDK1 targets are responsible for the modulatory effect we observed. In mammals, multiple studies have implicated Akt in aminoglycoside ototoxicity, although the evidence for a protective role comes primarily from neonatal cochlear cultures, which may not accurately represent the mature in vivo condition (Chung et al., 2006; Brand et al., 2011, 2015; Heinrich et al., 2015). Our data suggest that endogenous Akt does not attenuate aminoglycoside ototoxicity in vivo, and that the effect of PDK1 manipulation is dependent on PKC, consistent with in vitro data from Chung et al. (2006). PDK1-dependent PKC signaling mediates mechanical hypersensitivity in a neuropathic pain model, demonstrating a role for this signaling cascade in nervous system injury (Ko et al., 2016). PDK1 activation of PKC also contributes to increased cell survival in some tumor types, likely by interacting with Bcl2-family proteins (Desai et al., 2011; Zabiewicz et al., 2014). Our previous data demonstrate that over-expression of Bcl2 protects hair cells from gentamicin toxicity (Coffin et al., 2013a), and the current research suggests that PKC signaling may play a role in this protective effect.

Our data do not allow us to determine the cell type(s) specifically responsible for PI3K-dependent protection. The effect could be cell-autonomous and confined to hair cells, but previous studies demonstrate that supporting cells are critical for hair cell survival in the undamaged ear and play an important role in hair cell responses to ototoxic damage (Haddon et al., 1998; May et al., 2013; Jadali et al., 2017). PI3K signaling is dependent on an extracellular ligand binding to a membrane-bound receptor to initiate the intracellular cascade (reviewed in Gamper and Powerll, 2012; Cunningham and Ruggero, 2013). Therefore, PDK1 modulation of hair cell survival depends on an upstream signal that could originate in neighboring supporting cells, or in a potentially distant cell population. A similarly cooperative mechanism was proposed by Jadali and Kwan (2016), who suggested that IGF-1 or another excreted ligand may be necessary for PI3K-dependent hair cell protection. Future experiments are necessary to further examine PI3K signaling in ototoxicity and to determine the source of the ligand and the cell types involved.

The IAPs play roles in cell proliferation, differentiation, and survival. The Smac mimetic LCL-161, which targets cIAP1 and cIAP2 for degradation (Vince et al., 2007; West et al., 2016), modestly altered hair cell responses to aminoglycosides, with differing responses for neomycin and gentamicin. It is unclear if these modest but opposing differences are biologically relevant, and future experiments are needed to further probe the role of these IAPs in ototoxicity. However, Xiap loss-of-function significantly sensitized hair cells to gentamicin damage, but not to neomycin toxicity, suggesting a protective role for endogenous Xiap during gentamicin exposure. Xiap can modulate cell death via both caspase-dependent and caspase-independent pathways, and plays diverse roles in cellular responses to stresses such as toxin exposure (Dubrez-Daloz et al., 2008). Xiap over-expression protects hair cells from cisplatin damage, and modestly reduces neomycin ototoxicity in P8-P14 mice (Cooper et al., 2006; Sun et al., 2014). It is possible that Xiap over-expression in zebrafish would prevent neomycin-induced hair cell loss, as increasing pro-survival factors can confer protection even if endogenous levels appear insufficient to modulate hair cell damage (Uribe et al., 2015). However, our results provide further evidence for differences in cell signaling responses to neomycin vs. gentamicin in zebrafish hair cells.

Xiap can function as an ubiquitin ligase, consistent with our previous data demonstrating a role for proteasomal degradation in aminoglycoside toxicity (Galbán and Duckett, 2010; Coffin et al., 2013b). Xiap ubiquitinates multiple targets, including apoptosis-inducing factor (AIF), leading to AIF activation and caspase-independent programmed cell death (Lewis et al., 2011). In the lateral line, aminoglycoside-induced hair cell death is independent of caspase activation, implicating this caspase-independent role of Xiap in gentamicin damage (Coffin et al., 2013b). AIF translocates from the mitochondria to the nucleus in damaged cells, and AIF translocation is reported in hair cells in response to amikacin administration in vivo or to gentamicin in vitro, suggesting that AIF may mediate hair cell damage (Lecain et al., 2007; Zhang et al., 2012). However, an in vivo study in mice did not find AIF translocation after kanamycin ototoxicity, but did note a decrease in cochlear AIF expression (Jiang et al., 2006a). It is unclear if these differences are due to species differences or to the aminoglycoside used. Future research is necessary to determine if an Xiap–AIF interaction plays a role in aminoglycoside ototoxicity in the lateral line.

GeneMANIA predicts interactions between genes, yielding potential candidates for experimental follow-up. Our bioinformatics analysis of the different cell signaling genes associated with aminoglycoside damage helped identify potential molecular targets for modulation of hair cell responses to neomycin or gentamicin. Both PDK1 and Xiap appeared on the gentamicin signaling diagram but not the neomycin diagram, and modulation of PDK1 or Xiap influenced hair cell death in response to gentamicin but not neomycin. These data further highlight the toxin-specific nature of hair cell damage, and the utility of the bioinformatics approach to identify potential candidate molecules for experimental validation.

Strain-Specific Responses to Aminoglycoside Damage

During our cell signaling investigation, we found strain-specific differences in aminoglycoside sensitivity, with TL fish being modestly resistant to neomycin-induced hair cell death, and substantially resistant to gentamicin damage. Our previous work demonstrated that p53 inhibition conferred modest protection from neomycin and substantial protection from gentamicin in ∗AB fish (Coffin et al., 2013a). We therefore investigated p53 modulation in ∗AB vs. TL fish here and found that p53 modulation did not alter hair cell responses to gentamicin in TL fish, in contrast to the marked effect on hair cell death in ∗AB animals. Our p53 manipulation experiments suggest that ∼40% of gentamicin-induced hair cell death in the lateral line is independent of p53, since in ∗AB fish p53 inhibition partially rescues gentamicin damage, leading to hair cell loss on par with gentamicin-treated TL hair cells that did not receive p53 inhibitor. Cell death due to UV exposure is also p53-dependent, and UV exposure induced cell death in both ∗AB and TL larvae. p53 inhibition attenuated damage in ∗AB fish but not in TLs, further evidence for strain-specific differences in p53 signaling, leading to strain-specific responses to damaging agents.

Strain-specific differences in aminoglycoside sensitivity were previously noted in rodents (Sullivan et al., 1987; Wu et al., 2001). For example, Fisher-344 rats are more susceptible to gentamicin ototoxicity and nephrotoxicity than are Sprague-Dawley rats, and BALB/c mice are more susceptible to kanamycin damage than C57BL/6 mice (Sullivan et al., 1987; Wu et al., 2001). Human genetic differences in ototoxic sensitivity are well-known, particularly mitochondrial mutations that convey increased susceptibility to aminoglycoside-induced hearing loss (Fischel-Ghodsian, 1998). To our knowledge, this is the first report of a strain difference in aminoglycoside susceptibility in zebrafish. Monroe et al. (2016) demonstrated that different strains of adult zebrafish differ in hearing sensitivity, with TL fish having greater sensitivity than age-matched ∗ABs. However, the cause of these differences is unknown.

Zebrafish exhibit strain-specific responses to several behavioral tasks, such as inhibitory avoidance learning or startle response habituation (Gorissen et al., 2015; van den Bos et al., 2017). TL fish have reduced resting cortisol levels and decreased expression of stress-related genes when compared to AB fish, and our unpublished results suggest that cortisol may increase aminoglycoside susceptibility in lateral line hair cells (Gorissen et al., 2015; van den Bos et al., 2017; Hayward and Young, unpublished data). Therefore, in addition to differences in p53 signaling, increased cortisol levels in ∗AB animals may further sensitize their hair cells to aminoglycoside damage. Future experiments are needed to dissect the relative contributions of stress-related factors and strain-specific aminoglycoside sensitivity.

CONCLUSION

Our pathway analysis suggests several novel candidates for modulation of aminoglycoside ototoxicity, and our pharmacological and genetic manipulations demonstrate likely roles for the PI3K proteins PDK1 and PKC, and the IAPs Xiap, as endogenous regulators of gentamicin toxicity. We further demonstrate that strain-specific differences in p53 signaling likely underlie differential susceptibility to gentamicin damage. These studies increase understanding of cell signaling in ototoxic damage and suggest molecular targets for possible therapeutic intervention.
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Aminoglycosides (AGs) are widely used antibiotics because of their low cost and high efficacy against gram-negative bacterial infection. However, AGs are ototoxic, causing the death of sensory hair cells in the inner ear. Strategies aimed at developing or discovering agents that protect against aminoglycoside ototoxicity have focused on inhibiting apoptosis or more recently, on preventing antibiotic uptake by the hair cells. Recent screens for ototoprotective compounds using the larval zebrafish lateral line identified phenoxybenzamine as a potential protectant for aminoglycoside-induced hair cell death. Here we used live imaging of FM1-43 uptake as a proxy for aminoglycoside entry, combined with hair-cell death assays to evaluate whether phenoxybenzamine can protect mammalian cochlear hair cells from the deleterious effects of the aminoglycoside antibiotic neomycin. We show that phenoxybenzamine can block FM1-43 entry into mammalian hair cells in a reversible and dose-dependent manner, but pre-incubation is required for maximal inhibition of entry. We observed differential effects of phenoxybenzamine on FM1-43 uptake in the two different types of cochlear hair cell in mammals, the outer hair cells (OHCs) and inner hair cells (IHCs). The requirement for pre-incubation and reversibility suggests an intracellular rather than an extracellular site of action for phenoxybenzamine. We also tested the efficacy of phenoxybenzamine as an otoprotective agent. In mouse cochlear explants the hair cell death resulting from 24 h exposure to neomycin was steeply dose-dependent, with 50% cell death occurring at ~230 μM for both IHC and OHC. We used 250 μM neomycin in subsequent hair-cell death assays. At 100 μM with 1 h pre-incubation, phenoxybenzamine conferred significant protection to both IHCs and OHCs, however at higher concentrations phenoxybenzamine itself showed clear signs of ototoxicity and an additive toxic effect when combined with neomycin. These data do not support the use of phenoxybenzamine as a therapeutic agent in mammalian inner ear. Our findings do share parallels with the observations from the zebrafish lateral line model but they also highlight the necessity for validation in the mammalian system and the potential for differential effects on sensory hair cells from different species, in different systems and even between cells in the same organ.
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INTRODUCTION

Aminoglycosides (AGs) are widely used antibiotics because of their low cost and high efficacy against gram-negative bacterial infection. AGs are both nephrotoxic (Toubeau et al., 1986; Hock and Anderson, 1995) and ototoxic (Greenwood, 1959) affecting the vestibular and auditory organs (Matz et al., 2004). Among the AGs neomycin is highly toxic, particularly in the hearing organ, the cochlea (Forge and Schacht, 2000). In the cochlea, AGs first affect the high-frequency hair cells found at the basal end of the cochlea, subsequently extending to the lower-frequency regions at the apical end of cochlear spiral (Aran and Darrouzet, 1975; Stebbins et al., 1979; for review see Forge and Schacht, 2000).

In order to access the apical surface of hair cells AGs must first pass through the blood labyrinth barrier which is composed of a highly specialized capillary network in the stria vascularis (Shi, 2016). Studies with fluorescently-tagged gentamicin showed that it travels from the stria vascularis capillaries into marginal cells and then into the endolymph (Wang and Steyger, 2009; Wang et al., 2010) at which point it comes into contact with the apical surface of the hair cells. AGs can enter into hair cells via an endocytic route (Hashino and Shero, 1995) or via the mechanotransduction (MET) channels, located in the hair cell’s stereociliary bundle (Gale et al., 2001; Marcotti et al., 2005; Dai et al., 2006; Wang and Steyger, 2009; Alharazneh et al., 2011) a route that is facilitated by the low calcium concentration of the endolymph (Marcotti et al., 2005).

When mammalian cochlear hair cells die there is no endogenous regenerative process that can replace them and thus hearing loss is permanent. Stem cell based therapies are being pursued and may well be available in the longer term. In the shorter term, however, it is important that we discover therapies that might protect hair cells from damage and death as a result of ototoxic medication, noise-induced hearing loss and aging.

New aminoglycoside antibiotics derived from the structural backbones of existing AGs are being produced to generate less ototoxicity whilst still being effective antibiotics (Matt et al., 2012; Duscha et al., 2014; Shulman et al., 2014; Huth et al., 2015). Until such antibiotics are available, a protective agent that could be applied along with any known ototoxin would be very advantageous. There have been a number of screens to identify compounds that might confer hair-cell protection during ototoxicity, including screens of FDA-approved drugs that could bypass some of the approval requirements (Ou et al., 2009). Many of these have used the zebrafish lateral line system as a screening model. One of the compounds that came through two separate screens using two different sets of FDA-approved compounds was phenoxybenzamine (also known as N-(2-chloroethyl)-N-(1-methyl-2-phenoxyethyl) benzylamine hydrochloride or dibenzyline) which was one of seven drugs which showed protection against aminoglycoside-induced hair-cell death potentially by blocking aminoglycoside uptake by hair cells (Ou et al., 2009; Vlasits et al., 2012). In zebrafish it was noted that pre-incubation of phenoxybenzamine was required to see efficacy in increasing hair-cell survival (Vlasits et al., 2012). Although phenoxybenzamine is a well characterized drug that is known to cross the blood brain barrier (Diop and Dausse, 1986) and so perhaps the blood labyrinth barrier, it has not been tested on mammalian cochlear hair cells.

Phenoxybenzamine is a well-known alpha-1-A and alpha-2-A adrenergic receptor antagonist (Thoenen et al., 1964). Among alpha 1-A and 2-A receptors, phenoxybenzamine has a slow onset and long lasting effect compared with other alpha adrenergic blockers and it is used to reduce the vasoconstriction caused by epinephrine (adrenaline) and norepinephrine. Phenoxybenzamine acts by covalently binding to the receptor resulting in the inhibition of ligand binding. It is used to reduce the hypertension caused by pheochromocytoma, for lower urinary tract problems (e.g., neurogenic bladder; Te, 2002), benign prostatic hyperplasia (Kumar and Dewan, 2000) and in complex regional pain syndrome (Inchiosa, 2013). Phenoxybenzamine is also known to block 5-HT2 serotonin receptors (Frazer and Hensley, 1999), in some cases acting as an irreversible blocker (Doggrell, 1995).

In this study we evaluated whether the protective effects of phenoxybenzamine that are observed in zebrafish hair cells (Ou et al., 2009; Vlasits et al., 2012) are also observed in mammalian inner hair cells (IHCs) and outer hair cells (OHCs). We first investigated the effects of phenoxybenzamine on the rapid FM1-43 entry into hair cells that occurs via the mechanoelectrical-transduction channels and mimics aminoglycoside entry (Gale et al., 2001). Second, we tested whether phenoxybenzamine could protect hair cells during neomycin ototoxicity.

MATERIALS AND METHODS

Materials

Phenoxybenzamine hydrochloride was obtained from Santa Cruz Biotechnology, Dallas, TX, USA and neomycin and ciprofloxacin from Sigma-Aldrich, UK. Leibovitz’s L15 (L15), DMEM/F12, FM1-43FX and fetal bovine serum (FBS) were acquired from ThermoFisher scientific, UK and the cell and tissue adhesive Cell-Tak was supplied by BD Biosciences, UK. All other chemicals were obtained from Sigma-Aldrich, UK.

Postnatal Cochlea Isolation and Culture

In accordance with the United Kingdom Animals (Scientific Procedures) Act of 1986 (Schedule 1 procedures), cochleae were extracted from C57BL/6 wild-type mice at postnatal day 3–6 (P3-P6). The isolated cochleae were micro-dissected in Leibovitz L15 medium. The apical cochlear turn was discarded and the remaining 1.5 turns separated into “middle” and “basal” coils. The stria-vascularis was kept in place and Reissner’s membrane was cut allowing the cochlear coils to be “fileted” open and then placed onto Cell-Tak® coated Matek (Ashland, MA, USA) dishes (Majumder et al., 2015). Explant cultures were incubated in DMEM/F12 supplemented with 1% FBS and ciprofloxacin (10 μg/ml) at 37°C in a 5% CO2/95% air atmosphere overnight prior to experimentation.

Live FM1-43 Imaging and Analysis

All experiments were conducted at room temperature (20–22°C). FM1-43 (6 μM) was prepared from a 10 mM stock solution. The control culture was loaded with 6 μM FM1-43 for 30 s and then immediately washed (five 10 s washes, followed by three slower, 2 min washes) in L15 or HBHBSS prior to imaging with a Zeiss 510NLO upright confocal microscope (excitation 488 nm, emission 500–550 nm) using a 40× (NA 0.8) water immersion objective. Confocal image stacks (~20 planes, 2 μm intervals) were acquired exactly 20 min after exposure to FM1-43. The confocal laser power and gain settings were identical for all live imaging experiments to enable data comparison. To evaluate whether phenoxybenzamine was more effective when pre-incubated, in a subset of experiments it was applied for 30 or 60 min prior to FM1-43 loading and the loading was performed in the continued presence of phenoxybenzamine (including the washout solution). To test for reversibility of the block, after 30 min of phenoxybenzamine incubation explants were washed for varying amounts of time before testing with FM1-43. Images were analyzed using ImageJ (NIH, USA). A running two frame average was applied to the Z planes and to maintain consistency ROIs were drawn two planes (i.e., ~4 μm) below the FM1-43 fluorescence signal from the hair-cell stereocilia. ROIs covered the extent of the cell body in that plane. Average intensities from the ROIs were recorded and the background fluorescence (measured in a non-cellular region) was subtracted. Measurements were taken from 30 OHCs and 10 IHCs per explant.

Ototoxic Hair Cell Death and Protection Assay

To determine a dose-response curve, middle and basal coil cochlear explants were exposed to 0, 10, 100, 200, 250, 400 or 1000 μM neomycin for 24 h. To determine whether phenoxybenzamine confers protection against neomycin ototoxicity, cochlear explants were pre-treated for 1 h in 0, 50, 100 or 200 μM phenoxybenzamine followed by 24 h co-treatment in phenoxybenzamine and 250 μM neomycin in DMEM/F12 media at 37°C in a 5% CO2/95% air atmosphere. After all experiments, explants were fixed with 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS, pH 7.2) at room temperature for 30–45 min for immunostaining and later evaluation for pyknotic and surviving hair cells.

Immunohistochemistry, Image Acquisition and Analysis

After fixation the explants were rinsed three times with PBS and incubated in blocking solution (PBS, 10% secondary host antibody serum and 0.5% Triton X-100) for 2 h. Subsequently, the explants were incubated with a mouse monoclonal anti-myosin 7A antibody, deposited to the DSHB by Orten, D.J. (DSHB Hybridoma Product MYO7A 138-1, used at 1:250) or a rabbit polyclonal anti-myosin 7A (25–6790, Proteus BioScience, used at 1:1000) primary antibody 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), AlexaFluor647 phalloidin (33 nM) and goat anti-rabbit-Atto488 or goat anti-mouse-Atto488 secondary antibodies in blocking solution. The explants were rinsed three times with PBS and imaged using the multiphoton Zeiss 510 NLO upright confocal microscope. DAPI was imaged using the a two-photon Chameleon-XR Ti:Sapphire laser tuned to 720 nm (435–485 nm bandpass filter), Atto488 was imaged using the 488 nm (500–550 nm bandpass filter) and AlexaFluor647 phalloidin using the 633 nm (long pass filter 650 nm) laser lines. Images were acquired at 1.5 μm Z intervals using either Achroplan 40× (NA 0.8) or Achroplan 63× Vis-IR (NA 1.0) water immersion objectives.

Z stacks (25–30 planes, 1.5 μm intervals) were acquired from two different regions in each explant. Image stacks were visualized using ZEN Lite software (Carl Zeiss Ltd, Germany) to identify pyknotic and surviving hair cells. The hair cells were considered pyknotic when they presented with condensed and marginated chromatin in the nuclei (Li et al., 1995; Lahne and Gale, 2008). Here we have used the characteristic pattern of pyknosis that we observe with the DAPI and myosin 7A staining during the death of IHCs and OHCs (Figure 1).
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FIGURE 1. Progression of neomycin-induced hair cell death. A sequence of images representing different stages of cell death that are observed after 24 h of neomycin exposure for both outer hair cells (OHCs) (A) and inner hair cells (IHCs) (B). Anti-myosin 7A labeling (upper panel), 4′,6′-diamidino-2-phenylindole (DAPI) staining of nuclear chromatin (middle panel), Myo7A/DAPI merged image (lower panel). Since individual cells undergo cell death at different times each cell is at a different stage in the cell death process and the images have been compiled into a pseudo-time series as indicated by the arrows. Scale bar 5 μm.



Hair cells with normal nuclei were considered to be viable surviving hair cells. Counts from the two regions sampled were averaged so that each explant counted as one N sample. Images were independently evaluated by two individuals.

Statistics

For live imaging experiments, all the data are presented as the mean ± SEM and ANOVA was applied with post hoc Tukey-Kramer’s with significance set at p < 0.05. For hair-cell survival and pyknosis, all the data are presented as the mean ± SEM and the statistical test used was Students’s t-test with significance set as p < 0.05.

RESULTS

Phenoxybenzamine Blocks Rapid FM 1-43 Entry in Mammalian Hair Cells if Preincubated

To evaluate the nature of phenoxybenzamine’s interaction with mammalian MET channels, we measured FM1-43 uptake by hair cells in cochlear explant cultures from postnatal day 3–6 mice. A brief (30 s) exposure to FM1-43 ensured that rapid entry through the MET channels was the primary uptake pathway as opposed to a slower endocytic mechanism. FM1-43 uptake was hair cell specific and irreversible with OHCs taking up approximately twice as much FM1-43 as IHCs as described previously (Gale et al., 2001). When 100 μM phenoxybenzamine was simply co-applied during FM-143 exposure there was no significant effect on FM1-43 uptake in either IHCs or OHCs. In contrast, when phenoxybenzamine was also pre-incubated for either 30 or 60 min, we found a significant reduction in FM1-43 uptake in OHCs, and a small reduction in uptake in IHCs that failed to reach significance (Figures 2A,B). Pre-incubation substantially reduced FM1-43 uptake to 28% of control levels in OHCs and 60% in IHCs respectively, significantly different to uptake both in the controls and in samples in which compounds were co-applied together (Figure 2C). The block of FM1-43 uptake was reversible upon washout although the recovery from block was not immediate. Comparing a 1 min washout with a 60 min washout we can see that the recovery was ~15% in OHCs after 1 min but was complete after 60 min (Figure 3). Recovery appeared to be faster but more variable in IHCs and on average we observed an overshoot in the recovery, but we note that the blocking effect of phenoxybenzamine was less robust in IHCs than in OHCs.
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FIGURE 2. Phenoxybenzamine (PB) significantly reduces rapid FM1-43 uptake in OHCs but not in inner cells. (A) Confocal images of FM1-43 uptake after brief exposure (30 s) in OHCs (upper panels) and IHCs (lower panel) under control conditions (left panel), either when co-applied with 100 μM PB (middle panel) or when explants were pre-incubated in PB for 30 min prior to FM1-43 application (right panel). (B) Quantification of FM1-43 fluorescence reveals that pre-incubation with phenoxybenzamine for 30 min or 60 min significantly reduces uptake in OHCs but not IHCs. Maximal inhibition of FM1-43 uptake is achieved in 30 min. (C) Pre-incubating with phenoxybenzamine is significantly more effective at blocking the rapid uptake of FM1-43. Expressed as a % of control, the uptake was reduced from 66% to 28% in OHCs and from 97% to 60% in IHCs. N numbers: control = 12; 100 μM PB-co-app = 6; 30 min pre-incubation = 9; 60 min pre-incubation = 6. Statistical test: ANOVA Tukey-Kramer’s test, *p < 0.05 in (B); Student’s t-test, *p < 0.05 in (C).
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FIGURE 3. Phenoxybenzamine block of FM1-43 entry is reversible. (A) After a 30 min pre-incubation in 100 μM phenoxybenzamine explants were washed for 1 min or 60 min in HBSS before being exposed to 6 μM FM1-43 for 30 s. Confocal images of the FM1-43 fluorescence signal in OHCs (upper panels) and IHCs (lower panel) when applied at 0 s, 1 min or 60 min after phenoxybenzamine washout. (B) The block by phenoxybenzamine is completely reversed 60 min after wash out. The fractional recovery of the FM1-43 signals was calculated from Frecov = (F − Fmin)/(Fmax − Fmin), where Fmin is the signal from 30 min pre-incubation (n = 9) and Fmax = control (no phenoxybenzamine) signal (n = 12) and F = 1 min (4) or 60 min (6). A Frecov value of 1 is equal to control (Fmax). Student’s t-test; *p < 0.05.



In order to determine whether the blockade of FM1-43 entry was dose-dependent, we varied the concentrations of phenoxybenzamine from 0 μM to 200 μM, pre-incubating for 30 min prior to FM1-43 application. The IC50 for the block of FM1-43 uptake by phenoxybenzamine differed slightly between OHC (logIC50 −4.185, 65 μM) and IHC (logIC50 −4.424, 38 μM) however, the Hill coefficient was strikingly different being 4 for OHC and 0.9 for IHC (Figure 4). One simple interpretation of these data is that there is a difference in the molecular nature of the MET channel in the two cochlear hair cell types. An alternative explanation is that the MET channel activity is reduced indirectly via a process that is affected by phenoxybenzamine and that is more prevalent in OHCs. We note that higher concentrations of phenoxybenzamine could not be tested due to problems with solubility that have been reported by others (Nisa et al., 2010).
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FIGURE 4. Phenoxybenzamine block of FM1-43 entry is dose-dependent. (A) Confocal images of rapid FM-143 uptake assessed after 30 min of pre-incubation in 10, 50 or 200 μM phenoxybenzamine. Images at the focal planes of the OHC and IHC are shown. (B) Quantification of the rapid FM1-43 uptake in the presence of different concentrations of phenoxybenzamine reveal the reduction in FM1-43 uptake as a function of increasing phenoxybenzamine concentration in both OHC (red) and IHC (blue). The IC50 and Hill coefficient values from the curve fits are provided in the main text. N numbers: control (12); 10 μM PB (3); 50 μM PB (4); 100 μM (9); 200 μM (4). Scale bar: 20 μm.



Phenoxybenzamine Can Protect Hair Cells from Neomycin-Induced Ototoxicity

For the next experiments we set out to determine a concentration of neomycin that gave us ≥50% toxicity in our mouse cochlear explant culture model after 24 h of exposure. Cochlear explants were treated with neomycin at a range of concentrations from 0 μM to 1000 μM. At the end of the 24-h exposure explants were fixed and triple-labeled with DAPI, fluorescent phalloidin and antibodies to myosin 7A. Z-stack images were then collected using a confocal microscope (Figure 5A). Since hair cells are known to be able to survive without a hair bundle (Gale et al., 2002), we focused our analysis on the hair-cell soma and nuclear chromatin markers, as shown in Figure 1, to quantify the number of surviving hair cells, using the image stacks. A steep dose-dependence was observed for neomycin-induced hair cell death for both OHC and IHC (Figure 5B), with 50% cell death constants of 228 μM (log −3.642) and 232 μM (log −3.635) and different Hill coefficients of 4.7 and 1.9, respectively. Based on these experiments we decided to use 250 μM neomycin in subsequent experiments to test whether phenoxybenzamine could provide any protection in this 24 h ototoxicity model.


[image: image]

FIGURE 5. Steep dose-dependent increase in hair-cell death after 24 h exposure to neomycin. (A) Confocal images of three different cellular markers: phalloidin, labeling F-actin; myosin7A (Myo7A), for the hair cell soma and DAPI which showing nuclear condensation and pyknosis in neomycin-treated examples. The right hand panels show a higher magnification (zoom) of the DAPI label in the IHC region. (B) Quantification of the numbers of surviving hair cells (expressed per 100 μm) reveals the steep dose-dependency of neomycin toxicity after 24 h of drug exposure. The 50% cell-death constants are similar between OHC (228 μM) and IHC (232 μM) but the Hill coefficients were quite different (4.7 and 1.9 respectively). N numbers: 0.1 μM (10); 10 μM (9); 100 μM (9); 200 μM (5); 250 μM (9); 400 μM (8); 1000 μM (10). Scale bar: 20 μm.



Given the requirement for drug pre-incubation, in test explants phenoxybenzamine (50, 100 or 200 μM) was applied for 1 h prior to the addition of neomycin in the presence of phenoxybenzamine. After 24 h explants were fixed, the same triple-labeling protocol was applied to all explants and image stacks collected and analyzed to quantify the number of surviving and pyknotic hair cells. At a concentration of 50 μM phenoxybenzamine did not offer significant protection against neomycin-induced ototoxicity (data not shown). In the presence of 100 μM phenoxybenzamine, however, the number of surviving OHC and IHC per 100 μm length of the cochlea was significantly higher, 27.9 ± 3.5 and 9.0 ± 1.0 respectively, compared to 17.6 ± 3.1 and 5.0 ± 1.4 with neomycin alone (p < 0.05). Using either the untreated control or phenoxybenzamine-treated alone explants to calculate the percent survival reveals that phenoxybenzamine increased OHC survival from 47% to 86% and IHC survival from 46% to 98% (Figure 6). Although phenoxybenzamine significantly reduced the number of neomycin-induced pyknotic OHC nuclei, we also observed a small but significant increase in pyknotic OHC and IHC nuclei when phenoxybenzamine was applied alone indicating the potential toxicity of the drug in the cochlea. The phenoxybenzamine-induced toxicity was more evident, particularly in OHCs at the highest concentration used (200 μM). In addition we observed that at 200 μM, rather than protecting hair cells against neomycin, phenoxybenzamine significantly enhanced the neomycin-induced toxicity in OHCs, whereas enhancement of toxicity was not observed in IHC (Supplementary Figure S1).
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FIGURE 6. Phenoxybenzamine confers protection against neomycin ototoxicity. (A) Representative confocal images showing the protective effect of the 100 μM phenoxybenzamine on the neomycin-induced hair cell death in both OHC and IHC. Images for phenoxybenzamine alone (PB), neomycin-alone for 250 μM for 24 h (Neo) or pre-incubation and continued presence of phenoxybenzamine during the neomycin exposure (Neo+PB). Images showing condensed chromation and pyknotic nuclei (DAPI staining, arrows) and the absence of the myosin7A labeling in missing/damaged hair cells. (B) Quantification of IHC and OHC survival (from myosin7A, upper graphs) and pyknotic hair cell nuclei (from DAPI images, lower graphs) in control C, 250 μM neomycin-treated (N), phenoxybenzamine alone (C+PB) or neomycin and phenoxybenzamine treated (N+PB) explants. N numbers: Neo (11); Neo+PB (8); PB alone (9); control (10). *p < 0.05 (compared to control). Scale bar, 20 μm.



DISCUSSION

Phenoxybenzamine was one of a small number of compounds identified from two high-throughput drug screens for neomycin ototoxicity using zebrafish larvae (Ou et al., 2009; Vlasits et al., 2012). In zebrafish lateral line hair cells, the blockade of neomycin uptake into hair cells is thought to be the primary mode of action for the otoprotective effect of phenoxybenzamine (Ou et al., 2009). Here we used mammalian cochlear explant cultures from postnatal mice to evaluate the possible otoprotective effect of phenoxybenzamine. Testing compounds in the mammalian system is critical given the clear differences between the mammalian cochlea and the lateral line, not least because there are two distinctly different types of hair cell in the cochlea. We first characterized the effect of phenoxybenzamine on rapid FM1-43 uptake, which we use as mimic of neomycin entry since it permeates the mechanoelectrical transducer channels and has been shown to reduce the toxic effects of neomycin (Gale et al., 2001).

In zebrafish hair cells phenoxybenzamine blocks the uptake of both FM1-43 and gentamicin-Texas Red (Ou et al., 2009; Vlasits et al., 2012). We now show that phenoxybenzamine can block FM1-43 entry in both IHCs and OHCs in the mammalian cochlea. The IC50 for the blocking effect was quite similar between the two hair cell types (40–60 μM), however there was a ~4 fold difference in the Hill coefficient with the block in OHCs showing a steep dependence indicating cooperative binding, whereas in IHCs the coefficient was close to 1 suggesting non-cooperative binding of phenoxybenzamine. To better understand the mode of action, we compared pre-incubation of phenoxybenzamine with simple co-application and found that maximal inhibition was achieved by pre-incubation (Figure 2) as previously described in zebrafish (Vlasits et al., 2012). A 30 min pre-incubation was already maximal and no further block was observed when we extended the time of incubation to 60 min. Phenoxybenzamine is known to bind covalently to adrenergic receptors and serotonin receptors and in zebrafish the hair-cell survival effected by phenoxybenzamine persisted after phenoxybenzamine washout (Ou et al., 2009). In our live FM1-43 uptake assay, although the phenoxybenzamine effect remained for the first minute (at least in OHCs), the block was fully reversible after 60 min of washout. We observed differences in the effect of phenoxybenzamine on FM1-43 uptake in OHCs and IHCs. If the site of action of phenoxybenzamine in mammalian hair cells is within the mechanoelectrical transduction channel itself, this would suggest that there are significant differences in the structure of the channel between IHC and OHCs. Given the pre-incubation requirement, a simple explanation for this could that there is an intracellular binding site for phenoxybenzamine that is not present in IHCs. An alternative and perhaps more likely explanation is that there may be indirect effects of phenoxybenzamine on the mechanoelectrical transduction channels via regulatory molecules that are more prevalent in OHCs compared to IHCs.

We next examined whether the otoprotection seen in the lateral line with phenoxybenzamine is also observed in mammalian cochlear hair cells. The effects of AGs are both time and dose-dependent and we first set out to determine a neomycin-dose response curve for 24 h of exposure in our mouse cochlear explant model. We found a steep dose-dependence for neomycin-induced hair cell-death, particularly for OHCs (Hill coefficient of 4.7 compared to 1.9 in IHCs, Figure 5). The IC50 or 50% cell-death constant for neomycin was ~250 μM for both OHCs and IHCs and we used this concentration in subsequent assays in order to promote ~50% hair cell loss/survival, allowing either a protective effect or an enhancement of hair-cell death to be identified.

When used at a concentration of 100 μM phenoxybenzamine produced a significant protection of both OHC and IHCs, resulting in survival of both OHCs (86% survival) and IHCs (98% survival) relative to controls, i.e., phenoxybenzamine treatment alone. A small amount of toxicity was noted in the phenoxybenzamine-alone controls, based on the assessment of nuclear chromatin and pyknosis (Figures 1, 6). At a higher concentration, 200 μM phenoxybenzamine in combination with neomycin produced different effects on the two types of hair cell. The IHCs were still protected but there was an enhancement of toxicity in OHCs indicating an additive effect of phenoxybenzamine and neomycin. When phenoxybenzamine was applied alone at 200 μM for 24 h it resulted in a small amount of OHC death but did not affect IHCs. The stronger block of FM1-43 uptake in OHCs compared to IHCs that we have shown could explain the differential toxicity if we assume that activity of the MET channels is essential for cell survival. Another possible explanation for the phenoxybenzamine-induced toxicity observed in OHCs is that it results from the differential expression of known phenoxybenzamine targets. We checked cochlear gene expression on gEAR portal1 and found that both serotonin receptors and adrenergic receptors are differentially expressed by OHCs and IHCs (Liu et al., 2014) providing some support for this as an alternative hypothesis for the observed toxicity. Importantly, however, phenoxybenzamine protects both IHCs and OHCs from neomycin-induced toxicity and the simplest explanation is that this is due to a reduction in neomycin uptake via the MET channels, consistent with our FM1-43 uptake assay (a mimic for the neomycin uptake).

The lack of a significant effect of phenoxybenzamine on FM1-43 uptake in IHCs compared to OHCs, but the presence of a protective effect from neomycin suggests a greater complexity here. The primary pathway for the aminoglycoside entry into hair cells is now considered to be via the MET channels located at the top of the stereocilia, consistent with AGs acting as open-channel blockers (Kroese et al., 1989; Ricci, 2002; Marcotti et al., 2005) as described for FM1-43 (Gale et al., 2001). However, the contribution of other ion channels to the uptake of AGs into hair cells has been less well characterized. Channels such as the transient receptor potential (TRP) class members such as TRPC3, TRPV4, TRPA1 and PRPML3 which are expressed in the cochlea have not been ruled out as possible entry pathways (Castiglioni and García-Añoveros, 2007; Cuajungco et al., 2007; Asai et al., 2010; Stepanyan et al., 2011; Quick et al., 2012). AGs block a variety of ion channels such as large-conductance Ca2+-activated K+ channels (Nomura et al., 1990), N-type and P/Q type Ca2+ channels (Pichler et al., 1996), ryanodine receptors (Mead and Williams, 2002a,b), P2X receptors (Lin et al., 1993) and nicotinic acetylcholine receptors (Blanchet et al., 2000). Similar to its effects on the MET channels, FM1-43 is also known to block TRPC3/TRPC6 channels (Quick et al., 2012). Phenoxybenzamine could be affecting any of the above channels, however, investigating these different ion channels is outside of the remit of this current work. In these present experiments a somewhat unexpected result was the consistent difference we observed between IHC and OHCs. Differences in the nature of the MET channels between these two cell types have been described (Beurg et al., 2006, 2009) and although the our results were generated from a different type of assay, they support the possibility of there being alternative channel isoforms expressed in the two cell types.

In recent years high-throughput screening in non-mammalian models has proven to be very useful in identify new compounds for preventing hair-cell death. The data presented here indicate the importance of follow up studies in mammalian hair-cell models. Our study did identify consistency between results from zebrafish lateral line screens and the mammalian cochlea: from the mode of action of phenoxybenzamine on FM1-43 uptake to the requirement for pre-incubation to achieve maximal inhibition. The particular sensitivity of OHCs to phenoxybenzamine is, however, something that would tend to preclude its clinical use. Nonetheless, the differential effects of phenoxybenzamine on IHC and OHCs could turn out to be of significance in our understanding of the molecular mechanisms regulating MET channels.
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Novel Peptide Vaccine GV1001 Rescues Hearing in Kanamycin/Furosemide-Treated Mice
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The cell-penetrating peptide GV1001 has been investigated as an anticancer agent and recently demonstrated anti-oxidant and anti-inflammatory effects. It has shown a protective effect on a kanamycin (KM)-induced ototoxicity mouse model. In the present study, we administered GV1001 at different time points after inducing hair cell damage, and examined if it rescues hair cell loss and restores hearing. A deaf mouse model was created by intraperitoneal injection of KM and furosemide. First, to test the early temporal change of hearing and extent of hair cell damage after KM and furosemide injection, hearing and outer hair cells (OHCs) morphology were evaluated on day 1, day 2 and day 3 after injection. In the second experiment, following KM and furosemide injection, GV1001, dexamethasone, or saline were given for three consecutive days at different time points: D0 group (days 0, 1, and 2), D1 group (days 1, 2, and 3), D3 group (days 3, 4, and 5) and D7 group (days 7, 8, and 9). The hearing thresholds were measured at 8, 16, and 32 kHz before ototoxic insult, and 7 days and 14 days after KM and furosemide injection. After 14 days, each turn of the cochlea was imaged to evaluate OHCs damage. GV1001-treated mice showed significantly less hearing loss and OHCs damage than the saline control group in the D0, D1 and D3 groups (p < 0.0167). However, there was no hearing restoration or intact hair cell in the D7 group. GV1001 protected against cochlear hair cell damage, and furthermore, delayed administration of GV1001 up to 3 days rescued hair cell damage and hearing loss in KM/furosemide-induced deaf mouse model.
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INTRODUCTION

Aminoglycoside antibiotics are used in the treatment of gram-negative bacterial infections, multi-drug resistant tuberculosis, and other hospital acquired serious infections. Dose-limiting side effects include cochlear and/or vestibular toxicity and nephrotoxicity. Aminoglycosides result in hair cell death by either caspase-dependent or -independent mechanisms (Rybak and Ramkumar, 2007). Aminoglycoside induced hair cells impairment by first inducing disarray of stereocilia and inflammatory changes in inner ear structures (Nakagawa et al., 1998; Cunningham et al., 2002; Kitahara et al., 2005; Tabuchi et al., 2007), ultimately terminating in apoptotic cell death through the formation of reactive oxygen species (ROS) including free radicals (Forge and Fradis, 1985; Priuska and Schacht, 1995).

A novel peptide vaccine GV1001, which is a cell-penetrating peptide (16-amino-acid sequence) derived from the active site of human telomerase reverse transcriptase (hTERT), has been investigated as an anticancer agent. GV1001 has been used against advanced pancreatic cancer, melanoma, non-small cell lung cancer, advanced hepatocellular carcinoma, cutaneous T-cell lymphoma and B-cell chronic lymphocytic leukemia. As an anticancer agent, GV1001 binds multiple human leukocyte antigen (HLA) class II molecules and elicits combined CD4 and CD8 T-cell responses (Kyte et al., 2011).

Inflammatory reactions, oxidative stress and apoptotic cell death were reportedly prevented by GV1001 delivered to the kidney and various cancer and primary blood cell lines (Bernhardt et al., 2006; Brunsvig et al., 2006; Lee et al., 2013; Koo et al., 2014). Recently, GV1001 also demonstrated cellular proliferation, stem cell mobilization, anti-apoptotic, anti-aging and anti-oxidant effects (Martínez and Blasco, 2011; Park et al., 2014). GV1001 exerts anti-inflammatory effects by inhibiting leukocyte migration and the release of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1; Koo et al., 2014). GV1001 may be an effective anti-inflammatory peptide that downregulates the production of pro-inflammatory cytokines through the suppression of p38 mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-κB following Enolase1 (ENO1) stimulation (Choi et al., 2015). GV1001 blocks β-amyloid toxicity by mimicking the extra-telomeric functions of hTERT, consequently showing anti-apoptotic and anti-oxidant effects in rat neural stem cells (Park et al., 2014). GV1001 exerts a protective effect in skin flap of rat against ischemia-reperfusion injury through anti-oxidant effects, reducing ROS and suppressing the inflammatory cascade (Lee et al., 2017).

Most therapeutic trials given at the same time or prior to administration of aminoglycoside have claimed effective in protecting aminoglycoside ototoxicity (Song and Schacht, 1996; Song et al., 1998; Sha and Schacht, 1999; Himeno et al., 2002; Wang et al., 2012; Campbell et al., 2016). GV1001 also has shown a protective effect on a kanamycin (KM)-induced ototoxicity mouse model in our previous study (manuscript under review). The anti-inflammatory, anti-oxidant and anti-apoptotic effects of GV1001 seem to be effective on KM-induced cochlear damage. However, experimental preclinical trials reporting rescue effect after cochlear damage are very rare.

Ototoxic hair cell injury in a mouse can be made either by multiple injections of KM or a single injection of KM with furosemide (Hirose et al., 2014). Though multiple injection of KM would be ideal to make an animal model of aminoglycoside ototoxicity, it usually takes around 2 weeks to induce ototoxicity (Jansen et al., 2013). Other shortcomings are chance of losing mice over the course of multiple injections and, variable and unclear onset of hearing loss if hearing is not tested frequently (Hirose and Sato, 2011). On the contrary, a deaf mouse model induced by single injection of KM and furosemide would not only be easier to conduct animal experiments, but the onset of hearing loss and hair cell damage is also immediate after injection of KM and furosemide as seen in this experiment.

In the present study, we administered GV1001 at different time points after inducing hair cell damage, and examined if it rescues hair cell loss and restores hearing in a KM/furosemide-induced ototoxicity mouse model.

MATERIALS AND METHODS

Deaf Mouse Model and Study Groups

A deaf mouse model (C57BL/6 mouse, 4–6 weeks of age, weight of 15–25 g) was created by intraperitoneal injection of KM (1000 mg/kg) followed by furosemide (100 mg/kg) within 30 min. The study protocols were approved by the Institutional Animal Care and Use Committee of Seoul National University Bundang Hospital (BA-1504-174-017). In Experiment 1, to assess the initial temporal change of hearing and the extent of hair cell damage in this deaf mouse model, total nine mice were divided into three groups: Day-1 (N = 3), Day-2 (N = 3) and Day-3 (N = 3). After injection of KM and furosemide on day 0, hearing loss and cochlear hair cell damage were evaluated on day 1, day 2 and day 3, respectively (Supplementary file S1).

In Experiment 2, to test the rescue effect of GV1001, total 120 mice were divided into the following three treatment groups: GV1001 (N = 40), dexamethasone (N = 40) and saline (N = 40). GV1001 (10 mg/kg; GemVax & Kael Co., Ltd, Seongnam, South Korea), dexamethasone (15 mg/kg), or saline was subcutaneously administered for three consecutive days after the injection of KM and furosemide. To compare the rescue effect of GV1001 on different time points, each group was divided into four subgroups according to the time points of GV1001, dexamethasone, and saline treatment: D0 group (days 0, 1 and 2), D1 group (days 1, 2 and 3), D3 group (days 3, 4 and 5), and D7 group (days 7, 8 and 9; Supplementary file S2).

Assessment of Hearing Loss

All of the mice underwent an auditory brainstem response (ABR) test (SmartEP; Intelligent Hearing Systems, Miami, FL, USA) under intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) after inhalation of isoflurane. During the ABR test, a heating pad was applied to maintain body temperature. Tone burst (envelope, Blackman; duration, 1562 μs; stimulation rate, 21.1/s) stimuli at 8, 16 and 32 kHz were delivered to the external auditory meatus through plastic earphones connected to an EC1 electrostatic speaker. Subdermal needle electrodes were applied behind the ipsilateral mastoid (reference electrode), behind the contralateral mastoid (active electrode), and on the vertex (ground electrode).

The evoked responses were amplified, and 1024 sweeps were averaged in real time. To acquire auditory thresholds, the sound intensity of the tone burst stimuli was lowered by 10 dB intervals from 90 dB SPL. The auditory threshold was defined as the lowest sound intensity at which the most robust and stable component was evoked around 4 ms (Wave III; Scimemi et al., 2014).

Tissue Preparation

Under anesthesia, venous blood was obtained before cardiac perfusion with PBS, followed by 4% paraformaldehyde (pH 7.4), and the cochlea and kidney were immersion-fixed (Koo et al., 2011). To prepare the cochlear whole-mount, the membranous labyrinth of the cochlea was dissected under a microscope and then fixed with 4% paraformaldehyde. Specimens were soaked in 0.3% Triton-X blocking solution for 1 h. Fixed tissues were labeled with Alexa 488-conjugated phalloidin for 1 h, washed, and then fixed with 4% paraformaldehyde. Specimens were mounted on slides with the anti-fade fluorescence mounting media VECTASHIELD® (Vector Laboratories, Burlington, ON, Canada), and examined using confocal microscopy (Carl Zeiss MicroImaging, Oberkochen, Germany) under uniform 63× magnification for all imaging analyses.

Each row of outer hair cells (OHCs) was evaluated for the presence or absence of hair cells. OHCs were considered missing if there was a gap in the normal hair cell array or if there were no apparent stereocilia or cuticular plates. The number of morphologically intact OHCs was counted manually and averaged in five different fields. The percentage of morphologically intact OHCs, defined as “intact OHCs rate”, was calculated at each cochlear turn (apex/middle/base).

Assessment of Nephrotoxicity

The mice were anesthetized, and venous blood was collected to measure blood urea nitrogen (BUN) values prior to trans-cardiac perfusion with saline and 4% paraformaldehyde fixative (pH 7.4). The BUN values were measured using Stat Profile® Critical Care Xpress (Nova Biomedical, Waltham, MA, USA). The operating range for BUN was 6–102 mg/dL; the normal range of BUN in mice is 13–35 mg/dL (Stender et al., 2007).

Renal tubules were harvested and imaged by optical microscopy after hematoxylin and eosin (H&E) staining. The morphology was quantified as 0 (normal), 1 (areas of focal granulovacuolar epithelial cell degeneration and granular debris in the tubular lumens), 2 (tubular epithelial necrosis and desquamation seen easily but involving less than half of the cortical tubules), 3 (more than half of the proximal tubules showing desquamation and necrosis, and the involved tubules being found easily), and 4 (complete or almost complete tubular necrosis; Kapić et al., 2014). Ten consecutive fields were examined.

Statistical Analysis

Statistical analyses were performed using SPSS for Windows (ver. 21; SPSS Inc., Chicago, IL, USA) and STATA v. 14.0 for Windows software (Stata Corp., College Station, TX, USA). The Kruskal-Wallis H test with Bonferroni correction were performed to compare continuous variables among the three groups and four subgroups: p-values less than 0.0167 or 0.0083 when compare three or four groups, respectively, were considered statistically significant.

RESULTS

Early Temporal Change of Hearing and Cochlear Hair Cell after Kanamycin and Furosemide Injection

From the Experiment 1 designed to assess the initial temporal change of hearing and the extent of hair cell damage (Figure 1A), the hearing was markedly deteriorated even from the next day (Day-1 group) of KM and furosemide injection (Figure 1B). However, OHCs morphology of apical, middle and basal turns were intact in two out of three mice of the Day-1 group. Three rows of the OHCs were completely disorganized and missed in the remaining 1 mouse of the Day-1 group and all five mice of the Day-2 and Day-3 groups (1 mouse of the Day-3 group died, Figure 1C; Supplementary file S3).
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FIGURE 1. Early temporal change of hearing and cochlear hair cell after kanamycin (KM) and furosemide injection (Experiment 1): (A) study design, (B) hearing thresholds over time, and (C) hair cell damage among the Day-1 (N = 3), Day-2 (N = 3), and Day-3 (N = 2) groups. Error bars in auditory brainstem response (ABR) indicate the standard error of the mean (SEM).



Effect of GV1001 on Hearing Loss

In the Experiment 2 designed to test the rescue effect of GV1001 (Figure 2A), the hearing thresholds at 8, 16 and 32 kHz over 2 weeks were compared among the three groups (GV1001, dexamethasone and saline) and four subgroups (D0, D1, D3 and D7; Figure 2B). After injection of KM and furosemide, the hearing thresholds increased in all three groups and all four subgroups. However, the hearing thresholds of the GV1001 group were relatively well preserved compared with those of the dexamethasone and saline groups with statistical significance (p < 0.0167).
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FIGURE 2. Effect of GV1001, dexamethasone and saline treatment in KM/furosemide-induced ototoxicity mouse model (Experiment 2): (A) study design, (B) hearing thresholds over time among the saline, dexamethasone and GV1001 groups. According to the time points of GV1001, dexamethasone, and saline treatment, all mice were classified as D0 (N = 28), D1 (N = 25), D3 (N = 27) and D7 (N = 24) subgroups. Error bars in auditory brainstem response (ABR) indicate the SEM. Statistically significant differences (p < 0.0167) are marked between saline-GV1001 groups (*) and saline-dexamethasone groups (†).



Difference in the hearing thresholds between the GV1001 and saline control group was statistically significant at all six points in the D0 group: 8 kHz (p = 0.007), 16 kHz (p = 0.006), and 32 kHz (p = 0.001) at 1 week, and 8 kHz (p = 0.013), 16 kHz (p = 0.008), and 32 kHz (p = 0.003) at 2 weeks. In the D1 group, the significant difference between the GV1001 and saline control group showed at one points: 32 kHz (p = 0.014) at 2 weeks. In the D3 group, the significant difference between the GV1001 and saline control group showed at three points: 8 kHz (p = 0.006) at 1 week, and 8 kHz (p = 0.005) and 16 kHz (p = 0.001) at 2 weeks. On the other hand, a statistically significant difference to the saline control group, in the hearing thresholds of the dexamethasone group, was seen at two points in the only D0 group: 8 kHz (p = 0.007) and 32 kHz (p = 0.012) at 2 weeks. There was no statistically significant difference in the hearing thresholds between the GV1001 and dexamethasone group. In the D7 group, the hearing thresholds of all three groups were increased to nearly 100 dB SPL (complete hearing loss).

In the GV1001 group, when compared the hearing thresholds among the D0, D1, D3 and D7 groups, the hearing thresholds of the D0, D1 and D3 groups were found to be statistical significantly different vs. that of the D7 group (p < 0.0083; Figure 3). In comparison between D0 and D7 group, hearing thresholds at four points, 8 kHz (p = 0.004), 16 kHz (p = 0.001), and 32 kHz (p = 0.001) at 1 week, and 16 kHz (p = 0.002) at 2 weeks, were significantly different. In comparison between D1 and D7 group, hearing thresholds at three points, 32 kHz (p = 0.003) at baseline, and 8 kHz (p = 0.004) and 32 kHz (p = 0.003) at 2 weeks, showed statistically significant difference. Moreover, in comparison between D3 and D7 group, hearing thresholds at one points, 8 kHz (p = 0.007) at 2 weeks, showed statistically significant difference. However, we found no significant difference in the hearing thresholds at any treatment time points among the D0, D1 and D3 groups (Supplementary file S4).
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FIGURE 3. Rescue effect of GV1001 on hearing loss according to the time points of GV1001 treatment: hearing thresholds over time among the D0 (N = 9), D1 (N = 8), D3 (N = 9) and D7 (N = 8) subgroups in the GV1001 group. Error bars indicate the SEM. Statistically significant difference (p < 0.0083) is marked between D0–D7 groups (*), D1–D7 groups (†), and D3–D7 groups (‡).



Effect of GV1001 on Hair Cell Damage

Regarding the cochlear whole-mount results, almost all the OHCs in the saline group were lost or disorganized in all D0, D1, D3 and D7 groups (Figure 4). However, the count of morphologically intact hair cells were significantly higher in GV1001-treated mice than saline-treated mice in all D0, D1 and D3 groups, especially at the basal turns (p < 0.0167). In the D0 group (Figure 4A), the significant difference between the GV1001 and saline control group showed at all of the cochlear turns: apex (p = 0.005), middle (p = 0.002), and base (p = 0.003). In the D1 group (Figure 4B), the significant difference between the GV1001 and saline control group showed at the middle turn (p = 0.005) and basal turn (p = 0.007). In the D3 group (Figure 4C), the significant difference between the GV1001 and saline control group showed at the basal turn (p = 0.008). On the other hand, dexamethasone-treated mice showed a statistically significant intact OHCs morphology than the saline group at each cochlear turn only in the D0 group: apex (p = 0.010), middle (p = 0.009), and base (p = 0.002). However, the OHCs and hearing could not be rescued by dexamethasone or GV1001 when treated 7 days after injection of KM and furosemide (Figure 4D).
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FIGURE 4. Effect of GV1001, dexamethasone and saline treatment on cochlear hair cell damage: hair cell damage among the saline, dexamethasone and GV1001 groups in (A) D0 (N = 28), (B) D1 (N = 25), (C) D3 (N = 27) and (D) D7 (N = 24) subgroups. Error bars indicate the SEM. Statistical significant difference (p < 0.0167) is marked between saline-GV1001 groups (*) and saline-dexamethasone groups (†).



In the GV1001 group, when compared hair cell damage among the D0, D1, D3 and D7 groups, the number of intact hair cells of the D0 group was significantly higher than that of the D7 group (p < 0.0083): apex (p = 0.005), middle (p = 0.003), and base (p = 0.005; Figure 5), while the comparison between the D0 group with D1 group or D3 group did not show statistical significance (Supplementary file S4).
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FIGURE 5. Rescue effect of GV1001 on hair cell damage according to the time points of GV1001 treatment: hair cell damage among the D0 (N = 9), D1 (N = 8), D3 (N = 9) and D7 (N = 8) subgroups in the GV1001 group. Error bars indicate the SEM. Statistical significant difference (p < 0.0083) is marked between D0–D7 groups (*). OHCs, outer hair cells.



Effect of GV1001 on the Kidney

The BUN values of tested mice in the GV1001, dexamethasone, and saline groups ranged from 12 mg/dL to 33 (19.06 ± 4.77) mg/dL, and these values were within the normal range for BUN values in mice (8–33 mg/dL). Moreover, the renal tubules of all GV1001, dexamethasone, and saline treated mice showed normal morphology in the H&E staining. Thus, the administration of 10 mg/kg GV1001 was safe in mice and did not cause nephrotoxicity (Supplementary file S4).

DISCUSSION

In the present study, cell penetrating peptide GV1001 was tested if it rescues hair cell loss and restores hearing after inducing hair cell damage using KM/furosemide-induced deaf mouse model. We also tested if there is a therapeutic window to reverse hair cell damage by investigating agents at different time points of D0, D1, D3 and D7. The KM/furosemide-induced ototoxicity mouse model was ideal for this experiment since substantial hearing loss was documented on the next day of KM and furosemide injection, and complete loss of OHCs was seen on the second day of injection. GV1001-treated mice showed significantly less hearing loss and less hair cell damage than the saline control group in the D0, D1 and D3 subgroups. Therefore, delayed administration of GV1001 up to 3 days could rescue hearing loss and hair cell damage, while hearing loss was irreversible if it was given 7 days after ototoxic insult in KM/furosemide-induced deaf mouse model.

The potential otoprotective effects of several antioxidants have been tested in animal models. Iron chelators such as desferoxamine and dihydroxybenzoate (in guinea pig, Song and Schacht, 1996; Song et al., 1998) as well as antioxidants such as lipoic acid (in mouse, Wang et al., 2012), α-tocopherol (in guinea pig, Fetoni et al., 2004), D-methionine (in guinea pig, Campbell et al., 2016), and salicylates (in guinea pig, Sha and Schacht, 1999) successfully reduced the aminoglycoside-induced ototoxicity. Moreover, intra-cochlear administration of dexamethasone attenuated aminoglycoside-induced ototoxicity in the guinea pig (Himeno et al., 2002). In this study, GV1001-administered mice showed less hearing loss, with reduced hair cell damage, vs. the dexamethasone- and saline-treated mice even after the onset of hearing loss. The anti-inflammatory, anti-oxidant and anti-apoptotic effects of GV1001 may explain why GV1001 rescues cochlear hair cells against KM/furosemide-induced ototoxicity.

Clinically, there are numerous therapeutic approaches to treat ototoxicity, including antioxidants, ROS scavengers, apoptosis inhibitors, neuroprotective compounds and anti-inflammatory drugs such as steroids (Atar and Avraham, 2005; Rybak and Whitworth, 2005; Maruyama et al., 2008; Tabuchi et al., 2010; Mukherjea et al., 2011; Mizutari et al., 2013). The treatment of N-acetylcysteine (NAC) significantly reduced the ototoxicity in hemodialysis patients with gentamicin-induced hearing loss (Feldman et al., 2007). Use of aspirin significantly reduced the incidence of hearing loss in patients receiving gentamicin and aspirin when compared to the incidence in placebo group (3% vs. 13%; Sha et al., 2006). Our previous study proved that GV1001 (0.1–100 mg/kg) itself did not have any detrimental effects on the inner ear or kidney. As shown in Figures 2B, 4, the saline-treated mice showed complete hearing loss and damaged cellular framework of OHCs. The normal range of BUN values of all 40 mice in the saline group indicated that the increased ototoxicity in the saline group was not potentiated by nephrotoxicity.

As well known, OHCs damage caused by aminoglycoside-induced ototoxicity is most prominent at the basal turn of the cochlea, and the hearing loss is more prominent in higher frequency range. This susceptibility of the basal turn of the cochlea is likely caused by a higher concentration of aminoglycoside at that structure than at the middle or apical turn, in a concentration-dependent manner (Dai et al., 2006; Dai and Steyger, 2008). Moreover, the susceptibility of the basal turn of the cochlea to ototoxic drugs can be explained by there being greater metabolic activity than at the apical turn of the cochlea (Sha et al., 2001). As shown in Figure 4, the OHCs damage caused by KM and furosemide and rescue effect of GV1001 were more prominent at the basal turn than the apical turn of the cochlea.

In this study, to assess the therapeutic effect of GV1001 against KM/furosemide-induced hair cell damage, we compared GV1001 (10 mg/kg) with dexamethasone (15 mg/kg) and saline by measuring the hearing thresholds and OHCs morphology. When compared with saline, the rescue effect of GV1001 was proven in all D0, D1 and D3 groups. As shown in Figures 2B, 4, the rescue effect of GV1001 seems to be superior to that of dexamethasone, but could not reach statistical significance in comparison of hearing thresholds and OHCs morphology between GV1001 and dexamethasone groups.

A previous study investigated the effect of different dexamethasone treatment times on OHCs survival following ototoxic insult with KM and furosemide. Mice pre-treated with dexamethasone (prior to 1 h of the insult) showed a statistically significant improvement in intact OHCs counts compared with the controls, but the mice subjected to dexamethasone post-treatment (at 1, 6, 12 and 72 h after the insult) showed highly variable OHCs counts (Fernandes and Lin, 2014). By contrast, in this study, GV1001 showed a rescue effect against OHCs damage even with delayed administration, i.e., at 3 days after the ototoxic insult.

The preventive effect of GV1001 pre-treatment against cochlear hearing loss and hair cell damage in a KM-induced deaf mouse model was verified in our previous study. As shown in Figure 1, all tested mice of the Day-1, Day-2 and Day-3 groups showed nearly complete hearing loss, but two out of three mice of the Day-1 group showed intact OHCs morphology. The cause of this discrepancy derived from phalloidin-stained at stereocilia of the OHCs. Two mice of the Day-1 group may have structurally intact OHCs morphology with loss of hearing function. The current study corroborated the rescue capacity of GV1001 against hair cell damage, as well as the ability to restore hearing even when administration was delayed by up to 3 days. Further study to investigate the underlying mechanisms of rescue effect of GV1001 will be needed.

In conclusion, we demonstrated that the cell-penetrating peptide GV1001 rescues hair cell damage and restores hearing in a KM/furosemide-induced deaf mouse model. Given that the rescue effect of GV1001 could be related to its anti-inflammatory, anti-oxidant, and anti-apoptotic activities, we predict that GV1001 could be useful not only in aminoglycoside-induced hearing loss, but also in acute cochlear hearing loss due to other causes. Because SNHL is caused by an imbalance in redox homeostasis and subsequent increase in ROS followed by the apoptotic pathway, GV1001 may have a potential clinical role in restoring hearing in cases of acute SNHL.
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Although the effects of aminoglycoside antibiotics on hair cells have been investigated for decades, their influences on the dendrites of primary afferent neurons have not been widely studied. This is undoubtedly due to the difficulty in disassociating pathology to dendritic processes from that resulting from loss of the presynaptic hair cell. This was overcome in the present investigation through development of a preparation using Chinchilla laniger that enabled direct perilymphatic infusion. Through this strategy we unmasked gentamicin’s potential effects on afferent calyces. The pathophysiology of the vestibular neuroepithelia after post-administration durations of 0.5 through 6 months was assessed using single-neuron electrophysiology, immunohistochemistry, and confocal microscopy. Hair cell densities within cristae central zones (0.5-, 1-, 2-, and 6-months) and utricle peri- and extrastriola (6-months) regions were determined, and damage to calretinin-immunoreactive calyces was quantified. Gentamicin-induced hair cell loss exhibited a profile that reflected elimination of a most-sensitive group by 0.5-months post-administration (18.2%), followed by loss of a second group (20.6%) over the subsequent 5.5 months. The total hair cell loss with this gentamicin dose (approximately 38.8%) was less than the estimated fraction of type I hair cells in the chinchilla’s crista central zone (approximately 60%), indicating that viable type I hair cells remained. Extensive lesions to afferent calyces were observed at 0.5-months, though stimulus-evoked modulation was intact at this post-administration time. Widespread compromise to calyx morphology and severe attenuation of stimulus-evoked afferent discharge modulation was found at 1 month post-administration, a condition that persisted in preparations examined through the 6-month post-administration interval. Spontaneous discharge was robust at all post-administration intervals. All calretinin-positive calyces had retracted at 2 and 6 months post-administration. We found no evidence of morphologic or physiologic recovery. These results indicate that gentamicin-induced partial lesions to vestibular epithelia include hair cell loss (ostensibly reflecting an apoptotic effect) that is far less extensive than the compromise to stimulus-evoked afferent discharge modulation and retraction of afferent calyces (reflecting non-apoptotic effects). Additionally, calyx retraction cannot be completely accounted for by loss of type I hair cells, supporting the possibility for direct action of gentamicin on the afferent dendrite.

Keywords: ototoxicity, primary afferent, stimulus–response coherence, spontaneous discharge

INTRODUCTION

The vestibulotoxic effects of aminoglycosides became apparent shortly after implementation of streptomycin therapy in the treatment of tuberculosis (Bignall et al., 1951; Robson and Goulding, 1952). Early investigations of aminoglycoside otopathology in animal models focused upon hair cells as the primary targets (Wersall and Hawkins, 1962; Lindeman, 1969a; Wersall et al., 1969; Watanuki et al., 1972). Since then, aminoglycosides have been widely used as research tools to lesion vestibular epithelia in investigations of the cellular and molecular mechanisms of hair cell regeneration (Weisleder and Rubel, 1992; Forge et al., 1993; Weisleder and Rubel, 1993; Lopez et al., 1999; Popper et al., 1999; Stone and Rubel, 2000; Dickman and Lim, 2004; Stone et al., 2004; Lyford-Pike et al., 2007; Haque et al., 2009; Kawamoto et al., 2009; Warchol, 2010b; Burns and Corwin, 2014; Warchol et al., 2017). Additionally, gentamicin is an agent commonly used in investigations of mammalian vestibular pathophysiology (Imamura and Adams, 2003a,b; Hirvonen et al., 2005; Hong et al., 2006; Day et al., 2007; Lue et al., 2009; Ding et al., 2010; Warchol, 2010a; Bremer et al., 2014; King et al., 2017). These studies have considerable translational value to enhance the understanding of gentamicin’s use in ablative therapy for intractable vertigo associated with Mèniére’s syndrome (Schuknecht, 1956, 1957; Nedzelski et al., 1993; Halmagyi et al., 1994; Minor, 1999; De Waele et al., 2002; Magnusson et al., 2007; Nguyen et al., 2009; Marques et al., 2015; Junet et al., 2016).

In most studies of aminoglycoside-induced vestibular pathophysiology, the lesions have been extensive with damage to hair cells, supporting cells, and afferent neurons. However, particular components of the mammalian vestibular neuroepithelia are believed to exhibit greater sensitivity to the deleterious effects of aminoglycosides than others. There is evidence suggesting that type I hair cells, particularly those in cristae central zones and utriclar striolae, are the most sensitive and are the first to be compromised or eliminated after aminoglycoside administration (Wersall and Hawkins, 1962; Lindeman, 1969b; Watanuki et al., 1972; Hirvonen et al., 2005). Lyford-Pike et al. (2007) provided evidence indicating that type I hair cells accumulated higher gentamicin concentrations than type II hair cells, supporting the notion that type I hair cells exhibit enhanced susceptibility to gentamicin toxicity than other constituents of the vestibular epithelia.

Although gentamicin toxicity to vestibular hair cells has been extensively investigated, few studies have focused upon the effects on Scarpa’s ganglion neurons and their dendrites within the sensory epithelia. Imamura and Adams (2003b) found only weak anti-gentamicin immunolabeling in Scarpa’s ganglion somata following both systemic or middle ear gentamicin administrations that produced strong immunolabeling in vestibular hair cells. Roehm et al. (2007) reported similar findings following gentamicin application to the round window in chinchillas (i.e., either by middle ear instillation or microcatheter delivery directed to the round window from an implanted osmotic pump). Harada et al. (1991) reported evidence of Scarpa’s ganglion degeneration after a 5-day course of middle ear gentamicin administration. In another investigation transtympanic gentamicin application led to increased levels of oxidative stress markers in the calyceal afferent endings (Hong et al., 2006). Hirvonen et al. (2005) used similar transtympanic applications of gentamicin in chinchillas to produce preparations in which mean hair cell density was reduced by 57% while virtually all afferent calyces were lost [see also Lyford-Pike et al. (2007)]. The remarkable finding from Hirvonen et al. (2005) was that afferent spontaneous discharge was preserved while evoked discharge was nearly eliminated, indicating that viable hair cells exhibited dramatic functional compromise not associated with hair cell apoptosis or necrosis (Li et al., 1995; Forge and Li, 2000; Matsui et al., 2002, 2003, 2004; Cunningham et al., 2004; Ding et al., 2010; Zhang et al., 2012; Tao and Segil, 2015).

Because the investigations by Hirvonen et al. (2005) and Lyford-Pike et al. (2007) utilized gentamicin doses that resulted in hair cell losses approaching 60% [i.e., approximating the proportion of type I hair cells (Desai et al., 2005a,b)], it could not be determined whether degeneration of afferent calyces stemmed from type I hair cell loss and subsequent postsynaptic degeneration, or whether it reflected direct and/or independent effects on calyces. Furthermore, neither of these studies tracked the fate of the afferent parent axons following gentamicin administration. Both issues are critical to the development of a more complete understanding of the cellular targets of aminoglycoside ototoxicity. That is, if afferent calyx loss is secondary to hair cell loss, and if the parent axons degenerate following calyx loss, then the cellular mechanisms of the lesions are likely to involve terminal cellular pathways in both hair cells and afferent neurons. However, if calyx damage exhibits some independence from hair cell loss, and if the parent axons remain within the epithelium, there must be intermediate levels of pathology that do not necessarily involve terminal (e.g., apoptotic or necrotic) mechanisms. These may be referred to as non-apoptotic effects. If the latter alternative is true, identifying epithelial constituents that are generally labile to other ototoxic agents, then there is hope for rehabilitation of vestibular hypofunction resulting from toxicity secondary to systemic aminoglycoside or other therapies. These issues were addressed in the present study through the development of a novel preparation enabling the use of refined gentamicin dosing that resulted in less extensive yet highly repeatable lesions than achieved in previous studies. The goal of these preparations was to use lower gentamicin doses to produce partial lesions enabling the distinction of hair cell and afferent pathology. Pathophysiologic correlates of these lesions were determined through single-afferent electrophysiology and immunohistochemical methodologies.

MATERIALS AND METHODS

Experimental Animals, Surgical Preparation, and Gentamicin Administration

Adult male chinchillas (6–7 months of age, 0.4–0.6 kg body mass) were used for this study. These animals were acquired, cared for, and handled in accordance with the guidelines published in the NIH Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication revised 2011), and the principles presented in the Guidelines for the Use of Animals in Neuroscience Research by the Society for Neuroscience (available from the Society for Neuroscience). All procedures were approved by UCLA’s institutional animal care and use committee.

For the surgical implantation of a perilymph access port enabling direct gentamicin infusion, animals were anesthetized and placed on a platform equipped with a servo-controlled heater for core temperature maintenance (approximately 36.5°C) throughout the surgical preparation and gentamicin administration. Two anesthesia protocols were utilized during this study. For the early preparations, the protocol included administration of an intramuscular cocktail of ketamine and xylazine (30 and 4 mg/kg, respectively), followed by maintenance doses that amounted to 25% of the initial dose administered only as needed. For later preparations, isoflurane anesthesia (2–2.5%) was used exclusively. Once a surgical plane of anesthesia was achieved, the head was placed within a custom holder. A midline scalp incision was made to expose the surface of the tympanic bulla, and the bulla’s bony cap was removed to expose the middle ear. The chinchilla exhibits cavernous tympanic bullae with plenty of space between the prominent bony superior semicircular canal and the dorsal cap of the bulla. At the canal’s dorsal-most aspect, a small fenestra was carefully made into the perilymphatic space surrounding the membranous superior canal, into which a 5 mm length of 27-gauge stainless steel tubing was fit and secured with cyanoacrylate cement. The fenestra was made to provide patent access to the perilymphatic space surrounding the semicircular canal, but was not so large to allow the tubing to completely enter the superior semicircular canal and potentially occlude the duct. Once the cyanoacrylate cement cured, an epoxy-like bonding agent (Cerebond, 39465030; Leica Microsystems, Bannockburn, IL, United States) was poured around the cannula to secure it in place and fix the entire preparation to the surrounding temporal bone, leaving the top 1 mm of cannula exposed. By the time the bonding agent cured (approximately 5 min), perilymph was generally visualized at the top of the cannula. The cannula was fit with polyethylene tubing (PE-20) leading to a precision syringe placed in an infusion pump. A fixed volume of treatment solution (2.5 μl, composed of either 0.4 μg gentamicin/μl in Hank’s Balanced Saline Solution, HBSS, for lesioned specimens or HBSS alone for vehicle control specimens) was administered directly to the perilymphatic space over a 1-h period. Administration of 0.4 μg/μl gentamicin in 2.5 μl HBSS amounted to a total delivery of 1 μg gentamicin. The PE delivery tubing was then removed and the cannula sealed prior to replacing the bulla’s bony cap. The scalp incision was then sutured, whereupon the animal was removed from anesthesia and closely monitored until it regained sternal posture (<30 min). Upon full recovery from anesthesia, a minority of gentamicin treated specimens (n = 5/13) exhibited a slight head tilt toward the lesioned side within 2–3 postoperative days, whereas no vehicle control specimens (n = 3) exhibited head tilt. The head tilt resolved within 2 weeks after drug administration. Spontaneous nystagmus was not observed in any animal subjects.

Vestibular Afferent Electrophysiology

The function of the vestibular epithelia in untreated, gentamicin-treated, or vehicle-control (i.e., HBSS only) preparations was assessed by electrophysiologic recording from individual afferent neurons following post-administration durations of 0.5, 1, 2, and 6 months. At the specified duration, animals were deeply anesthetized with a single intraperitoneal administration of sodium pentobarbital (50 mg/kg), which was sufficient to allow for cannulation of a jugular vein through which maintenance doses were administered as needed (0.05 cc, 50 mg/cc). A tracheotomy was performed for placement of an endotracheal tube into which a loosely fitting cannula delivering supplemental oxygen (100% O2) was placed. Core body temperature was maintained at 38°C via rectal probe and a custom servo-controlled heating system. Each animal’s head was held in a stereotyped position (10° right ear down, 15° nose down) by a custom holder fixed to a servo-controlled rotation table. This position was maintained for each experimental preparation. Heart and respiratory rates, as well as blood oxygen saturation, were recorded at regular intervals throughout the recording session.

Recordings from individual vestibular afferent neurons were made by exposing the right superior vestibular nerve in the region of Scarpa’s ganglion through a fenestra made in the internal vestibular meatus, approximately 1mm medial to the superior and horizontal semicircular canal ampullae. Vestibular afferent discharge was recorded using glass microelectrodes pulled to impedances of approximately 40 MΩ when filled with 1 M KCl. With the animal restrained in the custom head holder, afferent discharge was recorded in the absence of head movement stimuli (i.e., spontaneous discharge) and during a broad repertoire of stimulus rotations. Afferents projecting from the horizontal and superior cristae and from the utricle could be recorded from this site in the superior vestibular nerve, which were easily distinguished in normal animals based upon their discharge modulation during manual turntable rotations. That is, in untreated preparations horizontal canal afferents were identified by increased discharge rate during turntable rotations producing utriculopetal relative endolymph flow, while superior canal afferents exhibited decreased discharge rate with similar rotations (this phase relationship is illustrated in Figure 2). Utricular afferents were identified as those that were unresponsive to turntable rotations, or responded at twice the stimulus frequency (i.e., increased or decreased discharge with rotations in either direction).

Spontaneous and stimulus-evoked spike trains were first analyzed using methods routine for studies of vestibular afferents neurons. For spontaneous discharge, interspike intervals (ISIs) were calculated during a 20 s recording epoch, from which the mean and standard deviation were determined. The coefficient of variation (CV) for each afferent was then computed as the ratio of ISI standard deviation to ISI mean. The perstimulus discharge spike trains were first analyzed using discrete Fourier analysis. However, upon finding that the responses in gentamicin-treated specimens were severely attenuated or non-existent, it became clear that methods were needed to objectively verify a statistical correlation between stimulus and response. To achieve greater measure of confidence in evaluating very weak responses, we adapted the frequency-domain measures for determining stimulus–response coherence computed directly from the spike trains (Jarvis and Mitra, 2001).

As in all experiments employing glass microelectrodes and axonal recordings, an inherent sampling bias exists toward the larger axons in the chinchilla’s superior vestibular nerve. Despite this potential bias, our recordings from untreated specimens suggest that it is offset with methods (e.g., use of high-impedance electrodes) resulting in a proclivity for afferents with low values of CV, indicative of smaller caliber afferents (Baird et al., 1988). The inherent bias toward sampling afferents with larger axons, together with the implementation of methods with demonstrable capabilities for recording from smaller afferents, result in a paradigm designed for sampling the broad distribution of axon diameters that are found in the chinchilla’s vestibular nerve (Hoffman and Honrubia, 2002).

Histology and Whole-Mount Immunohistochemistry

We utilized fluorescence immunohistochemistry and confocal microscopy to visualize the cytoarchitecture of chinchilla vestibular sensory epithelia. Vestibular endorgans were prepared as whole mounts and incubated with an antibody to calretinin (anti-CALB2) to immunolabel calyx-only afferents, and, in some specimens, an antibody to β3-tubulin (anti-TUBB3) to label all calyces and nerve fibers. In contrast to murine vestibular organs in which most hair cells are calretinin-immunopositive (CALB2+) (Desai et al., 2005a,b), only a subset of afferent calyces (i.e., those associated with calyx-only afferents) are CALB2+ in chinchilla vestibular epithelia (Desmadryl and Dechesne, 1992). We used CALB2 immunohistochemistry to delimit cristae central zones and utricular striola regions, and quantified gentamicin-induced modifications to hair cells and afferents in these regions which reportedly were most sensitive to gentamicin (Chen et al., 1999; Hilton et al., 2002).

After specified post-administration durations and electrophysiologic recording sessions, animals were euthanized (sodium pentobarbital overdose) and temporal bones were quickly dissected. Temporal bones were immediately infused with 4% paraformaldehyde (in 0.1 M phosphate buffer) through the oval window, after which the roof of the vestibule (floor of the subarcuate fossa) was removed prior to incubating in fixative overnight at 4°C. After three washes in 0.1 M phosphate buffered saline (PBS; pH 7.4), vestibular epithelia and nerve branches were microdissected. The tissues were incubated in blocking solution (0.25% Triton-X100, 1.0% BSA solution in PBS) for 2 h at room temperature, and then incubated 48–72 h at 4°C in a primary antibody cocktail that included combinations of the following antibodies diluted in blocking solution: 1:250 mouse anti-CALB2 (MAB1568; Millipore, Billerica, MA, United States) or 1:250 rabbit anti-CALB2 (AB5054; Millipore), 1:250 rabbit anti-Class III β-TUBB3 (PRB-435P; Covance, Princeton, NJ, United States), 1:250 rabbit anti-Myosin VI (MYOVI; 25-6791, Proteus Biosciences, Ramona, CA, United States). After washing in PBS, specimens were incubated for 2 h at room temperature in combinations of the following secondary antibodies and stains diluted in blocking solution: 1:500 Alexa Fluor 633 conjugated goat anti-mouse antibody (A-21050; Invitrogen, Carlsbad, CA, United States), 1:500 Alexa Fluor 546 goat anti-rabbit antibody (A-11010; Invitrogen), 1:150 NeuroTrace 500/525 green fluorescent Nissl stain (N-21480; Invitrogen). Tissue was mounted on glass slides with 1–2 spacers (S-24735; Invitrogen) in Vectashield Hard Set Mounting Medium (H-1500; Vector Laboratories, Burlingame, CA, United States).

Antibody Specificity

Secondary-only controls for all antibodies were processed alongside regular staining to ascertain background fluorescence. No immunolabeling was observed in any tissues processed without the addition of primary antibody (not shown).

The two anti-CALB2 antibodies utilized in the present study were generated against recombinant rat Calretinin (manufacturer’s technical information). We confirmed antigen specificity of the antibodies by staining cryosections of mouse cerebellum (data not shown). In these controls we observed immunolabeling consistent with previous investigations (Miyata et al., 1999; Bearzatto et al., 2006), whereby anti-CALB2 antibody positively labeled granule cells but not Purkinje cells, the latter of which are positive for calbindin (a very similar but distinct calcium-binding protein). Furthermore, the staining pattern that we observed in the control chinchilla vestibular epithelia was consistent with that observed in previous studies (Desmadryl and Dechesne, 1992; Desai et al., 2005a,b).

The anti-TUBB3 antibody was produced against microtubules isolated from rat brain (manufacturer’s technical information). This antibody has been widely used as a neuron specific marker and does not bind β-tubulin found in glia (manufacturer’s technical information). Western blot analyses of the antibody against β3-tubulin demonstrated that this antibody recognized a doublet of bands in spiral ganglion extracts (Flores-Otero et al., 2007) consistent with a post-translational modification of β3-tubulin detected by this antibody (Cicchillitti et al., 2008). As previously reported, we did not observe staining of non-neuronal cells (i.e., support cells or hair cells).

The anti-MYOVI antibody was generated against amino acids 1049–1254 of porcine MYOVI (manufacturer’s technical information). Anti-MYOVI is commonly used as a marker for hair cells including vestibular types I and II (Hasson et al., 1997). Consistent with this and other studies, we observed specific hair cell labeling with this antibody in chinchilla vestibular epithelia.

Confocal Microscopy and Analysis

Confocal images were captured on a Zeiss LSM 510 Meta confocal microscope implemented on an upright Axioplan 2 microscope using Zeiss LSM 510 software. The 488 nm (15% intensity), 543 nm (80–100% intensity) and 633 nm (10–20% intensity) laser lines were used for excitation. Bandpass filters of 505–530 nm, 560–615 nm, and a longpass filter 650 nm were used to capture separate emission channels. A Zeiss Plan-Neofluar 10X/0.3 NA objective was used to capture low-magnification images and high magnification images were obtained using a Zeiss Plan-Apochromat 63X/1.4 NA oil-immersion objective. Confocal stack micrographs were prepared for publication using Volocity software (Perkin Elmer, Waltham, MA, United States). Adobe Photoshop 7.0.1 (Adobe Systems Incorporated, San Jose, CA, United States) was used to compile figures.

Morphometric Analyses

Parent axons and calyces of CALB2+ afferents were counted using the neuron tracing application in Neurolucida (MBF Bioscience; Williston, VT, United States). Hair cell quantification and sensory epithelia area measurements were completed using automated and semi-automated methods implemented within the Volocity software environment (PerkinElmer/Improvision, Waltham, MA, United States). Hair cell nuclei were differentiated from support cell nuclei based on position within the sensory epithelium, morphology, and chromatin condensation (i.e., manifested in Nissl stain fluorescence intensity). Support cell nuclei were cuboidal, had compact chromatin, and formed a tightly packed monolayer over the basement membrane extending to the transitional epithelia at the ends of the sensory epithelia. In contrast, nuclei of hair cells were usually spherical, have less compact chromatin, and were located more toward the lumen compared to support cell nuclei.

Hair cell nuclei within crista central zones and utricular peri- and extrastriola regions were included in density measurements. Cristae central zones were approximated as the area of sensory epithelia innervated by CALB2+ afferents. Two – four confocal stacks were sampled from each crista. Four utricle peristriola regions were systematically evaluated along the rostral to caudal line of polarity reversal (LPR), and encompassed the striola, defined as the region harboring CALB2+ calyces, and immediately adjacent areas. Two confocal stacks each from the lateral and medial striola were used to estimate hair cell densities in these regions. The borders of these image stacks constituted the counting frames for quantification. Nuclei contacting either of two adjacent sides of the counting frames were excluded from quantification, while nuclei contacting the other two sides were included in the counts. This estimation procedure was implemented to compensate for incomplete counting units transected by the counting frame. Support cell densities were quantified using similar methods to evaluate the treatment-induced alterations of the epithelia surface areas.

We found that intraperilymphatic gentamicin administration resulted morphologic distortion in afferent calyces, and therefore established criteria on which to identify an “intact” calyx for quantification purposes. A CALB2+ calyx was counted if its height (i.e., along the base-neck hair cell axis) extended to or above the apical-most level of the Nissl-stained hair cell nucleus. Density measures were computed as fractions of contralateral control density, and are also presented as CALB2+ calyces or axons per 100 μm2 of epithelium.

The areas of sensory epithelia used to determine densities of hair cells and CALB2+ parent axons and calyces were established by measuring the width along the support cell nuclei layer every 24 μm across the length of the cristae central zone (estimated by presence of CALB2+ parent axons) and utricle. The area was estimated as the product of the average width and the length.

Correlates between Afferent Electrophysiology and Vestibular Epithelia Morphology

It should be clarified that the characteristics of afferent electrophysiology and sensory epithelia morphology are intended to be representative of each metric within a given specimen. For most specimens, stimulus-evoked discharge modulation was lost or severely attenuated, and in all but a limited number of records (e.g., Figures 3C, 4A-v,vi) it was not possible to distinguish the epithelial origin of a given afferent. Furthermore, morphologic analyses were restricted to the central zones of the cristae. Direct associations between afferent discharge and morphologic characteristics of these crista regions were not made.

Retrograde Labeling of Vestibular Afferent Dendrites

To confirm the presence of putative boutons within crista central zones and utricular striolae, representing the intact components of dimorphic afferents, we performed extracellular injections of 2% TRITC-conjugated biotin (T12092, Molecular Probes Inc.) in two gentamicin-dosed specimens. This was accomplished through pneumatic injection of the label directly into the superior vestibular nerve in the vicinity of Scarpa’s ganglion (i.e., approximately 2 mm medial to the superior and horizontal ampullae). The label was allowed to incubate for 6 h, after which normal fixation and tissue harvesting procedures were completed.

Statistical Analyses

Analyses and Comparisons of Afferent Discharge Characteristics

In this report most of the electrophysiologic data are represented as epochs of instantaneous discharge rates under the different gentamicin exposure conditions. The goal of these illustrations was to demonstrate the perstimulus discharge associated with the morphologic analyses. All instantaneous discharge rate waveforms were based upon spiketimes and derived from a Gaussian local rate filter using a 6.4 Hz corner frequency (Paulin and Hoffman, 2001). Mean spontaneous discharge rates (e.g., Figure 4) were computed as the reciprocal of ISI mean. Most perstimulus discharge records were obtained during 0.8 Hz, with the exception of Figure 4B for which the records were obtained during 0.4 Hz rotations.

Hirvonen et al. (2005) demonstrated that gentamicin eliminated the responses of vestibular afferents to head movement stimuli, while spontaneous discharge was preserved. As indicated above, our recording paradigm was conducted in head-fixed preparations on a turntable that precluded the ability to identify utricular afferents through the modulation of linear acceleration stimuli. In untreated preparations afferents projecting from the utricle were most often identified as those unresponsive to rotational stimuli. Therefore, the challenge in the present study was interpreting the absence of rotational responses as those resulting from the effects of gentamicin from a utricular afferent in our recording paradigm. We addressed this challenge by: (1) providing a perspective of the relatively low probability of recording a utricular afferent at the recording site; and (2) through analyses of previously published data of semicircular canal and utricular afferents (Baird et al., 1988; Goldberg et al., 1990).

For analyses of afferent discharge from gentamicin-treated vestibular epithelia it was important to have samples of untreated (normal) afferents that projected within the chinchilla’s superior vestibular nerve accessible at the recording site. This included afferents from the horizontal and superior cristae and the utricle. Data for untreated cristae afferents came from our laboratory’s database that included 431 neurons projecting from horizontal and superior cristae. In addition, the spontaneous discharge characteristics of canal and utricular afferents were obtained from earlier investigations (Baird et al., 1988; Goldberg et al., 1990). Using image analysis software (ImageJ 1.38g), we reconstituted CV and mean ISI values of 438 semicircular canal afferents (Baird et al., 1988), and 342 utricular afferents (Goldberg et al., 1990). The reconstituted values were compared to reported summaries of the original data. For example, the mean discharge rate of 251 regular afferents of the original utricular afferent dataset (i.e., those with CV∗ < 0.1) was reported to be 54.2 ± 1.0 spikes⋅s-1 [standard error as originally reported; (Goldberg et al., 1990)], and the reconstituted dataset of 238 regular afferents exhibited a similar mean discharge rate (±standard error) of 54.6 ± 1.07 spikes⋅s-1. These analyses indicated that reconstitution of the published datasets produced a representative facsimile of the published data.

As specified above, coherence analyses were used to statistically verify stimulus-evoked discharge modulation. These measures were based upon multitaper spectral analyses (Jarvis and Mitra, 2001), and were primarily used to determine whether the perstimulus discharge of afferents in gentamicin-treated specimens represented statistically verifiable responses to discrete sine rotational stimuli. Coherence measures of the discharge from untreated afferents were also conducted to illustrate the sensitivity and veracity of this analytical strategy in identifying stimulus-evoked responses from challenging perstimulus discharge data (e.g., those exhibiting low sensitivity measures during low stimulus magnitudes).

The distributions of spontaneous discharge characteristics were compared by computing Kullback–Leibler divergences (KLDs). KLD is a non-symmetrical measure of the difference between two probability distributions. For two discrete probability distributions P and Q, KLD is computed from the formula (Mackay, 2003):
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Therefore, in the present study we established the convention that distributions representing semicircular canal afferents conformed to P, while the compared distributions conformed to Q. A resampling strategy was implemented to test hypotheses that the KLD between two original distributions could have been derived from random sampling from the combined distributions (i.e., no difference between the original distributions). Software scripts used to compute KLD and manage the bootstrap resampling were written in the Igor environment (Wavemetrics Inc., Lake Oswego, OR, United States). The resampling strategy was based upon one million resamples and subsequent KLD calculations. Probabilities to support the null hypothesis (specified above) were determined explicitly, except when the KLDs from the original distributions were outside the range of the distribution of KLDs generated from one million random resamples. In these cases, the probability is expressed as an inequality (i.e., p < 106). Values less than 0.05 support rejection of the null hypothesis stated above, indicating that the two distributions could not be derived by random sampling from a dataset constituted from the combined distributions (i.e., they were different).

Comparisons of Morphometric Parameters

Statistical comparisons of the different treatment groups were done by analysis of variance (single and multifactor ANOVA) with a Newman–Keuls post hoc test and performed using GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA, United States). Data are presented as mean ± standard deviation (SD). Observed significance levels (p-value) are indicated in the figures with asterisks coded as follows: single asterisk (∗) reflects p < 0.05, double asterisks (∗∗) reflect p < 0.01, and triple asterisks (∗∗∗) reflect p < 0.001.

RESULTS

Morphology and Physiology of Non-lesioned Crista Epithelia and Afferent Dendrites

Cytoarchitecture of the Chinchilla Crista Central Zones

The cytoarchitecture of central zone epithelia from non-lesioned chinchilla cristae are presented first to provide the histologic perspective for the balance of the physiologic and morphologic correlates presented in this investigation. This was achieved through quantitative morphometry of normal (untreated), vehicle control (HBSS-infused) and contralesion control (epithelia contralateral to gentamicin infusion) cristae. In addition, these data provided the basis to determine whether the intraperilymphatic administration procedure induced histologic or physiologic changes that could have influenced our analyses independent of gentamicin’s effects. Maximum intensity projections of confocal image stacks from the central zones of CALB2-immunolabeled horizontal cristae, representing the three control groups, are shown in Figures 1A–C. In each control condition similar simple and complex calyx arbor morphologies (Fernandez et al., 1988) were observed. Also shown are corresponding orthogonal optical sections through each confocal stack (Figures 1A′–C′) to further illustrate similarities in CALB2+ calyx morphology among these control groups. These micrographs demonstrate that CALB2+ calyces in non-lesioned epithelia were strongly labeled from the parent axons to the fluted calyceal necks, which extended well above the nuclei of encapsulated hair cells.
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FIGURE 1. Comparison of CALB2+ calyces within cristae central zones from Normal, Vehicle Control, and Contralesion control specimens. The micrographs represent maximum intensity projections (A–C) and orthogonal optical sections (A′–C′) of whole-mounted horizontal semicircular canal cristae labeled with anti-CALB2 (red) and Nissl stain (grayscale). Calyx morphology was similar in all control specimens, and exhibited narrow fluted necks at their apex closely conforming to the type I hair cell morphology. Scale bar shown in (A) applies to all micrographs. (D) CALB2+ calyx and parent axon densities expressed as counts/100 μm2 epithelial area for horizontal, posterior, and superior cristae in all control specimens. See text for a discussion of the differences across epithelia. CALB2+ calyx densities were similar across all control conditions. (E) Central zone hair cell densities were similar across crista type and control conditions. The three control conditions were similar within any epithelium for each measure, and therefore the red triangles (and error bars) represent the mean control densities (±SD) over all conditions.



Quantitative estimates of the distributions of CALB2+ calyces, CALB2+ parent axons, and hair cells were expressed as densities (count per 100 μm2 area of the crista central zone), and compared (two-factor repeated measures ANOVA) across control condition (i.e., untreated normal, vehicle control, and contralesion control) and crista identity (i.e., horizontal, posterior, and superior). We found that the densities of each epithelial component were similar across control conditions as shown in Figures 1D,E and Tables 1, 2 (p > 0.5). The similarities between vehicle controls and normal epithelia indicate that the chronic placement of the perilymph access port and HBSS infusion did not result in alterations of the morphologic parameters analyzed. Furthermore, despite the presence of a patent vestibular aqueduct in the chinchilla (Roehm et al., 2007) the similarities between contralesion controls and normal epithelia indicated that administration of HBSS, and low gentamicin doses as compared later, did not alter these morphologic indices in the contralateral epithelia. This supports the use of contralesion control specimens for direct comparison of the lesions induced by the intraperilymphatic gentamicin administration.

TABLE 1. CALB2+ parent axon and calyx densities.
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TABLE 2. Hair cell densities in the cristae central zones.
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Though not a principal objective of this investigation, our analyses revealed differences in CALB2+ calyx and parent axon densities across cristae type (Figure 1D and Table 1). While CALB2+ calyx densities (calyces/100 μm2) were similar in the posterior (0.48 ± 0.045; N = 14) and superior (0.45 ± 0.06; N = 11) cristae, mean CALB2+ calyx density of the horizontal cristae (0.37 ± 0.039; N = 11) was approximately 20% less than the vertical cristae (p < 0.001). Additionally, CALB2+ axon density (axons/100 μm2) was approximately 25% higher in posterior canal cristae (0.26 ± 0.031; N = 14) than in horizontal (0.19 ± 0.019, N = 11; p < 0.001) and superior (0.21 ± 0.035, N = 11; p < 0.01) cristae. In contrast to these differences in CALB2+ afferent innervation, mean central zone hair cell densities (HCs/100 μm2) were similar across all control cristae (p > 0.05; Figure 1E and Table 2). These data suggest that the chinchilla superior cristae receive putative calyx-only afferents with a larger number of complex calyces compared to horizontal cristae. Additionally, the increased number of CALB2+ calyces in the posterior cristae, accompanied by an increase in parent axon density, reflects a greater number of putative calyx-only afferents.

Afferent Electrophysiology in Non-lesioned Specimens

The electrophysiology of non-lesioned chinchilla vestibular afferent neurons provides the background for evaluating the alterations concomitant with low-dose gentamicin administration. This background is provided primarily by our laboratory’s database of afferents recorded in normal, untreated specimens (Figures 2A,B Untreated). In addition, a population of non-lesioned afferents were derived from the vehicle-control specimens described above. These serve to test whether the surgical implantation of the perilymph port into the bony superior semicircular canal or the infusion of HBSS resulted in deleterious effects upon the physiology of superior and horizontal semicircular canal afferents. As discussed above, no differences were found in the morphology of CALB2+ calyces and hair cell densities in these specimens.
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FIGURE 2. Vestibular afferent responses in untreated and vehicle controls. (A) The probability of encountering an afferent neuron projecting from each of the three epithelia served by the superior vestibular nerve in normal, untreated preparations is shown in this bar graph. This provided a perspective for the afferents probed at the recording site in untreated specimens that would be unresponsive to rotational stimuli (e.g., putative utricular afferents). These data showed that the majority of afferents accessible to microelectrode recording at this site projected from either the superior or horizontal cristae, which were readily identified by turntable rotation. Less than 20% of neurons encountered were unresponsive to rotation, which were identified as projecting from the utricle. (B) Afferents recorded from Vehicle Control specimens exhibited stimulus-evoked modulation similar to Normal (untreated) controls. Representative afferents that projected from the superior and horizontal cristae in one preparation are shown demonstrating robust modulation in response to sinusoidal turntable rotation (sinusoidal angular velocity stimulus trajectories, in °s-1, represented in the bottom traces). The scale of the vertical axes are similar in absolute range. Note the responses of the superior and horizontal afferents were approximately 180° out of phase (denoted by the dashed vertical line along each horizontal axis), illustrating the distinguishing characteristic of afferents projecting from these neuroepithelia. Afferents projecting from each crista in Vehicle Control specimens exhibited similarly robust modulation. Coherence and associated p-values for each full record are shown.



Our experience in recording from over 400 semicircular canal afferents in normal, untreated specimens also served as the basis for establishing the probability of encountering afferents at the recording site within the superior vestibular nerve that projected to specific epithelia (i.e., the superior and horizontal cristae and the utricle, Figure 2A). In untreated specimens, the recording procedures utilized herein revealed afferent discharge characteristics similar to those previously reported (Baird et al., 1988; Hullar and Minor, 1999), including high levels of spontaneous discharge around which modulation was induced by turntable rotation. It is important to note that in our recording configuration the animals’ heads were held in a fixed position (15° nose down, 10° recorded-ear down) so that turntable rotation evokes a clear modulation in afferents projecting from both horizontal and superior semicircular canal cristae. Even afferent discharge modulated by 1–2 spikes⋅s-1 are unambiguously identified and characterized with these methods and subsequent analyses. In untreated specimens, a relatively small fraction of afferents was encountered in each preparation whose discharge did not modulate with turntable rotation, which was consistent with afferents projecting from the utricle. These afferents were not further explored as our experimental configuration precluded the application of linear acceleration stimuli, even in a paradigm of eccentric rotation. Furthermore, since the head was held in a static tilt, resultant discharge from most utricular afferents could not be considered “spontaneous,” their discharge reflecting head position in a static tilt. These data indicated that when recording from the site described above in section “Materials and Methods” the majority of afferents encountered projected from the cristae, while only approximately 20% projected from the utricle. This observation is important in the context of evaluating afferents in gentamicin-treated specimens.

The balance of afferents probed at the recording site exhibited discharge that was clearly modulated during turntable rotations, as exemplified in Figure 2B. The afferents from Untreated preparations were selected to illustrate the high fidelity of responses to sinusoidal stimuli despite the low sensitivity measures (e.g., ±5 spikes⋅s-1 during sinusoidal stimuli of ±30°⋅s-1 peak velocity). In addition, robust stimulus-evoked responses were also recorded from superior and horizontal semicircular canal afferents in Vehicle Control specimens (right). Like the Untreated specimens, semicircular canal afferents in these controls were clearly modulated in response to sinusoidal turntable rotation, indicating that perilymphatic port implantation and infusion of HBSS did not lead to deleterious outcomes with respect to afferent electrophysiologic measures. High measures of stimulus–response coherence (>0.85) were observed in these two afferent groups, even under conditions of modest discharge modulation (±5 spikes⋅s-1). Measures of stimulus–response coherence remained high in these controls.

Early Periods Following Gentamicin Administration Reveal Independence of Hair Cell and Afferent Neuron Pathotypes

Lesions to the peripheral vestibular receptors may involve hair cells, support cells, and afferent dendrites, inducing alterations in cellular function that may eventually lead to pathophysiologic changes in afferent discharge transmitted to the central nervous system. We refer to each general morphologic and physiologic component of the lesion as a pathotype, representing the different forms or “types” of pathology to specific components within the sensory epithelia. The goal of the present investigation was to refine production of the lesions so that unique pathotypes could be distinguished. Rather than strictly examine the lesions at the final mature stage, we envisioned that hair cell and afferent pathotypes might be distinguished if they exhibited differential temporal sensitivities to low-dose gentamicin. Therefore, we examined specimens at 0.5 and 1 months following gentamicin administration.

The early post-administration periods provided insight into the progression of the lesions to the stable state observed at later post-administration times. The morphologic and physiologic pathotypes of specimens analyzed at 0.5 and 1 months are represented in Figure 3, and illustrate the heterogeneity in calyx morphology and associated physiology observed at these times. The morphologic and physiologic data shown in these figures were selected to be representative of the specimens, and direct associations between the afferent discharge records and the crista region highlighted in the micrographs cannot be made (i.e., without intracellular labeling and tract tracing). Figures 3A,B show maximum intensity projection and orthogonal views (respectively) of the horizontal crista from a 0.5-month specimen exhibiting severe pathology to CALB2+ calyces. All CALB2+ calyces in this specimen were retracted, characterized by CALB2+ parent axons without calyces or drastically malformed partial calyces (Figure 3B). The central zones of the three cristae from this specimen exhibited a mean decrease in hair cell density of approximately 24%. In the chinchilla crista central zone 60% of hair cells are type I (Desai et al., 2005a), indicating that even if the hair cell loss was restricted to type I in this specimen a large fraction of the phenotype remained. Therefore, while the lesion involved both hair cells and afferent calyces, the pathology to central zone CALB2+ calyces was more severe than central zone hair cell loss.
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FIGURE 3. Pathophysiologic correlates in the 1st month following intraperilymphatic gentamicin administration. Micrographs of horizontal crista epithelia at 0.5 (A,B) and 1 (D,E) month following gentamicin administration illustrate the variability in the histopathology at these early post-administration periods. The discharge of two afferents from each preparation are shown to demonstrate the physiologic status of each (i.e., C corresponds to the micrographs in A and B; F corresponds to D and E). (A,B) Maximum intensity projection (A) and orthogonal optical section (B) views of CALB2+ afferents in the horizontal crista central zone 0.5 months after 1 μg gentamicin administration. All calyces retracted in this specimen, while remnant CALB2+ endings of parent axons and fine branches are observed. (C) In this preparation both horizontal and superior afferents exhibited robust responses to rotational stimuli despite the widespread central zone calyx retraction and very modest hair cell loss in this specimen (not shown). The 0.8 Hz stimulus trajectory (±30°⋅s-1) is represented by the bottom trace (blue). The coherence measures (Coh) demonstrated the high fidelity between stimulus and response that was retained at this early post-administration time. (D,E) Maximum intensity projection (D) and orthogonal optical section (E) views illustrating CALB2+ calyces in a horizontal crista central zone from a specimen harvested 1 month following 1 μg intraperilymphatic gentamicin. The fluted and narrow apical extensions seen in untreated calyces (see Figure 1) were absent in the majority of these calyces and appear to have retracted to exhibit wide openings in this treated specimen. This is illustrated in the orthogonal view (E) illustrating a calyx whose apical portion – just higher than the hair cell nucleus – is not observed. A 3D volume reconstruction of the boxed region (D, bottom) is shown at higher magnification in the inset (top right in D), for which the hair cell nuclei within the CALB2+ calyces were clearly visible through the widened apical openings of the calyces (recolored yellow). (F) Representative instantaneous discharge traces for two afferents recorded from the preparation represented in (D,E). These afferents were unresponsive to the sinusoidal rotation (0.8 Hz, 30°⋅s-1, bottom), confirmed by the low coherence values (Coh) shown for each perstimulus discharge record.



The discharge characteristics of afferents projecting to cristae of the preparation represented in Figures 3A,B are illustrated in Figure 3C, where the instantaneous discharge of afferents projecting to the horizontal and superior cristae during sinusoidal turntable velocity (Figure 3C, bottom) is shown. These records demonstrated that despite the histopathology exhibited by the crista epithelia (i.e., complete central zone calyx retraction and decreased hair cell density) afferent discharge was clearly modulated in response to sinusoidal stimuli. Additionally, stimulus-evoked discharge modulation (approximately ±7–10 spikes⋅s-1) is superimposed upon spontaneous discharge (40–45 spikes⋅s-1), indicating that spontaneous discharge is preserved in these specimens that exhibited significant pathology. Coherence measures were comparable to that observed in untreated and vehicle control specimens (Figure 2B).

The histologic and physiologic results from a preparation examined at 1 month post-administration is shown in Figures 3D–F, illustrating a unique histopathologic variant while the physiology of vestibular afferents demonstrated more severe functional compromise than shown in Figure 3C. Two of the three 1-month preparations exhibited complete calyx retraction, similar to that depicted by the micrographs in Figures 3A,B. The third preparation is shown in Figures 3D,E, illustrating CALB2+ calyces within the horizontal crista central zone that have lost the narrow fluted necks characteristic of untreated central zone calyces (Figure 1). The apical openings of most calyces in this specimen were widened. The inset micrograph, showing a volume reconstruction of the area enclosed by the dashed box (Figure 3D, bottom), illustrates that the calyx opening was sufficiently large to enable visualization of the enclosed hair cell nuclei (yellow). Because these calyces extended above the hair cell nucleus, they were counted as intact calyces (i.e., conforming to the specified criteria) despite the obvious morphologic anomaly.

The consistent electrophysiologic feature among all afferents recorded from 1-month post-administration preparations was the absence of responses to sinusoidal rotation. These are represented by the instantaneous discharge records shown in Figure 3F, which were recorded from the same preparation that yielded Figures 3D,E. These traces are shown to be representative of the unresponsive afferents recorded in this preparation, and they are not meant to be directly associated with the horizontal crista represented in the micrograph. The absence of stimulus-evoked discharge modulation precludes us from drawing the direct correlate. The stimulus–response coherence measures are shown for each trace, indicating the absence of discharge modulation to the stimulus (Figure 3F, bottom). However, these afferents exhibited robust spontaneous discharge. This preparation is remarkable in that full calyx retraction had yet to dominate the crista landscape, yet afferent discharge reflected the severe response attenuation characteristic of other specimens evaluated at 1 month post-administration (e.g., Figure 7F). This contrasts the clear stimulus-evoked discharge modulation in the 0.5 month specimen recorded in afferents projecting to cristae where central zone calyces have fully retracted (Figures 3A–C). These observations supporting the conclusions that severe attenuation in stimulus-evoked afferent discharge modulation did not depend upon full calyx retraction, and that these two pathotypes are associated with independent mechanisms.

Sensory Dysfunction Appears Permanent

As illustrated in Figure 3, stimulus-evoked modulation was severely attenuated in all afferents recorded 1-month following gentamicin administration. Figure 4 demonstrates that this sensory dysfunction persists into post-administration times of 2 and 6 months. Detailed responses of afferents recorded from a 2-month preparation are shown in Figure 4A, illustrating paired perstimulus discharge from the same afferents during presentation of 0.8 Hz rotational sinusoids at 15 (left: Figures 4A-i,iii,v,vii,ix) and 30°⋅s-1 (right; Figures 4A-ii,iv,vi,viii,x) peak stimulus velocities. The trajectories of these stimuli are illustrated by the bottom waveforms (Figures 4A-xi,xii), and representative responses of horizontal (Figures 4A-i,ii) and superior (Figures 4A-ii,iv) semicircular canal afferents from untreated specimens are shown at the top. The responses of three afferents from the same preparation are shown in Figures 4A-v–A-x, and illustrate the heterogeneity in the severe compromise found in this preparation. The histopathology of this horizontal crista is illustrated in Figure 7G, where complete loss of CALB2+ calyces was observed. Figures 4A-v,vi represent the discharge of a horizontal canal afferent exhibiting severely compromised responses to both 15 and 30°⋅s-1 stimulus intensities, but coherence analyses confirmed statistically verifiable responses (p = 4.8⋅10-4 and 6.0⋅10-6, respectively). The perstimulus discharge records of the superior canal afferent (Figures 4A-iii,vii) illustrated the case where coherence analysis indicated the absence of a response in the discharge at 15°⋅s-1, but the discharge during the 30°⋅s-1 peak velocity stimulus did evoke a verifiable response (p = 1.0⋅10-4). The perstimulus discharge of the third afferent (Figures 4A-ix,x), however, did not exhibit modulation by either stimulus magnitude (p = 0.11). These data demonstrate that severe response attenuation, and not solely response elimination, was a potential outcome of gentamicin administration at this post-administration time. In addition, these data illustrate the value in computing stimulus–response coherence as a firm metric to analyze these severely attenuated responses.
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FIGURE 4. Sensory function is severely compromised by 2 months, and continues through 6 months, following intraperilymphatic gentamicin. (A) Representative responses of horizontal and superior semicircular canal afferents recorded from Untreated (i–iv) and gentamicin-treated (v–x) specimens in response to 0.8 Hz sinusoidal rotations of 15 (left) and 30°⋅s-1 (right) peak velocity (bottom traces in A). Among afferents recorded in three preparations at 2 months post-administration, most exhibited no response to rotation, similar to the traces in (ix,x) (verified by the low coherence values at each stimulus magnitude). However, in the gentamicin-treated preparation represented in this figure meager response were recorded in a few horizontal and superior afferents, shown in traces labeled (v–viii). Though the coherence values were lower than those typically measured in untreated preparations, the responses were verified for the horizontal afferent at both stimulus magnitudes, and the superior afferent only at 30°⋅s-1 magnitude. The third afferent from this preparation was unresponsive (ix,x). The discharge rate scale shown beneath the untreated horizontal afferent (30°⋅s-1) applies to all traces in (A). (B) Instantaneous discharge records of afferents during sinusoidal rotation (0.4 Hz, 30°⋅s-1; i,i′) obtained 6 months following gentamicin administration are shown. For comparison, representative perstimulus discharge records of afferents projecting from the superior (ii) and horizontal (iii) cristae in an untreated specimen are shown. The mean spontaneous discharge rates are provided at the left underneath each record, while stimulus–response coherence measures (Coh) and corresponding p-values (p) are shown at right. Note the high coherence values for afferents from the untreated specimen, even the superior afferent in which the stimulus-evoked modulation is very modest. The 10 afferents from the treated specimen (iv–xiii) were recorded in succession during the experimental session, and all exhibited low coherence measures that corresponded with probabilities greater than 0.2 that this measure could have arisen randomly. The low coherence measures confirmed that these afferents were unresponsive to the sinusoidal rotational stimulus. See text for more detailed interpretation.



The physiologic ramifications of intraperilymphatic administration of 1 μg gentamicin at 6 months post-administration are shown in Figure 4B. These data depict 12.5 s epochs of perstimulus discharge (in spikes⋅s-1) from 10 afferents recorded consecutively in a single preparation during presentation of 0.4 Hz sinusoidal rotations (30°⋅s-1 peak velocity; Figures 4B-i,i′). For reference, representative response discharge recordings from superior and horizontal semicircular canal afferents in an untreated preparation at this stimulus intensity are shown in Figures 4B-ii,iii, respectively. The coherence values associated with these two responses were 0.96 and 0.99, with associated p-values of 1.4⋅10-10.and 1.0⋅10-18, respectively. Particularly notable is the high coherence of the superior canal afferent (Figures 4B-ii) despite the very low sensitivity and small modulation depth, indicating the coherence measures remain very high even in afferents for which the discharge modulation is extremely low.

The discharge characteristics representative of afferents recorded 6 months after receiving 1 μg intraperilymphatic gentamicin are represented in Figures 4B-iv–B-xiii, illustrating the perstimulus discharge during 0.4 Hz rotation (30°⋅s-1 peak velocity, Figures 4B-i,i′; the same stimulus is shown in the interest of providing temporal correlation with the discharge records beneath). These data demonstrate three fundamental features of the electrophysiologic pathotype. First, coherence analyses verify the absence of rotational responses in all 10 perstimulus discharge records (Coh < 0.38; p > 0.2). While some of these afferents may have projected to the utricle (which, under normal conditions, would be unresponsive to rotation), the probability that all ten afferents would project to the utricle is extremely low. Therefore, the absence of a response in all 10 afferents further verifies the severe response attenuation among afferents from treated labyrinths. Second, the compromise of response capabilities among semicircular canal afferents, first observed at 1 month post-administration, persisted through 6 months post-administration, which provided evidence indicating the vestibular sensory epithelia do not exhibit capabilities for spontaneous recovery by 6 months. Third, despite the severe response attenuation spontaneous discharge remained robust at this post-administration time, with some afferents exhibiting rates exceeding 80 spikes⋅s-1 (e.g., Figures 4B-iv,v,x). This demonstrated an absence of any progressive compromise in spontaneous discharge through the 6 month post-administration interval.

Alterations in Spontaneous Discharge Associated with Intraperilymphatic Gentamicin

The principal finding from electrophysiologic recordings of vestibular afferents following intraperilymphatic administration of 1 μg gentamicin was the persistence of spontaneous discharge while modulation in response to head movement rotations was severely attenuated or lost. We tested the null hypothesis that spontaneous discharge characteristics of afferents recorded from gentamicin-treated preparations were similar to those of our laboratory’s database of semicircular canal afferents recorded from untreated preparations. We also conducted parallel analyses of previously published spontaneous discharge data recorded from normal (untreated) semicircular canal and utricular afferents (Baird et al., 1988; Goldberg et al., 1990). These latter analyses provided an independent context for comparing distributions of spontaneous discharge characteristics derived from rotationally sensitive (semicircular canal) and rotationally insensitive (utricular) afferents, similar to the classifications of untreated semicircular canal (rotationally sensitive) and gentamicin-treated (rotationally insensitive) afferents.

The spontaneous discharge characteristics of afferents from gentamicin-treated preparations (green symbols) are shown in Figure 5A, against a backdrop of the characteristics obtained from our database of untreated semicircular canal afferents (black/gray symbols). The inset plot illustrates previously published spontaneous discharge data of semicircular canal and utricular afferents (Baird et al., 1988; Goldberg et al., 1990), reconstructed as described in section “Materials and Methods.” The distribution of gentamicin-treated afferents appears to be right-shifted in the main plot, suggesting that the mean ISIs from this afferent group are, collectively, longer than untreated semicircular canal afferents. A similar impression is also given by the inset scatterplot, in which the cloud of utricular afferents appears to represent slightly greater mean ISIs. To compare the distributions of mean ISIs among untreated and gentamicin-treated populations (and between previously published semicircular canal and utricular afferents), histograms were prepared and are shown in Figure 5B (inset), in which the longer mean ISIs of gentamicin-treated afferents are visualized. The two distributions were compared by computing the KLD, after which a resampling strategy was implemented to test the hypothesis that the mean ISI distributions were derived from random sampling from a single underlying distribution. This probability was less than 1.0⋅10-6, supporting rejection of the null hypothesis. Furthermore, this result indicated that the distribution of mean ISIs from our sample of gentamicin-treated preparations corresponded to longer mean intervals compared to those of untreated semicircular canal afferents.
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FIGURE 5. Aggregate distributions of spontaneous discharge characteristics in vestibular afferents recorded after low-dose gentamicin administration. (A) Scatterplot illustrating the comparison of spontaneous discharge characteristics from gentamicin-treated specimens (green symbols) and the laboratory’s database of 430 semicircular canal afferents from normal (untreated) specimens (black/gray symbols). These data illustrated that the mean spontaneous ISIs among afferents from gentamicin-treated preparations appeared to be greater (right-shifted in this scatter plot) than afferents recorded from untreated specimens. These data are interpreted in the context of published data from semicircular canal (Baird et al., 1988) and utricular (Goldberg et al., 1990) afferents, shown in the inset, representing a comparison of spontaneous discharge characteristics from canal and utricle afferents recorded from the same laboratory, and therefore under similar conditions. (B) Normalized histograms of mean ISIs from gentamicin-treated (green bars, n = 132) and untreated (black/gray bars, n = 430) preparations (i.e., mean ISI data from A). The Kullback–Leibler divergence between these two distributions was 0.18, and resampling analyses indicated the probability that this KLD could have been derived from random sampling of a single combined distribution was less than 10-6 (i.e., p < 10-6). The inset histograms were derived from the published mean interspike interval (ISI) data of semicircular canal and utricular afferents (i.e., from inset in A). The KLD for these distributions was 0.08, reflecting the expected difference in mean intervals between canal and utricular afferents from the same preparations. See text for details.



The histograms within the inset of Figure 5B represent the distributions of ISIs for semicircular canal and utricular afferents previously reported (Baird et al., 1988; Goldberg et al., 1990). These data make an important contribution to the interpretation of the data reported herein in that they represent the expected differences in spontaneous discharge characteristics between semicircular canal and utricular afferents. The computed KLD between these distributions was 0.081, and resampling analyses supported the conclusion that the mean intervals for utricular afferents were longer than that of semicircular canal afferents (p = 2⋅10-6). The difference in mean interval distributions between semicircular canal and gentamicin-treated afferents (KLD = 0.18) was more than twice that expected between semicircular canal and utricular afferents from the same preparations. This finding supports the conclusion that the difference in mean ISI distributions of untreated and gentamicin-treated preparations is much greater than that expected from canal-utricle differences.

Spontaneous discharge coefficient of variation (CV) was also compared between untreated and gentamicin-treated distributions (KLD = 0.080), and between distributions of previously published data from semicircular canal and utricular afferents (KLD = 0.040). Through resampling analyses, we concluded that the CVs of gentamicin-treated afferents were greater than that of untreated afferents (p = 2.6⋅10-4). However, similar resampling analyses showed that the CVs of previously published data from semicircular canal and utricular afferents were similar (p = 0.34). This latter analysis further supports the conclusion that the difference in CV distributions between gentamicin-treated and untreated afferents cannot be explained by a mis-categorization of rotationally insensitive utricular afferents as a characteristic of a gentamicin-treated pathotype.

Morphologic Lesions Associated with Severe Functional Deficit

Intraperilymphatic administration of 1 μg gentamicin resulted in lesions of the vestibular epithelia characterized by afferent calyx retraction and modest hair cell loss. These pathotypes are illustrated in the maximum intensity projection micrographs of horizontal canal cristae (central zone) and utricles (peristriola) from contralesion control (Figures 6A,B) and gentamicin-treated (Figures 6C,D) specimens immunolabeled with anti-CALB2 (red) and anti-TUBB3 (green). In the contralesion control specimens (Figures 6A,B,A″,B″), anti-TUBB3 immunolabeling (TUBB3+) extends into the calyx neck as was found for the anti-CALB2 labeling (see also Figure 1). The CALB2+ calyx defined type Ic hair cells [i.e., those that received a CALB2+ calyx and associated with calyx-only afferents, (Li et al., 2008)], while the balance of type I hair cells associated with TUBB3+ calyces that were CALB2 negative represent type Id [i.e., associated with dimorphic afferents (Li et al., 2008)]. This provided positive criteria to identify Nissl-stained hair cell nuclei belonging to types Ic, Id, or II (i.e., hair cell nuclei not associated with a calyx) hair cells. Hair cell nuclei within the contralesion control confocal stacks that were identified in this way are shown in Figures 6A′,B′ in yellow (type Ic), cyan (type Id), or magenta (type II), providing a graphic illustration of hair cell density in the crista central zone and utricular peristriola.
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FIGURE 6. Extensive calyx loss is seen in vestibular sensory epithelia exposed to 1 μg gentamicin. Horizontal semicircular canal cristae and utricles were immunolabeled with anti-CALB2 (red) and anti-TUBB3 (green) antibodies, and nuclei were labeled with a Nissl stain. (A–D) Confocal projections illustrating afferent calyces projecting to the cristae central-intermediate zones and utricle peristriola regions in contralesion control (A,B) and gentamicin-treated (C,D) specimens 6 months post-administration. Only three TUBB3+ calyces (arrows) can be seen in the micrograph of the treated utricle (D). (A′–D′) Projections of hair cell nuclei of the neuroepithelial areas shown in (A–D). Nuclei are colored in (A′,B′) to indicate type Ic (yellow), type Id (cyan), and type II (magenta) hair cells. In the treated epithelia (C′–D′) most hair cell types were indistinguishable because of extensive calyx loss, and nuclei are colored to indicate uncharacterized (blue) and type Id (cyan) hair cells. (A″–D″) Orthogonal optical sections illustrate diminished laminar organization of sensory and support cell nuclei (Nissl stain; blue) in gentamicin-treated specimens. Scale shown in A applies to all panels.



The gentamicin-treated specimens exhibited sharp contrast to the contralesion control specimens as illustrated by the micrographs of horizontal crista and utricle specimens harvested 6 months after gentamicin administration (Figures 6C,C′,C″,D,D′,D″). Virtually all calyces (i.e., both CALB2+ and TUBB3+) are lost in the gentamicin-treated specimens, though CALB2+ and TUBB3+ parent axons remain within the neuroepithelia (Figures 6C,D,C″,D″). The absence of calyces and preservation of parent axons indicates a pathology that predominantly involved the calyx, which we refer to as calyx retraction. The extensive retraction was apparent for both CALB2+ and TUBB3+ calyces, indicating that CALB2+ calyx retraction is representative of all calyces at this post-administration time. Figures 6C′,D′ illustrate the spatial density of hair cell nuclei, which was lower (i.e., more empty space) than that found in the contralesion control specimens (Figures 6A′,B′) and indicated partial hair cell loss. Because of extensive calyx loss and thinning of the epithelia, it was impossible to determine hair cell phenotype based on calyx innervation pattern or laminar organization of nuclei, except in the rare occurrence when partial calyces persisted (Figure 6D′, cyan nuclei). Therefore, the micrographs in Figures 6C′,D′ illustrate all unsegregated hair cells.

The cristae from gentamicin-treated specimens were subject to histologic examination at 0.5, 1, 2, or 6 months post-administration times. At each interval, we found the effects of 1 μg gentamicin to be comparable across individual epithelia within a given labyrinth. This is illustrated in Figures 7A–D for one preparation analyzed 2 months following gentamicin treatment. These micrographs, representing maximum intensity projections of anti-CALB2 immunoreacted specimens, illustrate the retraction of all CALB2+ calyces in the cristae and utricle from a single labyrinth. Representative orthogonal sections are shown in Figures 7A′–D′. Figures 7E–H illustrate the time course of calyx retraction in horizontal cristae at the indicated post-administration times. Complete calyx retraction (CALB2+ and TUBB3+) was seen in 2 of 3 specimens examined at 0.5 and 1 month post-administration. Intact calyces were extremely rare at 2 and 6 months post-administration (shown for CALB2-immunoreacted specimens in Figures 7G–H). The morphologies of 0.5- and 1-month specimens were more variable; and while evidence of the lesion was observed in all specimens, some exhibited partially retracted calyces rather than complete retraction (see Figure 3D). At post-administration durations of 2–6 months, the majority of CALB2+ parent axons terminated as blunt endings within the sensory epithelia.


[image: image]

FIGURE 7. Gentamicin induced damage is similar across vestibular endorgans and at all post-administration time periods. Damage as illustrated by CALB2 immunoreactivity (red) and Nissl stain (grayscale) for endorgans of a single animal 2 months after administration (A–D) and in horizontal cristae ampullaris 0.5, 1, 2, and 6 months after exposure (E–H) is shown. Maximum intensity projections of confocal image stacks taken from the central-intermediate zone of the cristae and the peristriola region of the utricle demonstrate extensive CALB2+ calyx loss in all endorgans (A–D) and at all time periods (E–H). Orthogonal optical sections illustrate similar morphological characteristics in all endorgans (A′–D′) and at all time periods (E′–H′). Scale shown in A applies to all micrographs.



The Majority of Calyces Retracted While Most Hair Cells Survived Exposure to 1 μg Gentamicin

Calyces and Parent Axons

The quantifications of CALB2+ calyces, parent axons, and hair cells reflecting lesions to vestibular epithelia (Figures 6, 7) are illustrated in Figures 8 and 9, and summarized in Tables 1 and 2. The effects on CALB2+ calyces and parent axons are shown in Figure 8, depicting their densities at all post-administration times. We found only 36.9 ± 63.87% (n = 3; p < 0.001) and 38.80 ± 63.87% (n = 3; p < 0.001) of CALB2+ calyces remained 0.5 and 1 month after gentamicin exposure, respectively; however, nearly all CALB2+ calyces had retracted by 2 and 6 months post-administration (p < 0.001; Figure 8). No differences between cristae (i.e., horizontal, superior, or posterior) harvested at the same post-administration duration were found (p > 0.05). Although calyces were found in some samples, no complex calyces were observed in damaged specimens with the exception of two; a 0.5-month specimen that showed no signs of morphological damage or hair cell loss, and a 1 month specimen that exhibited a more modest lesion than other comparably treated specimens with reduced hair cell density and malformations in calyx structure (i.e., calyces without necks and retracted calyces; Figure 3D). These specimens came from preparations made very early in our experience, and it is possible that they reflect incidences of incomplete gentamicin infusion.
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FIGURE 8. CALB2+ afferent damage after 1 μg gentamicin administration. Normalized CALB2+ calyx and parent axon densities, expressed as percentages of contralesion controls, are shown for horizontal, posterior and superior cristae at the specified post-administration times (i.e., 0.5, 1, 2, and 6 months). ANOVAs indicated the absence of a main effect for crista type, and therefore the mean densities across all cristae are represented by the red triangles. All data are shown as mean ± SD. Triple asterisks (∗∗∗) correspond to p < 0.001.
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FIGURE 9. Hair cell survival after 1 μg gentamicin administration. (A) Hair cell survival in cristae from labyrinths treated with 1 μg gentamicin. As noted above, two-factor ANOVA revealed the absence of a main effect of crista type, and therefore the mean densities (±SD) are represented by the red triangles (and error bars). (B) Hair cell survival in utricles determined 6 months after gentamicin administration. The mean hair cell survival at this post-administration time in the peristriola (64%), medial extrastriola (64%), and lateral extrastriola (69%) were similar. All data are shown as means (±SD). Double asterisks (∗∗) correspond to p < 0.01; triple asterisks (∗∗∗) correspond to p < 0.001.



Although most calyces within gentamicin-treated labyrinths retracted, the majority of CALB2+ parent axons remained at the sensory epithelium at all post-administration periods, supported by the finding that parent axon densities were not different from contralesion controls (p > 0.05; Figure 8). Damaged afferents (including CALB2+ dendrites and intermediate diameter TUBB3+ fibers without calyceal endings) remained at the sensory epithelia at least 6 months after gentamicin exposure (also represented in Figure 6). As illustrated in Figure 8, it was estimated that the fractions of CALB2+ parent axons (expressed as percent of contralesion control) present at the sensory epithelia were 100.0 ± 9.3 (0.5 months; N = 3), 87.2 ± 19.56 (1 month; N = 3), 83.0 ± 5.87 (2 months; N = 3) and 87.0 ± 12.19 (6 months; N = 4).

Hair Cells

The quantification of hair cell densities required a critical evaluation of lesioned epithelia to distinguish hair cell and support cell nuclei. Hair cell nuclei were identified predominantly by morphology and chromatin condensation as previously described. In general hair cell nuclei remained located more apical-ward in gentamicin-treated epithelia as found in untreated specimens, though this distinction became less clear in damaged specimens. In addition, hair cell nuclei often exhibited asymmetrical morphologies after gentamicin exposure. These variants were most pronounced in specimens with the heaviest damage as characterized by gross morphological changes and hair cell loss. For these specimens, a qualitative analysis of chromatin density became an important identifying criterion for hair cell nuclei.

The measures of hair cell densities following low-dose gentamicin administration portray a different picture than that of the afferents. This is illustrated in Figure 9A, showing densities of hair cell nuclei in the central zone of vertical and horizontal cristae at all post-administration durations, and in Figure 9B for the utricular striola at 6 months post-administration. The low-dose gentamicin exposure induced hair cell loss in vestibular epithelia at all post-administration periods. As shown for the calyx and parent axon counts, hair cell densities are expressed as percentages of contralesion controls (Figure 9) and counts per 100 μm2 (Table 2). The central zones of horizontal, superior, and posterior cristae from treated specimens exhibited similar hair cell densities at all post-administration durations (Table 2), indicating that they exhibited comparable hair cell loss. We determined that over 60–80% of central zone hair cells survived following 1 μg gentamicin exposure (Figure 9A), where hair cell survival in pooled cristae (mean % of contralesion control, shown as red symbols, ±standard deviation) was 82.5 ± 14.01 at 0.5 months (p < 0.01), 73.7 ± 18.62 at 1 month (p < 0.01), 71.1 ± 2.68 at 2 months (p < 0.001) and 61.6 ± 9.55 at 6 months (p < 0.001). In addition, hair cell densities were measured in the utricular peristriola, as well as from lateral and medial extrastriola regions for 6 month specimens [the post-administration duration that exhibited the most damage (Figure 9B)]. Control specimen hair cell density (hair cell nuclei per 100 μm2) of the peristriola region was estimated at 1.7 ± 0.15, and 2.5 ± 0.14 and 2.4 ± 0.12 for the lateral and medial extrastriola regions, respectively (N = 4). In comparison, hair cell densities of the gentamicin treated specimens were 1.1 ± 0.12 for the peristriola region, and 1.7 ± 0.51 and 1.5 ± 0.38 for the lateral and medial extrastriola regions (N = 4; p < 0.001). The relative densities computed from these absolute densities were similar to the central zone cristae at 6 months post-administration, which amounted to 64, 64, and 69% for the peristriola, medial extrastriola and lateral extrastriola (respectively).

It has been previously reported that the thickness of the sensory epithelium (lumenal surface to the basement membrane) decreases as a consequence of the morphologic alterations induced by gentamicin (Forge et al., 1998). Therefore, we evaluated whether such volumetric modifications alone could account for the quantitative changes in hair cell, calyx, or axon densities. For example, if gentamicin-induced decreases in epithelial volume resulted in a concomitant decrease in epithelial area without loss of its constituents, the analytical tendency would be to increase the density of components within these volumes. We evaluated the effects of any putative volumetric changes caused by gentamicin exposure by estimating support cell densities in the horizontal semicircular canal cristae central zones for normal and treated specimens. We posited that support cells would be minimally affected by low-dose gentamicin exposure, and that if gentamicin-induced volume changes did result in decreased epithelial areas we would find that untreated normal specimens would exhibit lower support cell densities than the gentamicin-treated specimens. We found that support cell densities (support cells/100 μm2) were similar for the 0.5-month (2.1 ± 0.11; N = 3), 1-month (2.2 ± 0.01; N = 2), 2-month (2.1 ± 0.19; N = 3), 6-month (1.8 ± 0.18; N = 3), and normal (2.1 ± 0.19; N = 3) specimens. These data support the conclusion that the alterations in epithelia morphology concomitant with gentamicin treatment could not account for the quantitative changes in hair cell or CALB2+ afferent densities.

Previous assessments of the distribution of hair cell types (i.e., types I and II) indicated that type I hair cells represented approximately 60% of all hair cells within the central zones of chinchilla cristae (Desai et al., 2005a). The loss of all calyces and morphologic stereotypes precludes an evaluation of the remaining hair cell types in treated specimens. However, even if all lost hair cells were type I, the fact that the minimum mean fraction of surviving hair cells (i.e., at 6 months post-administration) was over 60% indicate that a notable number of type I hair cells survive the treatment that yields total loss of afferent calyces. Therefore, our hair cell density measures alone indicate that some type I hair cells remain viable – albeit functionally compromised – within the cristae central zones and utricular striolae in labyrinths exposed to 1 μg gentamicin, even when all calyces have retracted.

Viable, Morphologically Altered Hair Cells at 6 Months Post-administration

Anti-MYOVI and anti-CALB2 immunohistochemistry was used to visualize hair cell morphology and the association with intact and remnant CALB2+ calyces in contralesion-control and gentamicin-treated specimens. As shown for superior semicircular canal cristae in Figure 10, MYOVI immunoreactivity was robust in contralesion control hair cells that were tightly packed in the sensory epithelia (Figures 10A,B). Hair cells with type I (arrowhead; Figure 10C) and type II (arrow; Figure 10C) morphologies were easily recognizable in optical orthogonal sections of the untreated specimens. Most type II hair cells exhibited the stereotypical morphology being broad around the more apically located nuclei and narrow and cylindrical at their bases. Type I hair cells exhibited the prototypical “chalice” morphology with a thickened plate atop the thin apical neck. This is further illustrated in the reconstructions of two type Ic hair cells shown in Figure 10D, highlighted for comparison to hair cells from gentamicin-treated epithelia. In this reconstruction, the CALB2+ calyces (red) were made translucent for visualization of the encapsulated MYOVI+ hair cells.
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FIGURE 10. Surviving hair cells following gentamicin exposure exhibit aberrant morphology. Contralesion control (A–D) and gentamicin-treated (E–H) superior semicircular canal cristae were immunolabeled with anti-MYOVI (green) and anti-CALB2 (red) antibodies, and were Nissl-stained (blue) 6 months after gentamicin administration. (A,E) Low magnification confocal projections illustrating the distribution of MyoVI+ hair cells. (B,F) Higher magnification confocal projections images of the central-intermediate zones illustrate reduced MYOVI+ hair cell densities in the lesioned epithelia. (C,G) Orthogonal optical sections of the untreated and treated specimens. Cells with morphologies characteristic of type I (arrowhead) and type II (arrow) hair cells can be seen in an optical orthogonal section of the undamaged specimen (C). However, hair cells with aberrant morphologies resembling “tear drops” (arrowheads) and “barrels” (arrows) are observed in treated specimens (G). (D,H) 3D volume reconstructions show two MYOVI+ type I hair cells enveloped by a CALB2+ complex calyx in a contralesion control specimen (D), and a hair cell exhibiting “tear-drop” morphology is shown closely-apposed to a CALB2+ dendrite in a gentamicin-treated specimen (H). The CALB2 signal in (D) was made translucent to enable visualization of MYOVI signal. Scale bars are the same for (A,E) (90 μm), (B,C,F,G) (30 μm), and (D,H) (6 μm).



The morphologic changes in hair cells resulting from low-dose gentamicin administration is shown in Figures 10E–H, representing the central zone of a superior crista 6 months post-administration. While plenty of viable hair cells are indicated by robust anti-MYOVI immunolabeling, they were less densely packed reflecting hair cell loss (Figures 10E,F). Hair cells exhibiting the stereotypical types I and II morphology were observed in few treated specimens (not shown); however, most hair cells lost distinguishing morphological characteristics as illustrated in the orthogonal optical section shown in Figure 10G. Some hair cells in damaged epithelia exhibited a “tear drop” morphology (arrowheads; Figure 10G) while others exhibited a “barrel” morphology (arrows; Figure 10G). The “tear drop” hair cells, although sharing similar morphological characteristics to type I hair cells, did not have the typical elongated neck of untreated type I hair cells. Some hair cells with ‘tear drop” morphologies were contacted by a retracted CALB2+ partial calyx as illustrated by the reconstruction in Figure 10H. In addition, partial calyces were observed to encapsulate only the bases of such “tear-drop” hair cells, inferring that hair cells with such morphologies are remnant type Ic hair cells.

Fine Dendritic Projections Persist in Gentamicin-Treated Epithelia

Although anti-TUBB3 immunohistochemistry revealed fine dendritic projections, it did not enable visualization of dendritic varicosities representing putative boutons of dimorphic afferent dendrites within the crista central zones or utricular striola (Fernandez et al., 1988, 1990). Therefore, retrograde labeling of TRITC-conjugated biocytin was used to visualize the fine dendritic branches and putative boutons innervating the central zones of superior and horizontal cristae and striolar region of the utricle. Figures 11A,B show TRITC-labeled fibers (represented in green) projecting to the horizontal canal crista and utricle 6 months after gentamicin treatment, illustrating patent fibers projecting to the central zone and striola of these epithelia. In addition, these fine dendritic branches have morphological features representative of en passant and terminal boutons, characterized by varicosities along the trajectories and at the terminations of thin dendritic branches (Fernandez et al., 1988, 1990). Extensive damage to this region is illustrated by the diminished hair cell densities observed in the maximum intensity projections of hair cell nuclei (Figures 11C,D). Three-dimensional reconstructions of representative labeled fibers further illustrate the varicosities on small diameter branches (arrows; Figures 11E,F) and show that large-intermediate diameter afferents with retracted calyces often were closely apposed to hair cell nuclei (Figures 11G,H). Some of these fibers exhibited a bowl-shaped “hemi-calyx” ending at the base of the closely apposed hair cell (Figures 11G,G′).
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FIGURE 11. Biocytin labeled fibers illustrate patent small diameter dendritic branches and endings exhibiting bouton-like morphology in lesioned vestibular epithelia. Shown are micrographs of the horizontal semicircular canal crista and utricle from a specimen whose superior vestibular nerve was retrogradely labeled with TRITC-biocytin (green) 6 months post-administration. The specimens were also labeled with anti-CALB2 antibody (red) and Nissl stain (blue; nuclei in insets are grayscale). (A,B) Maximum intensity projections from the central and intermediate zones of the crista (A) and peristriola region of the utricle (B) illustrate the presence of biocytin-labeled fibers (arrows) projecting to the neuroepithelial regions harboring CALB2+ fibers. These fibers, which in untreated specimens would exhibit dimorphic dendritic morphologies (i.e., CALB2-negative fibers within these crista zones), were also without calyces as expected (see Figure 6). However, they do exhibit a number of putative boutons en passant, seen as varicosities along thin dendritic branches. (C,D) Maximum intensity projections of hair cell nuclei present in the confocal projections shown in (A,B). Nuclei are colored to indicate representative hair cell nuclei closely apposed to a partially collapsed CALB2+ calyx (yellow in C and D), a partially collapsed biocytin-labeled calyx (cyan in D), and bouton-like endings (magenta in C). All other hair cell nuclei are shown in blue. Inset figures show representative orthogonal optical sections of stained nuclei (grayscale). (E–H′). Volume reconstructions of CALB2+ and biocytin-labeled dendrites illustrate the details of their projections in close proximity to hair cell nuclei. (E,E′) A 3D volume rendering of the corresponding boxed area in A illustrates bouton type endings (arrows) in close apposition to hair cell nuclei (magenta; E′). (F,F′) A 3D volume rendering of the corresponding boxed area in A shows a CALB2+ afferent wrapping around a hair cell nucleus (yellow) and a biocytin labeled neuron in close apposition to a hair cell nucleus (magenta). (G,G′) 3D volume renderings of the corresponding boxed region in B exhibiting a large-intermediate diameter biocytin labeled fiber forming a bowl at the base of a hair cell nucleus (cyan). (H,H′) 3D volume renderings of the corresponding boxed region in B show two CALB2+ fibers also labeled with TRITC-biocytin in close proximity to hair cells (nuclei shown in yellow). Note that CALB2 immunolabeling and TRITC-biocytin labeling closely overlap. Scale is the same for (A–D) (30 μm), and insets (72 μm). Scale is not shown for 3D volumes.



DISCUSSION

Through the present investigation we implemented a method for direct intraperilymphatic gentamicin administration to achieve three principal objectives. First, we sought to produce a limited lesion among hair cells of the vestibular epithelia, thereby unmasking potential effects on the dendrites of primary afferent neurons (i.e., to investigate dendritic lesions in cases of limited hair cell loss). Second, we believed the refined strategy would limit the dosing variability and, therefore, achieve greater consistency in the outcome parameters. Our third objective was to elucidate the effects of lesioning both potential targets (i.e., hair cells and afferents dendrites) on the discharge characteristics of afferent neurons. These results are summarized in the cartoon depicted in Figure 12, the discussion of which will include the limitations and impacts of the outcomes of this experimental approach.
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FIGURE 12. Summary schematic of partial lesion induced by low-dose gentamicin in the cristae central zones and utricle striola. The Normal (untreated) panel (top) depicts the components of these neuroepithelial regions, including types I and II hair cells exhibiting stereotyped morphologies, CALB2+ afferents with simple and complex calyces (i.e., calyx-only, red), dimorphic afferents (green), spherical hair cell nuclei, and tightly packed support cell nuclei. Vestibular epithelia exposed to Low-dose gentamicin (bottom), however, undergo several alterations that characterize the lesion. These include: (a) retraction of most calyces, including those of dimorphic afferents (right side of panel; Figures 3, 6, 7, 8); (b) modest hair cell loss (Figures 6, 9); (c) altered morphology of remaining hair cells, such that the stereotype morphologies of types I and II hair cells are not readily distinguished; these hair cells are viable as indicated by positive MYOVI immunolabeling (Figure 10); (d) remaining non-CALB2+ afferents projecting to the crista central zones and utricular striola (i.e., afferents originally exhibiting dimorphic morphologies) retain fine dendritic branches and putative postsynaptic boutons (Figure 11).



Limitations of the Present Results

Limited Hair Cell Loss Unmasks Independent Calyx Retraction

The administration of 1 μg gentamicin to the perilymph resulted in the loss of hair cells that was determined by comparing counts within the cristae central zones and utricular striolae from treated and contralateral control labyrinths. The mean hair cell counts ranged between 82.5 and 61.6% of hair cells in the contralateral labyrinths (0.5 and 6 month specimens, respectively), corresponding to mean hair cell loss estimates between 17.5 and 38.4%. Since the fraction of type I hair cells found in the central zones and striolae of untreated epithelia are approximately 60% (Desai et al., 2005a,b), the measured hair cell loss did not amount to the total number of type I hair cells. At the same time, virtually all calyces were lost in preparations investigated at 2 months post-administration and longer; Figure 3 illustrates a case of extensive calyx loss even at 0.5 months. Some of the early calyx loss may be a downstream consequence of apoptosis (Forge and Li, 2000; Matsui et al., 2002, 2003, 2004; Cunningham et al., 2004; Ding et al., 2010; Zhang et al., 2012; Tao and Segil, 2015) among the most sensitive type I hair cells. However, the vast calyx loss found at the later post-administration times could not be wholly accounted for by loss of encapsulated hair cells. While the findings of the present study cannot exclude the possibility that calyx loss was induced by factors released by gentamicin-damaged (yet still viable) hair cells, these data also indicate a reasonable probability that gentamicin targeted the calyx directly. This component of the lesion did not involve loss of parent axons, which would have implied degeneration and perhaps apoptosis of Scarpa’s ganglion neurons (Figure 8). Therefore, the restricted lesion involving retraction of the calyx can be characterized as non-apoptotic. Data from the present study indicates that this lesion component may exhibit greater sensitivity, and perhaps have a greater impact, than hair cell loss in terms of the gentamicin-induced vestibular dysfunction or hypofunction.

While data of the present investigation do not provide direct insight into the pathophysiologic mechanisms of the lesions induced by low-dose gentamicin, they do provide a foundation upon which to build future investigations of the most labile components of vestibular dysfunction. In view of broad evidence indicating the deleterious action of gentamicin on mitochondria (Dehne et al., 2002; Morales et al., 2010), and the large number of mitochondria within afferent calyces (Lysakowski and Goldberg, 1997, 2008), it would be far from surprising if afferent calyces were directly susceptible to direct gentamicin-induced damage. The density of mitochondria within calyces implies that considerable energy production is required for normal homeostasis of this structure, for example, to maintain the activity of the robust expression of Na+/K+ATPases within calyceal membranes (Cheng et al., 2006; Schuth et al., 2014). Gentamicin-induced mitochondrial compromise may lead to deteriorating function of the membrane ATPases and the inability to maintain membrane potential within the calyx, eventually leading to its morphologic collapse and retraction. Again, this does not necessarily lead to afferent apoptosis, as the accounting of CALB2+ parent axons indicated their numbers were similar to that found in untreated labyrinths (Figure 8).

The present investigation did not enable resolution of the hair cell phenotypes that were lost upon gentamicin administration. The afferent calyx is the only morphologic characteristic that unambiguously identifies a type I hair cell. Other characteristics, such as general chalice morphology or nuclear location within the epithelia, are less definitive. Since gentamicin exposure, even at the low doses used in the present study, leads to calyx retraction and distortion of the epithelia that precludes the use of other characteristics (even if less reliable), it was not possible to estimate the contribution of hair cell phenotype to their total loss. Furthermore, the temporal profile of the loss suggests that there may be differential sensitivities whereby the most sensitive (amounting to approximately 18% within the crista central zones) are lost by 2 weeks, and another less sensitive group (amounting to an additional approximately 17%) that is lost over the succeeding 5.5 months. The proclivity with which type I hair cells have been shown to take up and retain gentamicin (Lyford-Pike et al., 2007) suggests that they constitute the most sensitive fraction to gentamicin. However, this group cannot constitute the full complement of type I hair cells, and other type I hair cells are likely to be as insensitive as type II hair cells (evidenced in Figure 10H).

Intraperilymphatic Administration and Outcome Variability

The goal of direct administration of gentamicin to the perilymph was to limit the variability in outcome measures to that associated with gentamicin pharmacology within vestibular epithelia and subsequent detection methods, eliminating variability associated with dosing and the quantity reaching the labyrinth. In only one preparation (0.5 months post-administration) was there no evidence of hair cell loss or calyx retraction, which we attribute to a failure of gentamicin administration. During port placement in this preparation, the subarcuate fossa adjacent to the bony superior canal was violated, which likely provided a pathway for misdirecting the infusate away from the labyrinth leading to the administration failure. Every other preparation resulted in hair cell loss and calyx pathology, and in preparations investigated at 1 month post-administration and longer severe attenuation of stimulus-evoked afferent discharge modulation was found. This supports the conclusion that these results provide a perspective of the inherent pathophysiologic variability of gentamicin administration that is independent of dosing variability. This includes: (1) hair cell and calyx loss that ensues within 2 weeks post-administration, exhibits modest variability through 1 month post-administration, but is highly stable after that time; (2) though severe response attenuation can be apparent within 2 weeks, some weak residual responsiveness can remain through 2 months; and (3) severe response attenuation persists through 6 months post-administration.

CALB2+ Calyces as an Index of Central Zone and Striolar Calyces

We used the subpopulation of CALB2+ calyces as the marker with which to delineate defined regions of vestibular epithelia [i.e., cristae central zones and utricular striolae (Desai et al., 2005a,b)] for hair cell counts, and as indices of calyceal morphology. While this approach certainly served its purpose, it did not specifically address whether, in specimens examined a 0.5, 1, and 2 months post-administration, all central zone calyces exhibited pathology that paralleled CALB2+ calyces (i.e., CALB2– calyces). We do provide evidence that CALB2+ calyx pathology was representative of all central zone and striolar calyces at 6 months post-administration (Figures 6C,D), including those beyond the central zone and striolar boundaries. CALB2+ calyx pathology that was not representative of other calyces at shorter post-administration intervals would be indicative of a differential sensitivity to gentamicin, for which we are unaware of any evidence. Figures 6C,D demonstrate the absence of any such differential sensitivity at 6 months post-administration. As noted above, hair cell loss could not be distinguished by phenotype, including those designated type Ic (those encapsulated by CALB2+ calyces) and Id hair cells (those encapsulated by CALB2– calyces) (Li et al., 2008), providing no insight into this level of gentamicin sensitivity. While we expect that all central zone and striolar calyces exhibit similar pathology as represented by CALB2+ calyces, this remains an issue to be confirmed in future experiments.

Response Attenuation with Intact Spontaneous Discharge

Hirvonen et al. (2005) first reported the remarkable finding of severely attenuated stimulus-evoked discharge modulation and preserved spontaneous discharge in chinchillas that underwent intratympanic gentamicin administration. They provided evidence for average hair cell loss of 57% across crista specimens evaluated (from serial cryostat sections), and without reference to crista zone distinctions. In the present study, we focused specifically upon the crista central zones and utricular striolae based upon prevailing evidence for these regions being the most sensitive to aminoglycoside-induced pathology (Wersall and Hawkins, 1962; Watanuki et al., 1972; Lii et al., 2004; Lyford-Pike et al., 2007; Lue et al., 2009). The principal focus was to investigate afferent dendritic pathology that could be not be accounted for by regional hair cell loss. Therefore, utilizing more focused histologic analyses with more modest hair cell loss (18–34%), we estimate that the effective gentamicin dose in the present study was less than that responsible for the lesions induced in the previous study that produced greater hair cell loss (Hirvonen et al., 2005). Despite a gentamicin dose leading to less hair cell loss, our physiologic findings, including severely attenuated responses to natural stimuli and spontaneous discharge that exhibited greater mean ISIs than found in untreated afferents, resembled those previously reported (Hirvonen et al., 2005).

In the present investigation evoked discharge modulation in vestibular afferent neurons was evaluated using stimulus characteristics for which robust responses were readily detected in untreated specimens (Figures 2, 4). The detection of stimulus-mediated responses was evaluated using stimulus–response coherence measures, which were determined from comparisons of frequency spectra contained in raw spike trains (Jarvis and Mitra, 2001) and the applied stimuli. Each coherence measure was accompanied by a probability measure corresponding to chance correlation. The untreated afferents included in the figures were selected for their low response sensitivities, which presented the greatest challenge for the coherence analyses in demonstrating representative coherence measures among semicircular canal afferents. These examples at the designated stimulus characteristics exhibited typically high coherence measures, and very low probabilities of chance coherence between stimulus and response (Figures 2, 4). Most coherence measures determined from the discharge of gentamicin-treated labyrinths were low by comparison, and the probabilities of chance correlation were typically high. Of course, it is always possible that increasing stimulus magnitude (e.g., by increasing stimulus frequency and/or peak velocity) would result in higher coherence between stimulus and response, as demonstrated by the superior canal afferent in Figures 4A-vii,viii. This reflects a threshold elevation due to the gentamicin treatment, which is not normally observed in mammalian afferents at comparable stimulus characteristics. Therefore, we interpret the low coherence measures among semicircular canal afferents from gentamicin-treated specimens, or the absence of stimulus–response coherence, as a severe attenuation in the capabilities for stimulus-evoked discharge modulation.

A limitation of the present study concerns our inability to apply linear acceleration stimuli in the electrophysiologic evaluation of untreated or treated afferents. Hirvonen et al. (2005) reported that 45 of 212 afferents recorded from gentamicin-treated afferents exhibited severely attenuated responses, demonstrating that, even under morphologic lesions induced in their preparations, responses were detected in 21% of recorded afferents. This indicates the likelihood that a small fraction of afferents that exhibited low response coherence to rotational stimuli projected from the utricle. This fraction may be estimated to be approximately 4%, representing the estimated combined probability of 21% response probability from Hirvonen et al. (2005) and the 20% probability of encountering a utricular afferent from our electrophysiologic approach (see Figure 2A). However, it is also important to note that Hirvonen et al. (2005) also reported severe response attenuation was a feature of both canal and utricular afferents, providing evidence that the gentamicin-induced dysfunction was induced in both epithelia (Hirvonen et al., 2005). Consequently, application of linear acceleration stimuli in our preparations would have yielded low response coherence measures in an additional small fraction of afferents, and likely would not have had additional impact on the resulting conclusions. Therefore, our findings were similar in that modest responses were detected in a small fraction of afferents (e.g., Figure 4), but the absence of stimulus-evoked discharge was the predominant finding among most afferents recorded in the present study.

The preservation of spontaneous discharge among afferents recorded in the present study, in addition to remnant and attenuated stimulus-evoked discharge modulation, indicated that synaptic transmission between hair cell and afferent neurons remained intact, to some degree, following administration of low-dose gentamicin. Figure 10H illustrates that the anatomical substrate for connectivity exists between viable hair cells and remnant parent axons even after calyces have retracted in putative calyx-only (CALB2+) afferents (Fernandez et al., 1988; Desmadryl and Dechesne, 1992). It is more plausible that spontaneous and remnant evoked discharge was driven by synaptic transmission between type II hair cells and remaining postsynaptic afferent boutons that were shown to exhibit intact morphology (Figure 11). Type II hair cells have also been shown to project onto parent axons through lateral extensions near the support cell layer (Pujol et al., 2014). This projection provides the anatomical substrate for type II hair cells to drive spontaneous discharge in CALB2+ calyx-only afferents even under conditions in which the calyces have retracted.

If synaptic transmission between hair cells and afferent dendrites was intact following administration of low-dose gentamicin, what could be the mechanism responsible for the severe attenuation or elimination of stimulus-evoked discharge? It is certainly most likely that this result stems from an effect to hair cells that does not lead to apoptotic events. It was previously suggested that this result is consistent with compromise to the hair cell transduction apparatus (Hirvonen et al., 2005), possibly resulting from stereocilia fusion (Duvall and Wersall, 1964; Takumida et al., 1989a) or disruption of stereocilia tip links (Takumida et al., 1989b). Gentamicin-induced transduction channel blockade is a reversible effect subject to washout (Jaramillo and Hudspeth, 1991; Nagata et al., 2005; Alharazneh et al., 2011), and is unlikely to persist at the long post-administration times investigated in the present and previous study (Hirvonen et al., 2005). Alternatively, the coexistence of spontaneous discharge preservation and evoked discharge compromise is also consistent with the condition found in some vestibular hair cells in mice lacking the gene coding for the protein otoferlin. Dulon and colleagues (Dulon et al., 2009; Vincent et al., 2014) reported that striolar type I hair cells did not exhibit depolarization-induced increases in membrane capacitance, a proxy for stimulus-induced transmitter exocytosis, while spontaneous discharge was intact in such preparations. In type II hair cells, while the relationship between membrane capacitance and local calcium concentration was found to be altered, they did not exhibit the same dependence upon otoferlin as striolar type I hair cells (Dulon et al., 2009). Otoferlin immunolabeling was diminished in apical turn mouse inner hair cells at day 10 following daily systemic administration of gentamicin (ShuNa et al., 2009), suggesting that otoferlin may be labile to gentamicin treatment (e.g., through diminished expression or induction of a post-translation modification). These data suggest that gentamicin may induce a condition in hair cells that compromises effective stimulus-induced neurotransmitter release, while spontaneous discharge remains intact. This is unlikely to be the complete story in view of the intact function of type II hair cells, but the similarities in physiologic outcomes between otoferlin-null and gentamicin-treated preparations are compelling.

The data of the present investigation demonstrate that stimulus-evoked discharge modulation is severely attenuated after administration of intraperilymphatic low-dose gentamicin, despite the presence of viable hair cells. We have shown that this gentamicin dose resulted in more modest hair cell loss than previously shown (Hirvonen et al., 2005), and while direct evidence is not offered in the present study we presume this occurred primarily through apoptotic mechanisms (Forge and Li, 2000; Matsui et al., 2002, 2003; Cunningham et al., 2004; Zhang et al., 2012). In specimens that reflected modest hair cell loss, other effects not directly related to hair cell apoptosis dominated the morphologic and physiologic aspects of the lesion, and included complete calyx retraction and drastic attenuation in the capabilities for stimulus-evoked discharge modulation. This supports the conclusion that non-apoptotic effects overwhelm the apoptotic effects in the vestibular dysfunction that resulted from modest gentamicin exposure [present study, (Hirvonen et al., 2005)].

Translational Impact on Clinical Applications of Intratympanic Gentamicin

Gentamicin-Induced Hypofunction

Intratympanic administration of gentamicin (ITG) has become a clinical treatment for conditions of intractable vertigo associated with Mèniére’s syndrome (Carey, 2004; Cohen-Kerem et al., 2004; Casani et al., 2014; Marques et al., 2015; Rah et al., 2015; Syed et al., 2015; Espinosa-Sanchez and Lopez-Escamez, 2016; Junet et al., 2016) and as pretreatment in advance of vestibular schwannoma resection (Magnusson et al., 2007, 2009). The goals of ITG treatments are to induce vestibular hypofunction that would provide a reduction in the occurrence of vertigo and expedite intrinsic central compensatory mechanisms, while preserving cochlear function (e.g., Carey, 2004; Huon et al., 2012; Marques et al., 2015; Espinosa-Sanchez and Lopez-Escamez, 2016). Evidence in support of the efficacy of this strategy is provided by Magnusson et al. (2007, 2009), who report that patients requiring vestibular schwannoma resection exhibit a drastically reduced incidence of vertigo when they undergo “prehab” treatments of gentamicin-induced hypofunction and physical therapy regimens to promote central vestibular compensation. Ostensibly, the preoperative hypofunction and subsequent central compensation dampen the effects of the abrupt unilateral vestibular ablation resulting from tumor resection. In general, the efficacy of ITG treatments can be variable, which most likely is due to dosing variability resulting from individual patient factors leading to heterogeneity in the quantity of gentamicin that diffuses into the perilymph. Crane et al. (2009) identified factors in individual patients that improved outcomes in a second ITG treatment following an initial unsuccessful application. Hence, under these conditions it is difficult to interpret whether variability in treatment efficacy is due to dosing or intrinsic heterogeneity in the cellular response to gentamicin.

While the present investigation utilizing normal animal subjects cannot provide direct insight into the etiology of Mèniére’s syndrome or other clinical conditions, it does provide important information regarding the pathophysiology of gentamicin-induced vestibular hypofunction. Direct intraperilymphatic administration eliminates potential dosing ambiguity associated with ITG, and while unlikely to be implemented as a clinical procedure it does provide insight into the outcomes that result under optimal administration conditions. Under the refined dosing conditions of the present investigation we found modest intrinsic variability within the first post-administration month across the limited number of subjects with respect to the morphologic (hair cell loss, calyx retraction) and physiologic (residual stimulus-evoked afferent discharge modulation) lesions. Hirvonen et al. (2005) reported similar findings, although the variability across subjects is difficult to assess in these data. In the present study, the induced lesion stabilized in the period between 2 and 6 months post-administration. Therefore, these findings provide insight into a temporal model for the development of hypofunction that may guide repeated treatment regimens.

A critical topic in ITG therapy for intractable Mèniére’s syndrome concerns the relative level of induced hypofunction that optimizes the reduction in vertigo. Recent reviews of the clinical literature concerning ITG therapy are available (Casani et al., 2014; Rah et al., 2015; Syed et al., 2015; Espinosa-Sanchez and Lopez-Escamez, 2016) and summarize the findings associated with residual function and vertigo control. The contribution of the present investigation, as well as that of Hirvonen et al. (2005), is in providing important perspectives regarding the pathophysiology associated with the hypofunction. As noted above, we estimate that the direct intraperilymphatic dose used in the present study [approximately 130 μM, based upon 1 μg in a perilymph volume of 16 μl (Shinomori et al., 2001)] was lower than that achieved by ITG in chinchillas (Hirvonen et al., 2005). This conclusion was based upon the relative magnitude of hair cell loss, which was approximately half in the present study. Both studies demonstrated severe stimulus-evoked response attenuation in afferent neurons, representing a non-apoptotic effect that was independent of hair cell loss. If the goal of ITG therapy is to induce hypofunction (i.e., and not complete ablation), then the outcomes demonstrated herein and by Hirvonen et al. (2005) would seem to represent the maximum desirable functional reduction. That is, spontaneous discharge among vestibular afferents is a functional attribute that would provide residual input to central vestibular circuitry that is likely to be beneficial for compensatory mechanisms. The pathophysiologic substrates of smaller lesions resulting from lower gentamicin doses have yet to be comprehensively explored. However, preliminary studies from our laboratory showed that smaller intraperilymphatic quantities of gentamicin (e.g., 0.5 and 0.75 μg) resulted in greater function among semicircular canal afferents, though deficits were still apparent (Hoffman et al., 2013).

The present study provides insight into the dose required to achieve the maximum level of hypofunction consistent with optimizing central compensation. That is, abrupt elimination of afferent input associated with vestibular schwannoma resection appears to be suboptimal in promoting central compensation, supporting the “prehab” strategy (Magnusson et al., 2007, 2009). We have shown that 1 μg administered to the chinchilla labyrinth [estimated at 16 μl, the measured volume of the guinea pig labyrinth (Shinomori et al., 2001)] preserves vestibular afferent spontaneous discharge while inducing severe attenuation in stimulus-evoked activity modulation. If this represents the maximum level of desired hypofunction, then this gentamicin concentration, or 130 μM, represents an initial estimate of the dose that would achieve a corresponding level of hypofunction for ITG therapy in humans. The volume of the human perilymphatic space is approximately 10 times that of the chinchilla [158.3 μl (Buckingham and Valvassori, 2001)]. Therefore, these results suggest that the gentamicin quantity estimated to achieve maximally desired level of vestibular hypofunction would be 10 μg.

Post-treatment Recovery of Function

It stands to reason that a critical goal of intraperilymphatic gentamicin is to provide permanent vertigo relief, and quite apart from the cases of treatment failure there is evidence that vertigo symptoms may return after initial relief following ITG treatment for Mèniére’s syndrome. De Waele et al. (2002) reported cases of patients that exhibited a return of a positive caloric response after 12 months, following an initial post-ITG period during which no responses were measured. The presence of caloric responses 12 months after ITG therapy, during which vestibular hypofunction was documented, is not inconsistent with the results of the present investigation. These authors assumed that the gentamicin-induced loss of vestibular function was due to hair cell loss, and therefore reconciled the recovery of caloric responses was due to hair cell regeneration within the horizontal cristae (De Waele et al., 2002). However, it is also likely that the induced loss was due to non-apoptotic functional deficits (e.g., loss of stimulus-exocytosis coupling) as demonstrated in the present results. This potential recovery of the non-apoptotic component of the gentamicin-induced lesion was found only after the 6 months examination [when vestibular dysfunction persisted in all patients (De Waele et al., 2002)]. The longest post-administration interval examined in the present study was 6 months, which the results of De Waele et al. (2002) would suggest is insufficient to observe any modest recovery of the non-apoptotic lesion. It may be possible that the recovery of caloric responses could have reflected a direct thermal effect upon spontaneously discharging afferents (Peterka et al., 2004). However, the recovery was also accompanied by the absence of refixation saccades after head impulse testing, which would only result under conditions of functional hair cells and vestibulo-ocular reflex (De Waele et al., 2002). The absence of functional recovery following gentamicin-induced hypofunction at post-administration periods ≤6 months was also indicated the results by Hirvonen et al. (2005) and Bremer et al. (2014). The results of De Waele et al. (2002) are intriguing, and may be indicative of long-term recovery capabilities for non-apoptotic lesions.

Summary

While the use of small gentamicin doses unmasked a potentially critical effect on vestibular primary afferent dendrites, it also provides insight into other important aspects of vestibular pathophysiology. Certainly, establishment of precise ototoxicity protocols that render partial lesions to the vestibular epithelia are invaluable to the development of testing strategies for the early diagnosis of peripheral vestibular dysfunction. It also establishes a platform for the development of strategies for protection against ototoxicity resulting from systemic aminoglycoside therapy or chemotherapy. Furthermore, it must be recognized that the intratympanic administration (ITG) of gentamicin for the treatment of Mèniére’s disease is being conducted without an animal model exhibiting comparable level of pathology or dysfunction. That is, while partial dysfunction has been demonstrated in patients receiving ITG (Nguyen et al., 2009), a pathophysiologic model exhibiting similar hypofunction has not been produced. Such a model would be extremely valuable in providing a comprehensive pathophysiologic picture of the induced pathology.
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Cyclodextrins are a family of cyclic oligosaccharides with widespread usage in medicine, industry and basic sciences owing to their ability to solubilize and stabilize guest compounds. In medicine, cyclodextrins primarily act as a complexing vehicle and consequently serve as powerful drug delivery agents. Recently, uncomplexed cyclodextrins have emerged as potent therapeutic compounds in their own right, based on their ability to sequester and mobilize cellular lipids. In particular, 2-hydroxypropyl-β-cyclodextrin (HPβCD) has garnered attention because of its cholesterol chelating properties, which appear to treat a rare neurodegenerative disorder and to promote atherosclerosis regression related to stroke and heart disease. Despite the potential health benefits, use of HPβCD has been linked to significant hearing loss in several species, including humans. Evidence in mice supports a rapid onset of hearing loss that is dose-dependent. Ototoxicity can occur following central or peripheral drug delivery, with either route resulting in the preferential loss of cochlear outer hair cells (OHCs) within hours of dosing. Inner hair cells and spiral ganglion cells are spared at doses that cause ~85% OHC loss; additionally, no other major organ systems appear adversely affected. Evidence from a first-to-human phase 1 clinical trial mirrors animal studies to a large extent, indicating rapid onset and involvement of OHCs. All patients in the trial experienced some permanent hearing loss, although a temporary loss of function can be observed acutely following drug delivery. The long-term impact of HPβCD use as a maintenance drug, and the mechanism(s) of ototoxicity, are unknown. β-cyclodextrins preferentially target membrane cholesterol, but other lipid species and proteins may be directly or indirectly involved. Moreover, as cholesterol is ubiquitous in cell membranes, it remains unclear why OHCs are preferentially susceptible to HPβCD. It is possible that HPβCD acts upon several targets—for example, ion channels, tight junctions (TJ), membrane integrity, and bioenergetics—that collectively increase the sensitivity of OHCs over other cell types.
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INTRODUCTION

Ototoxicity in the form of iatrogenic hearing loss arising from various pharmacological treatments has been well-described for more than 1000 years (Schacht and Hawkins, 2006). In these cases, drug treatments, often administered for life-threatening diseases, bring to bear a dilemma balancing the risk to hearing with the desire to remedy disease. Recently, a new class of ototoxic compounds was identified—cyclodextrins (Ward et al., 2010; Crumling et al., 2012; Davidson et al., 2016). Though these compounds have many roles in industrial and medicinal applications as solvents and stabilizers, the risk to hearing only became apparent when highly concentrated doses of cyclodextrin were being evaluated as a treatment for the devastating neurological disorder, Niemann-Pick Disease Type C (NPC). In this review article, we summarize the nature of these compounds, the evidence of cyclodextrin-induced hearing loss in human patients and animal models, and speculate about potential mechanisms that may underlie this ototoxicity.

Cyclodextrin Types and Structure

Cyclodextrins are ring-shaped oligosaccharides formed in nature by the digestion of cellulose by bacteria. They are composed of varying numbers of glucose units held together by α-1, 4 glycosidic bonds. The naturally occurring varieties contain at least six glucose units, with the most common having six, seven, or eight (so called, α-, β-, and γ- cyclodextrins, respectively). Cyclodextrins with more than eight glucose members are less common in nature and less well characterized, and compounds with five glucose units are only synthetic. Bountiful research has been poured into α-, β-, and γ- cyclodextrins and their properties are well characterized. The ring these molecules form (Figure 1A) is often depicted as a cup-shaped toroid (Figure 1B). The outside of the cup is hydrophilic, and the inside is more hydrophobic. Thus, these chemicals are water soluble with the ability to contain hydrophobic guest molecules within them, singly or as dimers (Figure 1B; López et al., 2011, 2013). The resulting increase in solubility and stability of the guest compounds is the predominant basis for the vast medical, industrial and scientific uses of cyclodextrins. Much effort has been expended on improving and tailoring this characteristic by chemical substitution of the hydrogen in the hydroxyl groups, which form the mouths of the toroidal openings, extending from the glucose units. Some common substitutions at these sites are methyl, hydroxylpropyl and sulfobutylether groups. Adding these groups occurs with different efficiencies and results in different sets of impurities along with the intended reaction product. It is chemically difficult to achieve substitution of all possible sites, so a reaction process results in a “degree of substitution”, often expressed as the average number of substituted groups present per molecule or per glucose unit. Different processes produce varied degrees of substitution, and this can have advantages, since both the nature of the substituent group and the degree of substitution influence the performance of the cyclodextrin in ways that can be useful.
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FIGURE 1. Basic structure of a β-cyclodextrin and mode of complexation with guest compounds. (A) The chemical structure of a β-cyclodextrin backbone is illustrated, depicting the seven glucose units and sites of chemical substitution (R). In the native cyclodextrin, a hydrogen occupies each R site. As an example, in the case of 2-hydroxypropyl-β-cyclodextrin (HPβCD), the R sites are occupied to varying numbers by 2-hydroxypropyl groups, as shown. (B) Guest compounds can incorporate into the hydrophobic interior of the toroidal cyclodextrin molecule, where they are protected from water. The drawing is modeled after the interaction of HPβCD with cholesterol, where HPβCD dimers can encapsulate one cholesterol molecule (López et al., 2011, 2013).



Uses of Cyclodextrins

The ability of cyclodextrins to hold guest compounds has been harnessed in many ways. The food industry has capitalized on this property to entrap various ingredients, masking or preserving flavors in food products. As food additives, the natural α-, β-, and γ- cyclodextrins have the Generally Recognized as Safe (GRAS) label by the U.S. Food and Drug Administration (FDA; Notices 000155, 000074, 000046, respectively), subject to certain percent composition limits. The α- and β-cyclodextrins do not cross the intestinal barrier in significant amounts and are fermented by gut bacteria or excreted whole; γ-cyclodextrins are metabolized by mammalian α-amylases into linear oligosaccharides. Consequently, cyclodextrins in food or otherwise consumed orally do not usually enter the circulation in significant amounts (Frijlink et al., 1990), and thus are generally safe.

Pharmaceutical applications primarily involve the use of cyclodextrins to increase the stability and solubility of drug compounds, but the ability to form inclusion complexes has also been exploited in scavenging applications where injected cyclodextrins can bind to active compounds and end their action on target systems. As constituents of drug formulations, several modified and unmodified cyclodextrins are in the FDA’s Inactive Ingredient Database, suggesting that they are relatively inert up to certain dosages. Safety is greatly increased by hydroxypropyl and sulfobutylether substitution, which has allowed so-modified cyclodextrins to be administered parenterally at high doses to experimental animals with little morbidity and mortality and few obvious side effects (Gould and Scott, 2005). High dosing due to the relative safety of the substituted versions has opened the door to cyclodextrins being used for their own drug effects, rather than just for the actions of guest compounds.

New medical applications have arisen from the insight that uncomplexed cyclodextrins—those with an empty central cavity—can extract and shuttle membrane lipids. Therapeutic applications include treatments for atherosclerosis, Alzheimer’s disease, Parkinson’s disease, infectious disease, and lipid storage disorders (Dass and Jessup, 2000; Graham et al., 2003; Yao et al., 2012; Ottinger et al., 2014; Oliveri and Vecchio, 2016; Zimmer et al., 2016). A recent report generated considerable excitement, showing that 2-hydroxypropyl-β-cyclodextrin (HPβCD) reversed atherosclerosis and limited the formation of new sclerotic plaques in mice, even when the mice were fed a cholesterol-rich diet (Zimmer et al., 2016). The affordability and (reported) safety of HPβCD makes it attractive compared to other treatments for cardiovascular disease, especially for patients who are sensitive to statins or cannot maintain a low-fat, low-cholesterol diet. Similar dosing has been used successfully to treat a mouse model of Alzheimer’s disease (Yao et al., 2012), further increasing the clinical interest in HPβCD. However, the true surge in attention given HPβCD has been driven by its ability to normalize lipid homeostasis and prolong survival in animal models of NPC.

Cyclodextrins in Treatment of Niemann-Pick Disease Type C

NPC is a rare (1:120,000–1:150,000) autosomal recessive disorder of lipid metabolism characterized by endolysosomal accumulation of unesterified cholesterol (Vanier and Millat, 2003; Vanier, 2010). It is part of a family of metabolic storage disorders, and the hallmark phenotype includes hepatic dysfunction and progressive neurodegeneration. It is panethnic, primarily affects children, and is fatal in all cases.

Biallelic mutations in one of two genes (NPC1 and NPC2) result in NPC, although the two complementation groups appear biochemically indistinguishable and the majority of cases (approximately 95%) occur from DNA-variants in NPC1 (Carstea et al., 1997; Naureckiene et al., 2000; Ikonen and Hölttä-Vuori, 2004), which, to date, is associated with hundreds of pathogenic mutations. NPC proteins reside in late endosomes/lysosomes, and their exact functions remain unclear (Vanier, 2010); affected cells fail to mobilize cholesterol across cell membranes resulting in excessive and ultimately pathological storage of exogenous, unesterified cholesterol and other lipid moieties in cells and tissues throughout the body (Liscum and Faust, 1987; Liscum et al., 1989). The effect is preferentially severe in neurons and lipid-dense regions of the central nervous system.

The NPC phenotype is complex and heterogeneous. Classical onset occurs in childhood, although presentation can range from the perinatal period to adulthood (Vanier and Millat, 2003), and there is often a diagnostic delay. Early clinical markers tend to involve the hepatic system, however, diagnosis is usually tied to onset of neurological symptoms, such as cerebellar ataxia, dysarthria and cognitive impairment. Vertical supranuclear gaze palsy is considered nearly pathognomic, particularly when coupled with gelastic cataplexy (loss of muscle tone that can be triggered by laughing). Although variable, most patients die in adolescence, 10–15 years after onset of neurological disease (Ory et al., 2017).

Pharmaceutical statins used to treat hypercholesterolemia and dietary cholesterol restriction have not proven effective at preventing or slowing neurological progression in NPC (Patterson et al., 1993; Somers et al., 2001). Miglustat (Zavesca), a small iminosugar that crosses the blood-brain barrier and inhibits an early enzyme in the glycosphingolipid pathway (Patterson et al., 2007), is used for the treatment of Gaucher disease, another disorder of lysosomal storage. Miglustat is an approved therapy for neurological symptoms of NPC in at least 45 countries (Patterson and Walkley, 2017); however its ability to delay neurological progression is modest, and it does not mobilize intracellular cholesterol in NPC. It is currently not approved in the United States for the treatment of NPC, although many patients pursue off-label usage if cost or insurance coverage is not prohibitive.

Recognition of a cyclodextrin derivative as a potential therapeutic intervention for NPC was first reported by Camargo et al. (2001), although the described effect on neurological symptoms was slight and, at the time, cyclodextrin was not considered to be a viable therapy for patients. Renewed attention came when, serendipitously, parallel work from the Dietschy and Walkley labs using HPβCD as an excipient to administer the drug allopregnanolone in a mouse model for NPC showed that HPβCD alone was effective at treating the disease (Davidson et al., 2009; Liu et al., 2009). This confirmed and expanded earlier evidence that HPβCD is efficacious at mobilizing cholesterol in cells (Kilsdonk et al., 1995; Liu et al., 2003). The combination of these discoveries launched an extensive exploration of HPβCD as a potential disease-altering therapy for NPC.

To date, in both feline and mouse models, HPβCD has increased lifespan and ameliorated the neurodegenerative phenotype. In Npc1−/– mice, intraperitoneal administration of HPβCD improved liver function, delayed onset and slowed progression of neurological disease while significantly increasing lifespan (Camargo et al., 2001; Davidson et al., 2009). Cats with a single spontaneous missense mutation in NPC1 develop a phenotype similar to that observed in humans with classical juvenile onset (Lowenthal et al., 1990), and direct intracisternal administration of HPβCD into presymptomatic NPC1 cats prevented onset of cerebellar dysfunction for over a year. In symptomatic animals it slowed neurodegeneration while increasing lifespan. Subcutaneous HPβCD administration was effective at treating peripheral hepatic disease, but required higher doses to treat neurological disease, resulting in pulmonary toxicities (Vite et al., 2015).

It is not clear how HPβCD mechanistically alters the course of NPC disease progression, yet biomarkers show reduced neuronal storage and extended Purkinje cell survival in treated animals. Preclinical studies have confirmed the route of administration impacts efficacy and toxicity, likely related, in part, to HPβCD not crossing the blood-brain barrier at appreciable levels (Pontikis et al., 2013). When HPβCD is delivered directly to the CNS in NPC1−/– cats, the effect on survival duration is more than three times as much as when the drug is administered systemically (Vite et al., 2015).

Compelling preclinical data and a unique and innovative partnership established between the scientific and family stakeholder communities (Walkley et al., 2016) have accelerated the move of HPβCD into human phase 1/2a clinical trials, exploring both intravenous (IV) and intrathecal drug delivery using two different preparations (Trappsol Cyclo and VTS-270, respectively). The published results of these early phase studies, focused largely on safety and dosing, show high promise and indicate therapeutic efficacy at treating NPC1 disease in patients (Ory et al., 2017). An ongoing phase 2b/3 clinical trial is nearing completion, and in early 2016 the FDA granted a Breakthrough Therapy designation for a HPβCD preparation (VTS-270), which had previously been given Orphan Drug status. The combination of these designations by the FDA acknowledges the high therapeutic potential to address an unmet need in a rare disease population, and may serve to fast-track HPβCD approval as a therapy for NPC. Preclinical and now, first-in-human data demonstrate it is generally well tolerated, with a single salient toxicity observed thus far across species and now in humans: hearing loss. Despite its ototoxic properties, approval of HPβCD as a therapy for NPC seems likely, and exploration into its use to treat other, more common diseases such as atherosclerosis, is underway (Coisne et al., 2016; Zimmer et al., 2016). Establishing the ototoxic profile and causative mechanisms is critical if HPβCD ototoxicity is to be mitigated or prevented.

HPβCD OTOTOXICITY

Animal Models

Although the toxicology of cyclodextrins has been studied for decades, only in the last several years has their effect on hearing been appreciated. Prior to the discovery of ototoxicity, cyclodextrins, particularly HPβCD, had been administered parentally at doses that were high enough to be ototoxic (reviewed in Frömming and Szejtli, 1994; Gould and Scott, 2005). However, it appears that such doses were given infrequently, and audiological testing was not a priority. Behavioral effects of hearing loss also seem to have gone unnoticed. Only when research on the use of HPβCD to treat NPC in preclinical models prompted routine testing in animals at multi-thousand mg/kg parenteral doses, did the ototoxicity of HPβCD come to light.

HPβCD Ototoxicity in Cats

The first hint of HPβCD ototoxicity came from NPC research in cats (Ward et al., 2010). Human patients with NPC1 mutations can have disease-related hearing loss (Pikus, 1991; King et al., 2014), and because of this, the auditory system of NPC cats was being monitored by auditory brainstem response (ABR) recording in experiments on HPβCD as a therapy. NPC cats turned out not to share the auditory phenotype with humans. However, hearing abnormalities were found in animals treated with HPβCD. Elevated ABR thresholds were noted after receiving a single subcutaneous injection of HPβCD at 8000 mg/kg (Ward et al., 2010). Comparable results were found after a single intrathecal injection of 4000 mg/kg brain weight. The elevated thresholds remained unchanged for up to 12 weeks after these single injections. These experiments indicated that single doses capable of altering NPC symptoms were harmful to the auditory system. When subcutaneous injections were given to normal cats weekly at 4000 mg/kg, ABR thresholds were significantly elevated by 4 weeks after the first injection, though single injections at this dose caused no significant threshold shift. This deviation from the behavior with a single subcutaneous injection means that there was a buildup of cyclodextrin or there was an accumulation of effect produced by the cyclodextrin on the auditory system, turning an innocuous dose into one that causes hearing loss. Interestingly, two cats treated at 4000 mg/kg brain weight intrathecally every 2 weeks for 13 weeks showed no response to short-duration, predominantly high frequency, broadband clicks in the ABR testing at the highest level available (125 dB SPL). In a subsequent study (Vite et al., 2015), several groups of NPC cats received HPβCD intracisternally at different concentrations and dosing frequencies. Successful disease treatment was always associated with ototoxicity. The threshold shifts were ~30–50 dB for 30–120 mg HPβCD given intracisternally at 14-day intervals.

HPβCD Ototoxicity in Mice

From the evaluation of hearing in cats, the permanence of HPβCD induced hearing loss was uncertain and the site of injury was unclear. Moreover, the generalization of the ototoxicity to other mammalian species was unknown. Reports now confirm generalization to mouse (Crumling et al., 2012; Cronin et al., 2015; Patterson et al., 2016). Mice injected with a single subcutaneous dose of 8000 mg/kg HPβCD had ABR thresholds at 4, 16 and 32 kHz that were ~60 dB above those of control animals (Crumling et al., 2012). These elevated thresholds were accompanied by elimination of distortion product otoacoustic emission (DPOAE) responses, indicating outer hair cell (OHC) dysfunction to a degree suggesting that most, if not all, of the ABR deficits were due to OHC pathophysiology. Inspection of organ of Corti whole-mount preparations revealed that the presence of inner hair cells was the same as vehicle-injected controls, but there was a total loss of OHCs over the basal-most ~85% of the sensory epithelium, indicating that the hearing loss produced by HPβCD is permanent under these conditions and confirming the predominant involvement of OHCs.

Surprisingly, while most mice injected at 8000 mg/kg displayed widespread damage to the organ of Corti and physiological losses, the histology and audiometry of some animals were unaffected by the dosing, appearing to be normal (Crumling et al., 2012). There was no middle ground in the ototoxicity, with the effect of HPβCD appearing to be an all-or-none phenomenon. At intermediate doses, the average threshold shifts were reduced but no individual animal displayed intermediate threshold shifts. Instead, the proportion of animals with normal or ~60-dB-elevated ABR thresholds changed to produce an intermediate mean response compared to higher doses (Patterson et al., 2016). This result is similar to that in animals co-treated with an aminoglycoside and a loop diuretic. This combination can produce rapid loss of hair cells, even at doses where the individual drugs do not cause an organ of Corti lesion. In this situation, the loop diuretic allows the aminoglycoside to cross the blood-labyrinth barrier in higher amounts than it achieves when administered alone, with a critical result being high endolymph concentration, allowing the aminoglycoside to enter hair cells via permeation through mechanotransduction channels. In mice, high-dose combinations of kanamycin and bumetanide or furosemide have been seen to eliminate all OHCs in about 80% of animals, while the remaining animals were unaffected by the combination or only had scattered OHC loss (Oesterle et al., 2008; Taylor et al., 2008). Later experiments with kanamycin and a more moderate IV furosemide dose (Jansen et al., 2013; Żak et al., 2016) produced a similar dichotomy. To explain corresponding outcomes in cyclodextrin ototoxicity, we envision a two-stage process, where HPβCD would facilitate its own entry into the cochlea only at a high concentration, perhaps achieved by build-up at blood-labyrinth capillary junctions. Once the concentration threshold is crossed, the flood of HPβCD would inevitably achieve an intracochlear concentration that is deadly to all OHCs that experience it. In this way, small differences in the ability of HPβCD to cross into the cochlea could have big effects on intracochlear concentration and the survival of OHCs.

A threshold for extreme HPβCD entry into the cochlea could be a mechanism of the all or no response to single doses, but that does not mean that no HPβCD enters the cochlea at sub-lethal levels. Similar to cats, a single, low subcutaneous dose in mice can leave no overt lasting physiological or histological defects in the cochlea, but with repeated dosing, detectable deficits can result. In an experiment in mice (Crumling et al., 2012), 4000 mg/kg HPβCD did not produce a threshold shift at 4 kHz, 7–10 days after a single dose. However, with weekly administration at this dose, ABR thresholds at 4 kHz began to elevate about 5 weeks after the start of the HPβCD course. Despite the dosing remaining constant, at about 8 weeks the elevation started to reverse reaching pre-drug threshold levels several weeks later, even while continuing the weekly drug injections. This is reminiscent of the phenomenon in noise-induced hearing loss referred to as “toughening” or “conditioning” (Clark et al., 1987; Sinex et al., 1987; Canlon et al., 1988). It may represent low HPβCD levels inducing homeostatic mechanisms at the hair cell or cochlear level that counteract some facet of HPβCD action, thereby allowing the acoustic sensitivity of the cochlea to return to normal while the animal is still receiving HPβCD.

Since treatment of NPC with HPβCD will inevitably require a combination of systemic and central routes of administration—to treat peripheral and central manifestations of the disease—it was important to determine whether otherwise benign systemic and central doses would act synergistically to cause ototoxic effects (Cronin et al., 2015). Penetration of the brain with HPβCD can be increased compared to systemic delivery by administering the compound into cerebrospinal fluid, as has been done in cats (intrathecal and intracisternal injection; Ward et al., 2010; Vite et al., 2015). This strategy increases benefit for the NPC brain, but fails to treat the disease outside the CNS, where systemic dosing is needed. In mice, HPβCD delivered at 500 mg/kg brain weight into cerebrospinal fluid intracerebroventricularly (ICV), left 4 and 16 kHz ABR thresholds statistically unaffected at 1 week after injection. Likewise, these frequencies were unaffected by a subcutaneous injection at 3000 mg/kg. When the two were combined, however, thresholds increased by 40–50 dB and included widespread OHC loss. Thus, seemingly innocuous doses can become devastating to the ear if administered by different routes close in time. This is further evidence that HPβCD is in the cochlea even when hair cells do not die. A mixture of affected and unaffected animals could still be seen with ICV dosing in this series of experiments, suggesting that the all-or-none mechanism is shared by subcutaneous and ICV delivery routes.

Ototoxicity of Other Cyclodextrins in Mice

The beneficial effect of HPβCD in NPC (and likewise, the ototoxicity) is thought to arise largely from its cholesterol-binding ability. While HPβCD is good at carrying cholesterol, it is not unique among cyclodextrins in this regard. Various α-, β-, and γ-cyclodextrins have been tested in NPC mice for their ability to normalize disease characteristics and screened for ototoxicity in normal mice (Davidson et al., 2016). The two best cyclodextrins at reversing disease abnormalities were HPβCD and 2-hydroxypropyl-γ-cyclodextrin (HPγCD). After one subcutaneous injection at 8000 mg/kg, all animals tested with HPβCD had ABR threshold shifts of about 60 dB. Interestingly, most animals given an equimolar dose of HPγCD had threshold shifts of about 40 dB, but the ABR thresholds of some animals were unaffected. The production of affected and unaffected animals was similar to that seen with single doses of HPβCD, and this segregation persisted after weekly injections that were carried out until the age of 28 weeks. Thus, with a stable dose level of HPγCD, there did not seem to be an expansion of a cochlear lesion with repeated dosing. These results provide evidence that the all-or-none nature of cyclodextrin-ototoxicity reflects biological interanimal variability and not methodological variance related to the injection. The elevated thresholds of HPβCD treated animals remained stable throughout the course of injections, indicating no recovery at this dose but also no additional injury. Because the ototoxicity of HPγCD under comparable circumstances, with equimolar dosing, was less than with HPβCD, it is attractive to think that HPγCD is a better alternative for treatment of NPC. However, its efficacy in disease treatment was correspondingly less than that of HPβCD.

Human Ototoxicity

Use of HPβCD to treat human NPC disease was first described in peer-reviewed literature for two children by Matsuo et al. (2013, 2014), who reported no measurable change in hearing via ABR after 2 years of both IV and ICV dosing. No auditory data were shown, and no description of test parameters was provided. Maarup et al. (2015) described outcomes in a 12-year-old boy with NPC1 who was given 27 treatments total, roughly every 2 weeks, of 200 mg intrathecal HPβCD over the course of 1.5 years. Pure-tone audiometry was performed prior to the initial exposure and then again before each dose. A progressive increase in threshold at 8 kHz was reported bilaterally, that was greater in the right ear than the left, which was considered ongoing at the time of publication. No impact was observed at lower test frequencies, and the ABR was reported as stable. A summary of the case-study literature to date on compassionate use of HPβCD, which is primarily a collation of abstracts, is presented by Megías-Vericat et al. (2017); detailed accounts of hearing and ototoxicity are not provided.

Recently, results of the only cohort study to date on the use of HPβCD in patients with NPC were published (Ory et al., 2017). This was an open-label, non-randomized, phase 1/2a dose escalation study assessing safety and efficacy of intrathecal administration of HPβCD. Detailed audiology is reported on 14 patients aged 4–24 years at enrollment with genetically confirmed NPC1 mutations and neurological manifestations, who were followed for 18 months at the National Institutes of Health Clinical Center, Bethesda, MD, USA (Institutional review board-approved protocol 13-CH-0016). Patients were sequentially assigned, in cohorts of three, to receive starting doses ranging from 50 mg to 900 mg intrathecal HPβCD. Doses were administered monthly and advanced, based on tolerance and safety data from individuals and from higher dose cohorts, up to 1200 mg. Comprehensive audiometry, including pure-tone behavioral assessment (0.25–20 kHz) and measurement of DPOAEs, occurred prior to HPβCD exposure (baseline) and then monthly, before each infusion. Some patients were seen for additional testing during acute phases post exposure. A suprathreshold neurodiagnostic ABR was collected at baseline and then every 6 months. Two patients were unable to provide reliable behavioral responses to pure-tone stimuli due to advanced disease status, and their hearing was monitored via DPOAE and ultimately tone burst (0.5–4 kHz) ABR threshold.

All patients in the trial eventually experienced permanent changes in hearing (Ory et al., 2017). Although hearing loss is a manifestation of NPC disease (Pikus, 1991; King et al., 2014), the hearing loss observed in this trial was time-locked to HPβCD exposure. Notably, pre-existing hearing loss in this population complicates the ototoxic profile of HPβCD. At the 18-month time point, change in hearing was more strongly correlated with hearing at baseline than with mean or median total HPβCD dosages; those patients with better hearing at the outset exhibited greater decline in hearing than those with more pre-existing hearing loss. This analysis was limited to a high frequency pure-tone average (4/6/8 kHz).

All patients had some degree of disease-related pre-existing hearing loss, but only half were considered candidates for hearing aids at the time of enrollment. Following 18 months of monthly HPβCD exposure, all patients were audiometrically considered candidates for hearing aids to support communication, and self-reported outcomes by patients and families choosing to use hearing aids were positive. The ototoxic effect typically began in the highest test frequencies and progressively moved to lower test frequencies; 2–8 kHz were most affected (analysis of ultra-high frequency hearing, above 8 kHz, was not reported). The type of loss was sensorineural and the combination of DPOAE and neurodiagnostic ABR data support a site of lesion that is predominantly OHC (King et al., 2015). Variable susceptibility across patients was observed, suggesting one or more factors potentiate the ototoxic properties of the drug. Two siblings showed particular sensitivity to the ototoxic potential of HPβCD exposure, limiting their total dosage, which suggests genetic involvement.

The onset of the hearing loss in humans appears to be rapid, which aligns with preclinical reports (Cronin et al., 2015; Lichtenhan et al., 2017). Some patients reported auditory symptoms (e.g., tinnitus, aural fullness) within hours of the infusion, and loss of OAE and changes in pure-tone thresholds were documented hours after administration. An unanticipated observation was a temporary component to the hearing loss in some cases. Serial monitoring of a subset of patients receiving doses of 600 mg and higher revealed cases in which OAEs were lost and pure-tone thresholds were elevated, followed by a partial or full recovery within a 3–5 week timeframe, prior to subsequent dosing (King et al., 2015, 2016). A similar temporary depression of auditory function has been reported in mice receiving repeated HPβCD exposure (Crumling et al., 2012). The mechanism(s) behind this remains unclear. Objective changes in auditory function often correlated with subjective reports from patients, who noted recovery in their auditory symptoms in the week or two following their infusion. Importantly, not all patients experienced temporary changes in hearing; some patients had no acute change in hearing following a given dose, and others had acute and permanent change. One patient, the youngest and smallest in the cohort, experienced significant and permanent decline in hearing following the initial exposure to 900 mg HPβCD (King et al., 2016).

Data presented by Ory et al. (2017) represent the first cohort of patients systematically evaluated for intrathecal HPβCD safety and efficacy, including comprehensive audiology. The results are promising, as treated patients showed evidence for slowed disease progression. The ototoxicity after 18 months of dosing was considered an expected and acceptable adverse event, when placed in the context of a devastating disease. Treatment of NPC with HPβCD, however, will be a maintenance therapy and it remains unclear what the ototoxic profile will be after years of exposure. ABR threshold data to broadband click stimuli from cats treated intrathecally at therapeutic levels showed profound hearing loss (Vite et al., 2015); although this short-duration click does not effectively probe lower frequency regions of the cochlea, it is possible that chronic exposure may cause widespread cochlear damage. It is also unclear what affect age has on the risk for ototoxicity, but it can be predicted that, should HPβCD be approved as a therapy for NPC, very young patients, newly diagnosed through advances in whole exome sequencing, may be candidates for treatment. The risk for functionally significant hearing loss before development of speech and language should be weighed carefully with potential benefits of early-life treatment of the disease.

CYCLODEXTRIN TOXICOLOGY

Given their widespread use as chemical excipients in drug formulations, as food additives, and as chemical stabilizers in a plethora of industrial products, the toxicological profile of cyclodextrins has been extensively studied and most varieties exhibit low toxicity at low concentrations. Even so, there can be considerable deleterious toxicological effects including death depending on formulation, concentration, and route of delivery. Table 1 shows the LD50 data for rats given oral or IV administrations of unmodified cyclodextrins (reviewed by Del Valle, 2004). The greater safety profile for oral delivery likely reflects metabolism by bacteria in upper and lower intestinal tracts and reduced drug absorption compared to IV delivery. Toxicity from IV administration is largely a result of kidney damage, where filtration causes the formation of microcrystals composed of cyclodextrin and possibly deposits of cholesterol, resulting in nephrosis (Frank et al., 1976). Renal damage can occur with modified cyclodextrins as well, depending on concentration, since excretion in urine is the major means of drug elimination. Nephrotoxicity is of particular importance given the link between kidney and inner ear pathology from a variety of ototoxins.

TABLE 1. Toxicology of naturally occurring cyclodextrins in the rat (compiled from Del Valle, 2004).
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The derivation of modified cyclodextrins has been and continues to be an exciting area of medicinal chemistry research, where substitutions of reactive moieties for various functional groups can range from simple modifications that increase solubility and safety (e.g., methylated, hydroxypropylated and sulfobutylated cyclodextrins) to supramolecular scaffolds and nanoparticles used in drug delivery (Stella and Rajewski, 1997; Varan et al., 2017). Derivatives of β-cyclodextrins, and specifically HPβCD, are widely studied and safety profiles have been extensively reviewed (for example see Gould and Scott, 2005). In an acute study in monkey, a single IV dose of 10,000 mg/kg HPβCD produced no mortality or observed toxicological effects, except hematuria in several animals (Brewster et al., 1990). In a study by AstraZeneca, continuous IV infusion in rat for 7 days reaching an effective dose of 2400 mg/kg/day of HPβCD lowered serum cholesterol and caused minor injury to the kidney (Gould and Scott, 2005). Mild histopathology, with no or limited physiological effects, from this and other short-term studies was generally reversible after cessation of drug treatment. Similarly, examination of several organ systems, including kidney, after 8000 mg/kg subcutaneous HPβCD in mice revealed only minor histopathological effects 3 days post-injection (e.g., edema, vacuolization), even while demonstrating hearing loss and severe OHC loss in those same animals (Cronin et al., 2015). What then underlies HPβCD-induced ototoxicity, and specifically OHC death, for doses that are seemingly benign to other organs and systems?

Can Indirect Mechanisms Lead to Ototoxicity?

In considering the potential cause(s) of HPβCD-induced ototoxicity, we must first address whether HPβCD ototoxicity is due to the cyclodextrin itself or some indirect effect of HPβCD treatment. These indirect effects could arise, for example, from impurities in the drug formulation or transport of toxic guest compounds “hitching a ride” to the ear during drug delivery. The main by-products of HPβCD synthesis are unreacted β-cyclodextrin and propylene glycol. The amount of impurities increases with the degree of substitution, as greater amounts of NaOH and propylene oxide are required for the reaction (Malanga et al., 2016). A variety of commercial HPβCD products have been examined and proven ototoxic, including formulations from Sigma-Aldrich (C0926, H107; Ward et al., 2010; Crumling et al., 2012; Cronin et al., 2015), Roche (Kleptose HPB; Davidson et al., 2016), and a highly characterized and purified form of Kleptose HPB used in the phase 2/3 clinical trials (VTS-270; Davidson et al., 2016; Ory et al., 2017; Yergey et al., 2017). Moreover, recent reports show little effect of degree of substitution on cell toxicity (Malanga et al., 2016). Since propylene glycol is a presumed ototoxin, it is possible that this contaminant is responsible for the ototoxicity after HPβCD treatment. The toxicity of propylene glycol has been reported for highly concentrated drug applications to the round window or via infusions into the middle ear (Vernon et al., 1978; Morizono et al., 1980), but the sensory epithelium appears well-preserved, with damage primarily occurring in the middle ear and ossification developing in scala tympani and scala vestibuli. Therefore, otopathology due to propylene glycol is quite distinct from that due to HPβCD treatment. Furthermore, the concentrations of this impurity are likely below normal dose limits. Propylene glycol is a common solvent for pharmaceuticals and dose limits for IV administration are on the order of 69 g per day for humans (Lim et al., 2014). Pharmacopoeial specifications (EP/USP) for HPβCD formulations limit propylene glycol contamination to a maximum of 2.5%. Highly purified, commercial formulations of HPβCD such as Kleptose HPB contain less than 0.2% propylene glycol (Machielse and Darling, 2017). If this formulation was given to an average human at 8000 mg/kg, the propylene glycol contamination would be less than 1 g, far below the dose limit for humans. Yet, Kleptose HPB (aka VTS-270) is ototoxic in mice and humans (Davidson et al., 2016; Ory et al., 2017). Therefore, HPβCD ototoxicity does not appear to be related to impurities in drug formulation.

Another possibility for indirect ototoxicity is that HPβCD complexes with endogenous compounds prior to entering the inner ear, carrying potentially damaging substances into the cochlea. When HPβCD is injected systemically, it passes through various tissue and vascular compartments, enabling exchange with myriad sterols, phospholipids and proteins. Cholesterol—the most likely endogenous guest compound—is extracted from plasma membranes by cyclodextrin with two distinct kinetic rates on the order of 10 s and 10 min, likely reflecting exchange from different membrane compartments (Rouquette-Jazdanian et al., 2006). Once in the bloodstream, extraction of cholesterol by cyclodextrins from lipoprotein complexes is expected to occur on similar timescales because the exchange of cholesterol between lipoproteins occurs with a t1/2 of 4–45 min (Lund-Katz et al., 1982). Even so, although HPβCD is excreted intact in urine (Stella and He, 2008), the amount of cholesterol in the urine was unchanged in mice—wildtype and NPC mutants—after a single subcutaneous dose of 4000 mg/kg HPβCD (Taylor et al., 2012). It is likely that guest compounds, including cholesterol, are mobilized between local cellular and tissue compartments rather than redistributed from one region to another (i.e., from distal compartments to the inner ear). Therefore, it is unlikely that transport of extracochlear, endogenous, toxic guest compounds is responsible for HPβCD-induced ototoxicity.

Cyclodextrin Cytotoxicity May Involve Membrane Perturbation and Caspase-Dependent Cell Death

Similar to the in vivo toxicology of cyclodextrins, in vitro cytotoxicity arising from cyclodextrin exposure depends on formulation and concentration. Cell viability after cyclodextrin treatment has been reported for a variety of cultured lines of epithelial cells, including Calu-3 cells (human airway, Matilainen et al., 2008) and Caco-2 cells (human colorectal adenocarcinoma, Kiss et al., 2010). In both examples, HPβCD was less toxic than other forms, showing good viability (80% or better) when used at concentrations of 200 mM for up to 4 h, whereas methylated forms of β-cyclodextrin caused substantial cell death at 10–50 mM. The difference in cytotoxicity among the various derivatives was tightly associated with two factors: (1) their degree of cholesterol solubilization; and (2) the number and position of methyl groups on methylated derivatives (Kiss et al., 2010). Non-methylated β-cyclodextrins, like HPβCD and sulfobutylether-β-cyclodextrin, show lower cholesterol affinity but also lower cytotoxicity (Kiss et al., 2010; Wang et al., 2011).

Reported mechanisms of cytotoxicity generally involve cholesterol depletion from the plasma membrane or intracellular compartments, but the link between cholesterol depletion and cell death remains unclear. Membrane damage, quantified by the release of cytoplasmic enzymes, is a common observation (Boulmedarat et al., 2005; Wang et al., 2011; Hinzey et al., 2012), presumably due to cholesterol extraction and membrane perturbation. Both apoptotic and necrotic cell death pathways appear to be involved, but the balance of these effects is dependent on the type of cyclodextrin as well as the cell type being examined (Wang et al., 2011; Onodera et al., 2013). In some instances, cyclodextrin-induced apoptosis follows activation of executioner caspase-3 as well as a loss of mitochondrial transmembrane potential and cytochrome release (CytC) (Onodera et al., 2013), but it remains unclear whether this occurs through drug effects on the plasma membrane leading to activation of apoptosis inducible factors or direct effects of cyclodextrin on intracellular organelles. In all cases, these effects are associated with methylated β-cyclodextrins. HPβCD concentrations may have to exceed 200 mM to cause similar effects in these cell lines. Why then do OHCs appear to be sensitive to HPβCD concentrations as low as 10 mM (Takahashi et al., 2016)?

Potential Mechanisms of HPβCD Ototoxicity

Based on the actions of β-cyclodextrins in other systems, these compounds could target at least four aspects of OHC physiology, as depicted in Figure 2. These targets include intracellular organelles that govern a variety of cell stress pathways, membrane resident proteins, and cell-cell junctions that regulate ion flux between fluid compartments surrounding the OHCs. Oxidative stress is a major effector of hair cell death in acquired forms of hearing loss (for review see Dinh et al., 2015; Jiang et al., 2017). Cyclodextrin-induced cytotoxicity in other systems raises the possibility that mitochondrial dysfunction and oxidative stress form a common link with this new ototoxin as well. Several reports suggest that cyclodextrins can enter cells through endocytosis (Rosenbaum et al., 2010; Fenyvesi et al., 2014), deplete cholesterol in mitochondrial membranes, and alter mitochondrial bioenergetics (Ziolkowski et al., 2010; Figure 2C). Cyclodextrins can also disrupt ganglioside-rich domains at the mitochondria-associated endoplasmic reticulum (ER) membranes, linking cyclodextrin treatment to several stress pathways that are also common to other forms of hearing loss (Sano et al., 2009). Though ubiquitous in cell membranes, cholesterol is heterogeneously distributed in mammalian cells; the plasma membrane accounts for 60%–90% of cellular cholesterol and the ER about 1% (Das et al., 2014). Cholesterol homeostasis, one of the mostly tightly controlled processes in mammalian cells, is intimately related to synthesis in the ER and transport between other organelles and the plasma membrane. It is possible that high concentrations of cyclodextrin perturb this balance and overwhelm homeostatic processes to negatively impact vesicular transport between organelles and a large array of cellular processes. It is important to note that most studies linking cholesterol distribution/content and cell function utilize methylated cyclodextrins, so it remains to be seen whether these observations can be extended to HPβCD. Also, if oxidative stress and perturbation of general cell function are the major effectors of HPβCD ototoxicity, it is difficult to explain the rapid nature of the injury and the specificity of OHC death without nephrotoxicity. Further examination of cell death pathways initiated by inner ear exposure to HPβCD is required.
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FIGURE 2. Possible sites of pathologic interaction of cyclodextrins with outer hair cells (OHCs). (A) Cyclodextrins disrupt cell-cell junctional complexes (TJ, tight junctions; AJ, adherens junctions), which could breach the reticular lamina of the organ of Corti, allowing the high-potassium endolymph to bathe OHCs, leading to their excitotoxic death by prolonged depolarization. (B) The trilaminate structure of the OHC lateral wall is composed of prestin-rich plasma membrane connected to subsurface cisterane (SSC) by a cortical lattice. Removal of membrane cholesterol by cyclodextrins alters OHC membrane fluidity, stiffness and prestin-based motility. Since cholesterol level in the lateral wall appears low, it is unclear if cyclodextrin modifies these properties by interacting with plasma membrane lipids, membrane resident proteins like prestin, or the SSC. Nonetheless, loss of membrane integrity may be one mechanism of cyclodextrin-induced ototoxicity. (C) Since cyclodextrins can be endocytosed, they can potentially affect the membranes of intracellular organelles. Mitochondria and the endoplasmic reticulum (ER) represent common targets of other ototoxins. Specifically, cyclodextrins have been shown to reduce the mitochondrial membrane potential (ΔΨm) and cause cytochrome release (CytC). Altered function in either organelle could contribute to OHC demise. (D) Cholesterol is non-uniformly distributed in the OHC plasma membrane, being enriched at the apical and basal poles of the cell. High concentrations at the base overlap with the expression of KCNQ4-type potassium channels, which also require the phospholipid PIP2 for proper function. Disruption of a channel-PIP2-cholesterol complex by cyclodextrin could cause loss of KCNQ4 current, chronic depolarization and ultimately excitotoxic death.



Unique features of OHCs may help explain their sensitivity to HPβCD. Here, it is important to consider the non-homogeneous distribution of cholesterol in the OHC membrane. Cholesterol markers, filipin and theonellamide, intensely label apical and basal OHC regions with little or no staining along the lateral wall (Nguyen and Brownell, 1998; Takahashi et al., 2016). Interestingly, regions of low and high cholesterol mirror the non-homogeneous distribution of key OHC membrane-resident proteins, prestin and KCNQ4, respectively (Mustapha et al., 2009). One of the more obvious features unique to OHCs is related to their function in cochlear amplification via the abundant membrane motor protein prestin and the complex trilaminate structure of the OHC lateral wall (Figure 2B). Indeed, prestin function is exquisitely sensitive to cyclodextrin treatment, such that the voltage-sensitivity of prestin is shifted to more depolarized or hyperpolarized potentials depending on whether cholesterol is depleted or enriched in the OHC membrane (Rajagopalan et al., 2007; Takahashi et al., 2016). Moreover, cholesterol depletion, under certain conditions, alters the fluidity of the OHC lateral membrane (Organ and Raphael, 2009; Yamashita et al., 2015), and recent data suggest involvement of the trilaminate structure of the lateral wall, possibly including the intricate subsurface cistern and its cytoskeletal connections to the plasma membrane (Yamashita et al., 2015). These data suggest potential impacts on membrane integrity, but the exact site of action remains unclear. Interestingly, OHCs from prestin knockout mice are partially protected from HPβCD ototoxicity (Takahashi et al., 2016), suggesting a link between HPβCD and prestin/membrane function in ototoxicity. However, the mechanism of protection in the knockout mice remains unclear. The preservation of OHCs in the knockout animals could reflect the large-scale redistribution of cholesterol throughout the OHC membrane, which would undoubtedly change how HPβCD interacts with the OHCs. Moreover, only a portion of the mutant OHCs were protected from HPβCD, though prestin was absent from both resistant and susceptible OHCs alike. More study is required. It would be interesting to determine whether knock-in of mutated, dysfunctional prestin preserves the normal distribution of lipids in the OHC lateral wall and then renders sensitivity or resistance to HPβCD. It will also be important to determine the pharmacokinetics of HPβCD accumulation in the inner ear fluid spaces to determine whether drug concentration in perilymph reaches levels required to catastrophically damage the OHC membrane (~10 mM).

Other membrane resident proteins, such as ion channels, could be affected by cyclodextrin as well. In chick hair cells, methyl-β-cyclodextrin depleted membrane cholesterol, disrupted membrane microdomains, and altered major ion channel conductances (Purcell et al., 2011). All major ion channel classes are sensitive to perturbations in membrane cholesterol (Levitan et al., 2010), but the effects are heterogeneous and highly context dependent. Membrane perturbation can alter channel density, electrical activity and localization in specific membrane compartments (Levitan et al., 2010; Purcell et al., 2011; Mercer et al., 2012). It is important to emphasize that cholesterol can inhibit or activate the same channel type in different tissues. The potassium channel, KCNQ4, is the dominant potassium conductance in OHCs. Mutations in KCNQ4 are associated with DFNA2, a nonsyndromic progressive form of sensorineural hearing loss characterized by loss of OHCs (Nie, 2008). Expression of KCNQ4 at the basal pole of the OHC overlaps in distribution with cholesterol and other lipids (Santi et al., 1994; Nguyen and Brownell, 1998; Figure 2D). Additionally, KCNQ channel activation is modulated by cholesterol (Chun et al., 2010), possibly through the coordinated perturbation of PIP2, which is required for KCNQ channel gating (Suh and Hille, 2008). A complete understanding of HPβCD effects on OHC physiology is required to fully appreciate the potential mechanisms underlying ototoxicity from this drug.

Finally, it should be noted that HPβCD effects on other structures within the inner ear could indirectly affect OHC health or modulate their susceptibility to direct influence of the drug. One possibility is altered ion homeostasis within the cochlear duct. Direct application of HPβCD into the guinea pig cochlea does not seem to impact endocochlear potential (Lichtenhan et al., 2017) and histopathological effects on the mouse lateral wall appear absent (Crumling et al., 2012; Cronin et al., 2015). However, in many epithelial systems, cyclodextrins effectively disrupt tight-junction barriers (Francis et al., 1999; Lynch et al., 2007), leading to one of their major uses in drug delivery (epidermal patches). Human mutations associated with the integrity of a partition between cochlear fluid compartments—the reticular lamina—are associated with deafness, largely due to OHC loss (Ben-Yosef et al., 2003; Kamitani et al., 2015). Presumably, disruption of the reticular lamina would cause potassium flux into the fluid surrounding the basal pole of the OHCs, resulting in chronic depolarization and possibly cell death (Zenner, 1986; Zenner et al., 1994; Figure 2A).

Each of the potential mechanisms discussed above underscores the unique susceptibility of OHCs to various insults. HPβCD entry into the cochlear duct could induce one or more events that lead to the selective injury of OHCs. More investigation is warranted to determine whether any of these potential mechanisms are at play. Only then can proper interventions be developed.

SUMMARY AND FUTURE DIRECTIONS

Cyclodextrin use is expanding in medicine, far beyond use as pharmacological excipients. In NPC, HPβCD is the only viable treatment option currently under consideration. In other lipid-related diseases where alternative treatment options exist, HPβCD still potentially offers greater affordability, increased safety, and uniquely attractive properties. To harness the power of this versatile drug, it is imperative to address iatrogenic hearing loss as the major factor limiting further use.

Basic pharmacokinetic and pharmacodynamic studies are needed to understand the relationship between dose, route of administration, accumulation in the ear, transient and permanent hearing loss, and long-term otopathology. These studies could be accomplished by pairing drug injection, auditory tests and pathology with mass spectrometry, which could be used to detect HPβCD in tissue or fluid samples (Jiang et al., 2014), or with radiolabeled HPβCD, which could be used to probe uptake in cellular compartments (Pontikis et al., 2013). These studies could resolve how peak drug concentration and accumulated exposure relate to pathology, and they could define appropriate drug concentrations and exposure durations in in vitro models of OHC response to cyclodextrin. Of primary importance to current clinical trials is a greater understanding of the risk from long-term exposure to repeated doses. With long-term use and with combined systemic and central drug administration, otopathology may extend beyond OHC loss to eventually include damage to other cochlear structures including inner hair cells and auditory neurons. Moreover, future studies should examine whether there is risk to hearing from cyclodextrin-based drug formulations, where dissociation of guest compounds might free the excipient to accumulate in the ear and cause injury. Once we know more about the concentrations of HPβCD that reach and reside in the ear over time, we can more fully examine the physiological response of the cochlea during and following peak exposures and build suitable in vitro models for examining OHC physiology in response to clinically relevant concentrations of HPβCD.

Along with studies linking pharmacokinetics to injury, we need greater mechanistic insight into the means of HPβCD uptake into the cochlea, the molecular changes that result from HPβCD exposure in the cochlea, and the cell-death pathways that are involved in OHC loss. In this review article, we hypothesized that HPβCD transiently disrupts the blood-labyrinth barrier, facilitating entry into the cochlear duct. Effects on this barrier should be examined further, including examination of changes to endocochlear potential, the morphology of vascular beds, and paracellular extravasation of the drug into the cochlea. The studies with radiolabeled HPβCD could also be informative here to determine whether there is cellular uptake and whether the drug is targeted to specific cellular compartments. Basic morphological studies are needed to derive the primary mechanisms of cell death (e.g., apoptosis, necrosis, or a combination of these) and could reveal key structural changes (e.g., loss of membrane integrity, apoptotic or necrotic nuclei) or molecular changes (e.g., caspase-dependent/independent apoptosis) that lead to OHC demise.

Figure 2 illustrates several potential targets that could link cyclodextrin effects to cholesterol perturbation, cellular dysfunction and ultimately cell death. One of these targets includes the junctional complexes between sensory and non-sensory cells that separate fluid compartments in the cochlea. Morphological studies could help resolve whether these junctional complexes along the reticular lamina are disrupted after HPβCD administration. Other potential targets include membrane processes essential for OHC function, like prestin-mediated motility, lateral wall stiffness and fluidity, and ion channel function. It remains unclear whether systemic administration of HPβCD alters OHC physiology. With a greater understanding of HPβCD pharmacokinetics, OHC function could be examined in vitro using drug applications that mirror in vivo drug concentrations; alternatively, OHC function could be assessed in vitro at specified points after systemic drug injection. Finally, from the evidence that cyclodextrins can negatively impact mitochondrial function and the link between mitochondrial dysfunction, oxidative stress and hearing loss from other ototoxins, future studies should examine potential relationships between HPβCD treatment and OHC oxidative stress.

Preventative approaches, namely adjuvants that might prevent HPβCD ototoxicity, must be pursued in parallel with mechanistic studies since there is now overwhelming evidence that human patient hearing is at risk. Moreover, the potential expansion of NPC clinical trials to young presymptomatic patients raises the specter of causing hearing loss during critical phases of cognitive development in otherwise phenotypically normal patients. Such preventative measures might focus on antioxidants that are currently in clinical trial for other forms of acquired hearing loss (e.g., NCT02903355, NCT01727492), compounds that would modulate OHC excitability and membrane function, and compounds that might modulate uptake and egress of HPβCD into and from the cochlear duct. The results from both mechanistic and therapeutic studies will undoubtedly shape our understanding of cochlear physiology and OHC structure-function specifically. A conundrum has been raised in this review article: HPβCD operates primarily through cholesterol manipulation and cholesterol is a ubiquitous component of cell membranes, yet OHCs show exceptional sensitivity to HPβCD exposure, more so than apparently any other cell in the body. Certainly, we stand to gain major insights into OHC physiology and OHC membrane function by further pursuing the mechanisms of cyclodextrin ototoxicity.

AUTHOR CONTRIBUTIONS

MAC, KAK and RKD contributed to conception and design, review and interpretation of literature and drafting and revising the manuscript.

FUNDING

This work was supported by the Dana’s Angels Research Trust, the Hide and Seek Foundation, and The Andrew Coppola Foundation as part of the SOAR-NPC (Support of Accelerated Research for Niemann-Pick Type C) to RKD, and by the intramural research program of the National Institute on Deafness and Other Communication Disorders, National Institutes of Health (DC000064, KAK).

ACKNOWLEDGMENTS

The authors thank Lisa Cunningham and Michael Hoa for their careful review of the manuscript and Taylor Sodano for assistance with chemical structure depiction.

REFERENCES

Ben-Yosef, T., Belyantseva, I. A., Saunders, T. L., Hughes, E. D., Kawamoto, K., Van Itallie, C. M., et al. (2003). Claudin 14 knockout mice, a model for autosomal recessive deafness DFNB29, are deaf due to cochlear hair cell degeneration. Hum. Mol. Genet. 12, 2049–2061. doi: 10.1093/hmg/ddg210

Boulmedarat, L., Bochot, A., Lesieur, S., and Fattal, E. (2005). Evaluation of buccal methyl-β-cyclodextrin toxicity on human oral epithelial cell culture model. J. Pharm. Sci. 94, 1300–1309. doi: 10.1002/jps.20350

Brewster, M. E., Estes, K. S., and Bodor, N. (1990). An intravenous toxicity study of 2-hydroxypropyl-β-cyclodextrin, a useful drug solubilizer, in rats and monkeys. Int. J. Pharm. 59, 231–243. doi: 10.1016/0378-5173(90)90114-j

Camargo, F., Erickson, R. P., Garver, W. S., Hossain, G. S., Carbone, P. N., Heidenreich, R. A., et al. (2001). Cyclodextrins in the treatment of a mouse model of Niemann-Pick C disease. Life Sci. 70, 131–142. doi: 10.1016/s0024-3205(01)01384-4

Canlon, B., Borg, E., and Flock, A. (1988). Protection against noise trauma by pre-exposure to a low level acoustic stimulus. Hear. Res. 34, 197–200. doi: 10.1016/0378-5955(88)90107-4

Carstea, E. D., Morris, J. A., Coleman, K. G., Loftus, S. K., Zhang, D., Cummings, C., et al. (1997). Niemann-Pick C1 disease gene: homology to mediators of cholesterol homeostasis. Science 277, 228–231. doi: 10.1126/science.277.5323.228

Chun, Y. S., Shin, S., Kim, Y., Cho, H., Park, M. K., Kim, T. W., et al. (2010). Cholesterol modulates ion channels via down-regulation of phosphatidylinositol 4,5-bisphosphate. J. Neurochem. 112, 1286–1294. doi: 10.1111/j.1471-4159.2009.06545.x

Clark, W. W., Bohne, B. A., and Boettcher, F. A. (1987). Effect of periodic rest on hearing loss and cochlear damage following exposure to noise. J. Acoust. Soc. Am. 82, 1253–1264. doi: 10.1121/1.395261

Coisne, C., Tilloy, S., Monflier, E., Wils, D., Fenart, L., and Gosselet, F. (2016). Cyclodextrins as emerging therapeutic tools in the treatment of cholesterol-associated vascular and neurodegenerative diseases. Molecules 21:E1748. doi: 10.3390/molecules21121748

Cronin, S., Lin, A., Thompson, K., Hoenerhoff, M., and Duncan, R. K. (2015). Hearing loss and otopathology following systemic and intracerebroventricular delivery of 2-hydroxypropyl-β-cyclodextrin. J. Assoc. Res. Otolaryngol. 16, 599–611. doi: 10.1007/s10162-015-0528-6

Crumling, M. A., Liu, L., Thomas, P. V., Benson, J., Kanicki, A., Kabara, L., et al. (2012). Hearing loss and hair cell death in mice given the cholesterol-chelating agent hydroxypropyl-β-cyclodextrin. PLoS One 7:e53280. doi: 10.1371/journal.pone.0053280

Das, A., Brown, M. S., Anderson, D. D., Goldstein, J. L., and Radhakrishnan, A. (2014). Three pools of plasma membrane cholesterol and their relation to cholesterol homeostasis. Elife 3:e02882. doi: 10.7554/eLife.02882

Dass, C. R., and Jessup, W. (2000). Apolipoprotein A-I, cyclodextrins and liposomes as potential drugs for the reversal of atherosclerosis. A review. J. Pharm. Pharmacol. 52, 731–761. doi: 10.1211/0022357001774606

Davidson, C. D., Ali, N. F., Micsenyi, M. C., Stephney, G., Renault, S., Dobrenis, K., et al. (2009). Chronic cyclodextrin treatment of murine Niemann-Pick C disease ameliorates neuronal cholesterol and glycosphingolipid storage and disease progression. PLoS One 4:e6951. doi: 10.1371/journal.pone.0006951

Davidson, C. D., Fishman, Y. I., Puskas, I., Szemán, J., Sohajda, T., McCauliff, L. A., et al. (2016). Efficacy and ototoxicity of different cyclodextrins in Niemann-Pick C disease. Ann. Clin. Transl. Neurol. 3, 366–380. doi: 10.1002/acn3.306

Del Valle, E. M. M. (2004). Cyclodextrins and their uses: a review. Process Biochem. 39, 1033–1046. doi: 10.1016/s0032-9592(03)00258-9

Dinh, C. T., Goncalves, S., Bas, E., Van De Water, T. R., and Zine, A. (2015). Molecular regulation of auditory hair cell death and approaches to protect sensory receptor cells and/or stimulate repair following acoustic trauma. Front. Cell. Neurosci. 9:96. doi: 10.3389/fncel.2015.00096

Fenyvesi, F., Réti-Nagy, K., Bacsó, Z., Gutay-Tóth, Z., Malanga, M., Fenyvesi, É., et al. (2014). Fluorescently labeled methyl-β-cyclodextrin enters intestinal epithelial Caco-2 cells by fluid-phase endocytosis. PLoS One 9:e84856. doi: 10.1371/journal.pone.0084856

Francis, S. A., Kelly, J. M., McCormack, J., Rogers, R. A., Lai, J., Schneeberger, E. E., et al. (1999). Rapid reduction of MDCK cell cholesterol by methyl-β-cyclodextrin alters steady state transepithelial electrical resistance. Eur. J. Cell Biol. 78, 473–484. doi: 10.1016/s0171-9335(99)80074-0


Frank, D. W., Gray, J. E., and Weaver, R. N. (1976). Cyclodextrin nephrosis in the rat. Am. J. Pathol. 83, 367–382.


Frijlink, H. W., Visser, J., Hefting, N. R., Oosting, R., Meijer, D. K., and Lerk, C. F. (1990). The pharmacokinetics of β-cyclodextrin and hydroxypropyl-β-cyclodextrin in the rat. Pharm. Res. 7, 1248–1252. doi: 10.1023/A:1015929720063


Frömming, K.-H., and Szejtli, J. Z. (1994). Cyclodextrins in Pharmacy. Dordrecht, Boston: Kluwer Academic Publishers.


Gould, S., and Scott, R. C. (2005). 2-Hydroxypropyl-β-cyclodextrin (HP-β-CD): a toxicology review. Food Chem. Toxicol. 43, 1451–1459. doi: 10.1016/j.fct.2005.03.007

Graham, D. R., Chertova, E., Hilburn, J. M., Arthur, L. O., and Hildreth, J. E. (2003). Cholesterol depletion of human immunodeficiency virus type 1 and simian immunodeficiency virus with β-cyclodextrin inactivates and permeabilizes the virions: evidence for virion-associated lipid rafts. J. Virol. 77, 8237–8248. doi: 10.1128/jvi.77.15.8237-8248.2003


Hinzey, A. H., Kline, M. A., Kotha, S. R., Sliman, S. M., Butler, E. S., Shelton, A. B., et al. (2012). Choice of cyclodextrin for cellular cholesterol depletion for vascular endothelial cell lipid raft studies: cell membrane alterations, cytoskeletal reorganization and cytotoxicity. Indian J. Biochem. Biophys. 49, 329–341.


Ikonen, E., and Hölttä-Vuori, M. (2004). Cellular pathology of Niemann-Pick type C disease. Semin Cell Dev. Biol. 15, 445–454. doi: 10.1016/j.semcdb.2004.03.001

Jansen, T. T., Bremer, H. G., Topsakal, V., Hendriksen, F. G., Klis, S. F., and Grolman, W. (2013). Deafness induction in mice. Otol. Neurotol. 34, 1496–1502. doi: 10.1097/MAO.0b013e318291c610

Jiang, M., Karasawa, T., and Steyger, P. S. (2017). Aminoglycoside-induced cochleotoxicity: a review. Front. Cell. Neurosci. 11:308. doi: 10.3389/fncel.2017.00308

Jiang, H., Sidhu, R., Fujiwara, H., De Meulder, M., de Vries, R., Gong, Y., et al. (2014). Development and validation of sensitive LC-MS/MS assays for quantification of HP-β-CD in human plasma and CSF. J. Lipid Res. 55, 1537–1548. doi: 10.1194/jlr.D050278

Kamitani, T., Sakaguchi, H., Tamura, A., Miyashita, T., Yamazaki, Y., Tokumasu, R., et al. (2015). Deletion of tricellulin causes progressive hearing loss associated with degeneration of cochlear hair cells. Sci. Rep. 5:18402. doi: 10.1038/srep18402

Kilsdonk, E. P., Yancey, P. G., Stoudt, G. W., Bangerter, F. W., Johnson, W. J., Phillips, M. C., et al. (1995). Cellular cholesterol efflux mediated by cyclodextrins. J. Biol. Chem. 270, 17250–17256. doi: 10.1074/jbc.270.29.17250

King, K. A., Gordon-Salant, S., Yanjanin, N., Zalewski, C., Houser, A., Porter, F. D., et al. (2014). Auditory phenotype of Niemann-Pick disease, type C1. Ear Hear. 35, 110–117. doi: 10.1097/AUD.0b013e3182a362b8


King, K., Zalewski, C., Farhat, N., Keener, L. A., Bianconi, S., Hoa, M., et al. (2015). “HPβCD therapy in humans with NPC1 disease: audiological outcomes,” in Association for Research in Otolaryngology 38th Annual Midwinter Meeting, (Baltimore, MD).



King, K. A., Zalewski, C., Farhart, N., Keener, L. A., Bianconi, S., Hoa, M., et al. (2016). “The ototoxic profile of HPβCD in children with NPC1: 18-month outcomes of the phase 1 clinical trial,” in American Academy of Audiology Annual Meeting, (Phoenix, AZ).


Kiss, T., Fenyvesi, F., Bácskay, I., Váradi, J., Fenyvesi, E., Iványi, R., et al. (2010). Evaluation of the cytotoxicity of β-cyclodextrin derivatives: evidence for the role of cholesterol extraction. Eur. J. Pharm. Sci. 40, 376–380. doi: 10.1016/j.ejps.2010.04.014

Levitan, I., Fang, Y., Rosenhouse-Dantsker, A., and Romanenko, V. (2010). Cholesterol and ion channels. Subcell. Biochem. 51, 509–549. doi: 10.1007/978-90-481-8622-8_19

Lichtenhan, J. T., Hirose, K., Buchman, C. A., Duncan, R. K., and Salt, A. N. (2017). Direct administration of 2-Hydroxypropyl-β-Cyclodextrin into guinea pig cochleae: effects on physiological and histological measurements. PLoS One 12:e0175236. doi: 10.1371/journal.pone.0175236

Lim, T. Y., Poole, R. L., and Pageler, N. M. (2014). Propylene glycol toxicity in children. J. Pediatr. Pharmacol. Ther. 19, 277–282. doi: 10.5863/1551-6776-19.4.277


Liscum, L., and Faust, J. R. (1987). Low density lipoprotein (LDL)-mediated suppression of cholesterol synthesis and LDL uptake is defective in Niemann-Pick type C fibroblasts. J. Biol. Chem. 262, 17002–17008.


Liscum, L., Ruggiero, R. M., and Faust, J. R. (1989). The intracellular transport of low density lipoprotein-derived cholesterol is defective in Niemann-Pick type C fibroblasts. J. Cell Biol. 108, 1625–1636. doi: 10.1083/jcb.108.5.1625

Liu, S. M., Cogny, A., Kockx, M., Dean, R. T., Gaus, K., Jessup, W., et al. (2003). Cyclodextrins differentially mobilize free and esterified cholesterol from primary human foam cell macrophages. J. Lipid Res. 44, 1156–1166. doi: 10.1194/jlr.m200464-jlr200

Liu, B., Turley, S. D., Burns, D. K., Miller, A. M., Repa, J. J., and Dietschy, J. M. (2009). Reversal of defective lysosomal transport in NPC disease ameliorates liver dysfunction and neurodegeneration in the Npc1−/– mouse. Proc. Natl. Acad. Sci. U S A 106, 2377–2382. doi: 10.1073/pnas.0810895106

López, C. A., de Vries, A. H., and Marrink, S. J. (2011). Molecular mechanism of cyclodextrin mediated cholesterol extraction. PLoS Comput. Biol. 7:e1002020. doi: 10.1371/journal.pcbi.1002020

López, C. A., de Vries, A. H., and Marrink, S. J. (2013). Computational microscopy of cyclodextrin mediated cholesterol extraction from lipid model membranes. Sci. Rep. 3:2071. doi: 10.1038/srep02071

Lowenthal, A. C., Cummings, J. F., Wenger, D. A., Thrall, M. A., Wood, P. A., and de Lahunta, A. (1990). Feline sphingolipidosis resembling Niemann-Pick disease type C. Acta Neuropathol. 81, 189–197. doi: 10.1007/bf00334507

Lund-Katz, S., Hammerschlag, B., and Phillips, M. C. (1982). Kinetics and mechanism of free cholesterol exchange between human serum high- and low-density lipoproteins. Biochemistry 21, 2964–2969. doi: 10.1021/bi00541a025

Lynch, R. D., Francis, S. A., McCarthy, K. M., Casas, E., Thiele, C., and Schneeberger, E. E. (2007). Cholesterol depletion alters detergent-specific solubility profiles of selected tight junction proteins and the phosphorylation of occludin. Exp. Cell Res. 313, 2597–2610. doi: 10.1016/j.yexcr.2007.05.009

Maarup, T. J., Chen, A. H., Porter, F. D., Farhat, N. Y., Ory, D. S., Sidhu, R., et al. (2015). Intrathecal 2-hydroxypropyl-β-cyclodextrin in a single patient with Niemann-Pick C1. Mol. Genet. Metab. 116, 75–79. doi: 10.1016/j.ymgme.2015.07.001


Machielse, B. N., and Darling, A. (2017). Hydroxypropyl β-Cyclodextrin Compositions and Methods. United States Patent Application 9675634.


Malanga, M., Szemán, J., Fenyvesi, É., Puskás, I., Csabai, K., Gyémánt, G., et al. (2016). “Back to the future”: a new look at hydroxypropyl β-cyclodextrins. J. Pharm. Sci. 105, 2921–2931. doi: 10.1016/j.xphs.2016.04.034

Matilainen, L., Toropainen, T., Vihola, H., Hirvonen, J., Järvinen, T., Jarho, P., et al. (2008). In vitro toxicity and permeation of cyclodextrins in Calu-3 cells. J. Control. Release 126, 10–16. doi: 10.1016/j.jconrel.2007.11.003

Matsuo, M., Shraishi, K., Wada, K., Ishitsuka, Y., Doi, H., Maeda, M., et al. (2014). Effects of intracerebroventricular administration of 2-hydroxypropyl-β-cyclodextrin in a patient with Niemann-Pick Type C disease. Mol. Genet. Metab. Rep. 1, 391–400. doi: 10.1016/j.ymgmr.2014.08.004

Matsuo, M., Togawa, M., Hirabaru, K., Mochinaga, S., Narita, A., Adachi, M., et al. (2013). Effects of cyclodextrin in two patients with Niemann-Pick Type C disease. Mol. Genet. Metab. 108, 76–81. doi: 10.1016/j.ymgme.2012.11.005

Megías-Vericat, J. E., García-Robles, A., Company-Albir, M. J., Fernández-Megía, M. J., Pérez-Miralles, F. C., López-Briz, E., et al. (2017). Early experience with compassionate use of 2 hydroxypropyl-β-cyclodextrin for Niemann-Pick type C disease: review of initial published cases. Neurol. Sci. 38, 727–743. doi: 10.1007/s10072-017-2833-9

Mercer, A. J., Szalewski, R. J., Jackman, S. L., Van Hook, M. J., and Thoreson, W. B. (2012). Regulation of presynaptic strength by controlling Ca2+ channel mobility: effects of cholesterol depletion on release at the cone ribbon synapse. J. Neurophysiol. 107, 3468–3478. doi: 10.1152/jn.00779.2011

Morizono, T., Paparella, M. M., and Juhn, S. K. (1980). Ototoxicity of propylene glycol in experimental animals. Am. J. Otolaryngol. 1, 393–399. doi: 10.1016/s0196-0709(80)80020-2

Mustapha, M., Fang, Q., Gong, T. W., Dolan, D. F., Raphael, Y., Camper, S. A., et al. (2009). Deafness and permanently reduced potassium channel gene expression and function in hypothyroid Pit1dw mutants. J. Neurosci. 29, 1212–1223. doi: 10.1523/JNEUROSCI.4957-08.2009

Naureckiene, S., Sleat, D. E., Lackland, H., Fensom, A., Vanier, M. T., Wattiaux, R., et al. (2000). Identification of HE1 as the second gene of Niemann-Pick C disease. Science 290, 2298–2301. doi: 10.1126/science.290.5500.2298

Nguyen, T. V., and Brownell, W. E. (1998). Contribution of membrane cholesterol to outer hair cell lateral wall stiffness. Otolaryngol. Head Neck Surg. 119, 14–20. doi: 10.1016/s0194-5998(98)70167-6

Nie, L. (2008). KCNQ4 mutations associated with nonsyndromic progressive sensorineural hearing loss. Curr. Opin. Otolaryngol. Head Neck Surg. 16, 441–444. doi: 10.1097/MOO.0b013e32830f4aa3

Oesterle, E. C., Campbell, S., Taylor, R. R., Forge, A., and Hume, C. R. (2008). Sox2 and JAGGED1 expression in normal and drug-damaged adult mouse inner ear. J. Assoc. Res. Otolaryngol. 9, 65–89. doi: 10.1007/s10162-007-0106-7

Oliveri, V., and Vecchio, G. (2016). Cyclodextrins as protective agents of protein aggregation: an overview. Chem. Asian. J. 11, 1648–1657. doi: 10.1002/asia.201600259

Onodera, R., Motoyama, K., Okamatsu, A., Higashi, T., Kariya, R., Okada, S., et al. (2013). Involvement of cholesterol depletion from lipid rafts in apoptosis induced by methyl-β-cyclodextrin. Int. J. Pharm. 452, 116–123. doi: 10.1016/j.ijpharm.2013.04.071

Organ, L. E., and Raphael, R. M. (2009). Lipid lateral mobility in cochlear outer hair cells: regional differences and regulation by cholesterol. J. Assoc. Res. Otolaryngol. 10, 383–396. doi: 10.1007/s10162-009-0171-1

Ory, D. S., Ottinger, E. A., Farhat, N. Y., King, K. A., Jiang, X., Weissfeld, L., et al. (2017). Intrathecal 2-hydroxypropyl-β-cyclodextrin decreases neurological disease progression in Niemann-Pick disease, type C1: a non-randomised, open-label, phase 1–2 trial. Lancet 390, 1758–1768. doi: 10.1016/s0140-6736(17)31465-4

Ottinger, E. A., Kao, M. L., Carrillo-Carrasco, N., Yanjanin, N., Shankar, R. K., Janssen, M., et al. (2014). Collaborative development of 2-hydroxypropyl-β-cyclodextrin for the treatment of Niemann-Pick type C1 disease. Curr. Top. Med. Chem. 14, 330–339. doi: 10.2174/1568026613666131127160118


Patterson, I., Halsey, K., Liu, L., Schrepfer, T., and Duncan, R. (2016). “Ion channel modulation limits cyclodextrin-induced ototoxicity,” in Association for Research in Otolaryngology 39th Annual Midwinter Meeting, (San Diego, CA).


Patterson, M. C., Di Bisceglie, A. M., Higgins, J. J., Abel, R. B., Schiffmann, R., Parker, C. C., et al. (1993). The effect of cholesterol-lowering agents on hepatic and plasma cholesterol in Niemann-Pick disease type C. Neurology 43, 61–64. doi: 10.1212/wnl.43.1_part_1.61

Patterson, M. C., Vecchio, D., Prady, H., Abel, L., and Wraith, J. E. (2007). Miglustat for treatment of Niemann-Pick C disease: a randomised controlled study. Lancet Neurol. 6, 765–772. doi: 10.1016/s1474-4422(07)70194-1

Patterson, M. C., and Walkley, S. U. (2017). Niemann-Pick disease, type C and Roscoe Brady. Mol. Genet. Metab. 120, 34–37. doi: 10.1016/j.ymgme.2016.11.008

Pikus, A. (1991). Audiologic profile in Niemann-Pick C. Ann. N Y Acad. Sci. 630, 313–314. doi: 10.1111/j.1749-6632.1991.tb19618.x

Pontikis, C. C., Davidson, C. D., Walkley, S. U., Platt, F. M., and Begley, D. J. (2013). Cyclodextrin alleviates neuronal storage of cholesterol in Niemann-Pick C disease without evidence of detectable blood-brain barrier permeability. J. Inherit. Metab. Dis. 36, 491–498. doi: 10.1007/s10545-012-9583-x

Purcell, E. K., Liu, L., Thomas, P. V., and Duncan, R. K. (2011). Cholesterol influences voltage-gated calcium channels and BK-type potassium channels in auditory hair cells. PLoS One 6:e26289. doi: 10.1371/journal.pone.0026289

Rajagopalan, L., Greeson, J. N., Xia, A., Liu, H., Sturm, A., Raphael, R. M., et al. (2007). Tuning of the outer hair cell motor by membrane cholesterol. J. Biol. Chem. 282, 36659–36670. doi: 10.1074/jbc.m705078200

Rosenbaum, A. I., Zhang, G., Warren, J. D., and Maxfield, F. R. (2010). Endocytosis of β-cyclodextrins is responsible for cholesterol reduction in Niemann-Pick type C mutant cells. Proc. Natl. Acad. Sci. U S A 107, 5477–5482. doi: 10.1073/pnas.0914309107

Rouquette-Jazdanian, A. K., Pelassy, C., Breittmayer, J. P., and Aussel, C. (2006). Revaluation of the role of cholesterol in stabilizing rafts implicated in T cell receptor signaling. Cell. Signal. 18, 105–122. doi: 10.1016/j.cellsig.2005.03.024

Sano, R., Annunziata, I., Patterson, A., Moshiach, S., Gomero, E., Opferman, J., et al. (2009). GM1-ganglioside accumulation at the mitochondria-associated ER membranes links ER stress to Ca2+-dependent mitochondrial apoptosis. Mol. Cell 36, 500–511. doi: 10.1016/j.molcel.2009.10.021

Santi, P. A., Mancini, P., and Barnes, C. (1994). Identification and localization of the GM1 ganglioside in the cochlea using thin-layer chromatography and cholera toxin. J. Histochem. Cytochem. 42, 705–716. doi: 10.1177/42.6.8189033

Schacht, J., and Hawkins, J. E. (2006). Sketches of otohistory. Part 11: ototoxicity: drug-induced hearing loss. Audiol. Neurootol. 11, 1–6. doi: 10.1159/000088850

Sinex, D. G., Clark, W. W., and Bohne, B. A. (1987). Effects of periodic rest on physiological measures of auditory sensitivity following exposure to noise. J. Acoust. Soc. Am. 82, 1265–1273. doi: 10.1121/1.395829

Somers, K. L., Brown, D. E., Fulton, R., Schultheiss, P. C., Hamar, D., Smith, M. O., et al. (2001). Effects of dietary cholesterol restriction in a feline model of Niemann-Pick type C disease. J. Inherit. Metab. Dis. 24, 427–436. doi: 10.1023/A:1010588112003

Stella, V. J., and He, Q. (2008). Cyclodextrins. Toxicol. Pathol. 36, 30–42. doi: 10.1177/0192623307310945

Stella, V. J., and Rajewski, R. A. (1997). Cyclodextrins: their future in drug formulation and delivery. Pharm. Res. 14, 556–567. doi: 10.1023/A:1012136608249

Suh, B. C., and Hille, B. (2008). PIP2 is a necessary cofactor for ion channel function: how and why? Annu. Rev. Biophys. 37, 175–195. doi: 10.1146/annurev.biophys.37.032807.125859

Takahashi, S., Homma, K., Zhou, Y., Nishimura, S., Duan, C., Chen, J., et al. (2016). Susceptibility of outer hair cells to cholesterol chelator 2-hydroxypropyl-β-cyclodextrine is prestin-dependent. Sci. Rep. 6:21973. doi: 10.1038/srep21973

Taylor, A. M., Liu, B., Mari, Y., Liu, B., and Repa, J. J. (2012). Cyclodextrin mediates rapid changes in lipid balance in Npc1−/– mice without carrying cholesterol through the bloodstream. J. Lipid Res. 53, 2331–2342. doi: 10.1194/jlr.m028241

Taylor, R. R., Nevill, G., and Forge, A. (2008). Rapid hair cell loss: a mouse model for cochlear lesions. J. Assoc. Res. Otolaryngol. 9, 44–64. doi: 10.1007/s10162-007-0105-8

Vanier, M. T. (2010). Niemann-Pick disease type C. Orphanet J. Rare Dis. 5:16. doi: 10.1186/1750-1172-5-16

Vanier, M. T., and Millat, G. (2003). Niemann-pick disease type C. Clin. Genet. 64, 269–281. doi: 10.1034/j.1399-0004.2003.00147.x

Varan, G., Varan, C., Erdogar, N., Hincal, A. A., and Bilensoy, E. (2017). Amphiphilic cyclodextrin nanoparticles. Int. J. Pharm. 531, 457–469. doi: 10.1016/j.ijpharm.2017.06.010

Vernon, J., Brummett, R., and Walsh, T. (1978). The ototoxic potential of propylene glycol in guinea pigs. Arch. Otolaryngol. 104, 726–729. doi: 10.1001/archotol.1978.00790120052008


Vite, C. H., Bagel, J. H., Swain, G. P., Prociuk, M., Sikora, T. U., Stein, V. M., et al. (2015). Intracisternal cyclodextrin prevents cerebellar dysfunction and Purkinje cell death in feline Niemann-Pick type C1 disease. Sci. Transl. Med. 7:276ra26.


Walkley, S. U., Davidson, C. D., Jacoby, J., Marella, P. D., Ottinger, E. A., Austin, C. P., et al. (2016). Fostering collaborative research for rare genetic disease: the example of niemann-pick type C disease. Orphanet J. Rare Dis. 11:161. doi: 10.1186/s13023-016-0540-x

Wang, H., Xie, X., Zhang, F., Zhou, Q., Tao, Q., Zou, Y., et al. (2011). Evaluation of cholesterol depletion as a marker of nephrotoxicity in vitro for novel β-cyclodextrin derivatives. Food Chem. Toxicol. 49, 1387–1393. doi: 10.1016/j.fct.2011.03.026

Ward, S., O’Donnell, P., Fernandez, S., and Vite, C. H. (2010). 2-hydroxypropyl-β-cyclodextrin raises hearing threshold in normal cats and in cats with Niemann-Pick type C disease. Pediatr. Res. 68, 52–56. doi: 10.1203/pdr.0b013e3181df4623

Yamashita, T., Hakizimana, P., Wu, S., Hassan, A., Jacob, S., Temirov, J., et al. (2015). Outer hair cell lateral wall structure constrains the mobility of plasma membrane proteins. PLoS Genet. 11:e1005500. doi: 10.1371/journal.pgen.1005500

Yao, J., Ho, D., Calingasan, N. Y., Pipalia, N. H., Lin, M. T., and Beal, M. F. (2012). Neuroprotection by cyclodextrin in cell and mouse models of Alzheimer disease. J. Exp. Med. 209, 2501–2513. doi: 10.1084/jem.20121239

Yergey, A. L., Blank, P. S., Cologna, S. M., Backlund, P. S., Porter, F. D., and Darling, A. J. (2017). Characterization of hydroxypropyl-β-cyclodextrins used in the treatment of Niemann-Pick Disease type C1. PLoS One 12:e0175478. doi: 10.1371/journal.pone.0175478

Żak, M., van der Linden, C. A., Bezdjian, A., Hendriksen, F. G., Klis, S. F., and Grolman, W. (2016). Scar formation in mice deafened with kanamycin and furosemide. Microsc. Res. Tech. 79, 766–772. doi: 10.1002/jemt.22695

Zenner, H. P. (1986). K+-induced motility and depolarization of cochlear hair cells. Direct evidence for a new pathophysiological mechanism in Ménière’s disease. Arch. Otorhinolaryngol. 243, 108–111. doi: 10.1007/bf00453760

Zenner, H. P., Reuter, G., Zimmermann, U., Gitter, A. H., Fermin, C., and LePage, E. L. (1994). Transitory endolymph leakage induced hearing loss and tinnitus: depolarization, biphasic shortening and loss of electromotility of outer hair cells. Eur. Arch. Otorhinolaryngol. 251, 143–153. doi: 10.1007/bf00181826

Zimmer, S., Grebe, A., Bakke, S. S., Bode, N., Halvorsen, B., Ulas, T., et al. (2016). Cyclodextrin promotes atherosclerosis regression via macrophage reprogramming. Sci. Transl. Med. 8:333ra50. doi: 10.1126/scitranslmed.aad6100

Ziolkowski, W., Szkatula, M., Nurczyk, A., Wakabayashi, T., Kaczor, J. J., Olek, R. A., et al. (2010). Methyl-β-cyclodextrin induces mitochondrial cholesterol depletion and alters the mitochondrial structure and bioenergetics. FEBS Lett. 584, 4606–4610. doi: 10.1016/j.febslet.2010.10.023

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.

Copyright © 2017 Crumling, King and Duncan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or 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.







	
	REVIEW
published: 23 August 2017
doi: 10.3389/fncel.2017.00252





[image: image2]

Non-autonomous Cellular Responses to Ototoxic Drug-Induced Stress and Death


Shimon P. Francis and Lisa L. Cunningham*


National Institute on Deafness and Other Communication Disorders, National Institutes of Health, Bethesda, MD, United States

Edited by:
Michael E. Smith, Western Kentucky University, United States

Reviewed by:
Andy Groves, Baylor College of Medicine, United States
 Gourav Roy Choudhury, Texas Biomedical Research Institute, United States

* Correspondence: Lisa L. Cunningham, lisa.cunningham@nih.gov

Received: 13 June 2017
 Accepted: 08 August 2017
 Published: 23 August 2017

Citation: Francis SP and Cunningham LL (2017) Non-autonomous Cellular Responses to Ototoxic Drug-Induced Stress and Death. Front. Cell. Neurosci. 11:252. doi: 10.3389/fncel.2017.00252



The first major recognition of drug-induced hearing loss can be traced back more than seven decades to the development of streptomycin as an antimicrobial agent. Since then at least 130 therapeutic drugs have been recognized as having ototoxic side-effects. Two important classes of ototoxic drugs are the aminoglycoside antibiotics and the platinum-based antineoplastic agents. These drugs save the lives of millions of people worldwide, but they also cause irreparable hearing loss. In the inner ear, sensory hair cells (HCs) and spiral ganglion neurons (SGNs) are important cellular targets of these drugs, and most mechanistic studies have focused on the cell-autonomous responses of these cell types in response to ototoxic stress. Despite several decades of studies on ototoxicity, important unanswered questions remain, including the cellular and molecular mechanisms that determine whether HCs and SGNs will live or die when confronted with ototoxic challenge. Emerging evidence indicates that other cell types in the inner ear can act as mediators of survival or death of sensory cells and SGNs. For example, glia-like supporting cells (SCs) can promote survival of both HCs and SGNs. Alternatively, SCs can act to promote HC death and inhibit neural fiber expansion. Similarly, tissue resident macrophages activate either pro-survival or pro-death signaling that can influence HC survival after exposure to ototoxic agents. Together these data indicate that autonomous responses that occur within a stressed HC or SGN are not the only (and possibly not the primary) determinants of whether the stressed cell ultimately lives or dies. Instead non-cell-autonomous responses are emerging as significant determinants of HC and SGN survival vs. death in the face of ototoxic stress. The goal of this review is to summarize the current evidence on non-cell-autonomous responses to ototoxic stress and to discuss ways in which this knowledge may advance the development of therapies to reduce hearing loss caused by these drugs.
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OTOTOXICITY

Ototoxicity refers to damage to the inner ear by toxic substances. Some of these substances are medications that are used to treat a variety of conditions. It is estimated that 130–200 therapeutic drugs are ototoxic (Lien et al., 1983; Seligmann et al., 1996; Lanvers-Kaminsky et al., 2017). These include antibiotic glycopeptides and macrolides, anti-malarials, loop diuretics, and non-steroidal anti-inflammatory drugs (NSAIDs). Hearing loss caused by some of these drugs is reversible. However, there are two important classes of ototoxic drugs that cause permanent hearing loss: the aminoglycoside antibiotics and the platinum-based antineoplastic agents. The aminoglycoside antibiotics are effective for the treatment of a wide range of bacterial infections, including Mycobacterium tuberculosis, Pseudomonas, Escherichia coli, and Klebsiella (Schacht et al., 2012; Krause et al., 2016). Administration of clinically relevant doses of aminoglycosides results primarily in damage to basal turn OHCs in the cochlea and both type I and type II vestibular HCs (Tsuji et al., 2000; Hinojosa et al., 2001). Damage in the cochlea progresses in a gradient from base to apex, and in the vestibular maculae in a gradient from the striolar to the extrastriolar region. Prolonged or high-dose treatment with aminoglycosides also results in changes in the stria vascularis, including thinning, shrinkage, and atrophy (Forge and Fradis, 1985; Forge et al., 1987). While many cell types in the inner ear internalize aminoglycosides, the HCs are particularly vulnerable to aminoglycoside-induced death. Aminoglycoside-induced HC death has been described as both apoptotic and necrotic (Nakagawa et al., 1998; Lenoir et al., 1999; Matsui et al., 2002, 2003; Cunningham et al., 2004; Jiang et al., 2005). The molecular and cellular mechanisms that result in HC death are not fully understood, but there are a number of signaling molecules that are associated with aminoglycoside ototoxicity. One of the earliest observed indicators of toxicity is the formation of reactive oxygen species (ROS) in HCs (Priuska and Schacht, 1995; Hirose et al., 1997; Sha and Schacht, 1999). Increased oxidative burden in HCs and spiral ganglion neurons (SGNs) has been linked to activation of the c-jun-N-terminal kinase (JNK) stress signaling pathway, which in-turn has been shown to be associated with activation of pro-apoptotic caspases -8, -9, and -3, and HC death (Hirose et al., 1999; Pirvola et al., 2000; Cunningham et al., 2002, 2004; Matsui et al., 2002, 2003, 2004; Ylikoski et al., 2002; Cheng et al., 2003; Wang et al., 2003; Lee et al., 2004; Mangiardi et al., 2004; Sugahara et al., 2006; Jeong et al., 2010).

The platinum-based antineoplastic agents, cisplatin, hyphenate-oxali-platin, and carboplatin are among the most widely used anti-cancer drugs, and they are used to treat a variety of solid tumors in both pediatric and adult cancer patients. Cisplatin is the most commonly-used of these and is also the most ototoxic drug in clinical use (Muggia et al., 2015). As with aminoglycosides, cisplatin ototoxicity is associated with OHC loss in a basal to apical gradient, with the innermost row of OHCs being affected first (Schacht et al., 2012). Cisplatin-induced HC death is associated with oxidative stress, phosphorylation of STAT1, and activation of caspases -9 and -3 (Rybak et al., 2009; Schmitt et al., 2009). Reductions in both the endocochlear potential (EP) and compound action potential (CAP) are concomitant with OHC loss, indicating effects on the cells of the stria vascularis and SGNs (Schacht et al., 2012). In vivo studies indicate membrane blebbing and cytoplasmic vacuolization in strial marginal cells after cisplatin treatment, as well as shrinking and atrophy of intermediate cells, and demyelination, shrinkage, and apoptosis of SGNs (Cardinaal et al., 2000; Sluyter et al., 2003; van Ruijven et al., 2004; Ozkiris et al., 2013; Sun et al., 2016). Thus, unlike aminoglycosides, which primarily affect hair cells, cisplatin damages several cell types in the inner ear.

NON-AUTONOMOUS CELLULAR DISEASE PATHOLOGIES

Like most diseases, drug-induced hearing loss has been studied in terms of the cells that are killed, primarily the HCs and SGNs, and the molecular and cellular signals specific to those cells. Rudolph Virchow is commonly referred to as the father of pathology, and his 1858 treatise on the “cell state” helped to form the basis of how we view diseases and their etiologies. Central to his dogma is the idea of cell autonomy. Virchow's vision of the cells of an organism was comparable with citizens in a society, with each cell having autonomy from the larger body (Reynolds, 2007). Since then, many diseases have been considered to have cell-autonomous etiologies and outcomes, with the assumption that pathology is caused by damage to a specific class of autonomous cells. Biologists now recognize that cells are a community, and the behavior of one cell type can influence whether another cell type lives or dies after stress (Cleveland and Rothstein, 2001; Barbeito et al., 2004; Kemp et al., 2011; Popiel et al., 2012; May et al., 2013; Anttonen et al., 2016; Halievski et al., 2016; Macrez et al., 2016; Tognatta and Miller, 2016; Olson et al., 2017). Studies of CNS diseases have provided insights into non-autonomous cell death. Stress or injury in CNS neurons can induce phenotypic changes in both astrocytes and microglia (known as reactive astrocytosis or gliosis, respectively) that can either exacerbate or limit the extent of progressive neuronal cell death (Cleveland and Rothstein, 2001; Barbeito et al., 2004; Compston and Coles, 2008; Ilieva et al., 2009; Macrez et al., 2016; Kipp et al., 2017). Thus, glial cells are often mediators of whether a neuron under stress will live or die.

Examples of non-cell-autonomous pathologies are associated with many glial cell types of the CNS. Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that results in progressive muscle deterioration and paralysis. This pathology is attributed to the death of motor neurons and activation of glial cells in the lumbar spinal cord (Cleveland and Rothstein, 2001; Rowland and Shneider, 2001; Barbeito et al., 2004; Vargas and Johnson, 2010). Several studies suggest that while the onset of ALS may begin in neurons, disease progression is due to reactive astrocytosis (Cleveland and Rothstein, 2001; Rowland and Shneider, 2001; Barbeito et al., 2004). These reactive astrocytes downregulate trophic machinery, such as glutamate transporters, and they induce the expression of pro-inflammatory cytokines (Cleveland and Rothstein, 2001; Rowland and Shneider, 2001; Barbeito et al., 2004). These changes result in deterioration of otherwise healthy motor neurons, initiating a positive feedback cascade and disease progression. Similarly, autism spectrum disorder (ASD) refers to a group of developmental disorders associated with abnormalities in language and social interaction. The etiology of ASD is still unknown, but there is an increasing body of research that suggests a link to defective microglia, abnormal synaptogenesis, inflammatory gliosis, and destruction of CNS connectivity by reactive microglia (Vargas et al., 2005; Bessis et al., 2007; Morgan et al., 2010; Suzuki et al., 2013). Finally, multiple sclerosis (MS) is a common autoimmune disease that is characterized by chronic inflammation and demyelination, resulting in motor, sensory, and cognitive defects (Compston and Coles, 2008; Domingues et al., 2016; Macrez et al., 2016; Kipp et al., 2017). MS arises from a nexus of non-cell-autonomous interactions between the adaptive (T and B cells) and innate (microglia) immune systems, along with astrocytes and oligodendrocytes (Kotter et al., 2006; Compston and Coles, 2008; Domingues et al., 2016; Duncan and Radcliff, 2016; Macrez et al., 2016; Tognatta and Miller, 2016; Kipp et al., 2017). Autoimmune responses of T and B cells result in activation of microglia and/or astrocytes, resulting in inflammation and possibly glutamate toxicity that converge on oligodendrocytes and ultimately neurons (Domingues et al., 2016; Duncan and Radcliff, 2016; Macrez et al., 2016; Tognatta and Miller, 2016). Thus, CNS diseases can be driven by non-autonomous cellular mechanisms in which non-neuronal cell types promote degeneration of neurons. Similarly, hearing loss is not simply a manifestation of autonomous HC and SGN dysfunction. Recent studies indicate that it is important to also consider the effects of ototoxic drugs on other cell types of the inner ear, including SCs and macrophages, and that these cells are critical determinants of recovery (or death) of sensory cells and neurons after ototoxic injury (Bichler et al., 1983; Sugawara et al., 2005; Ladrech et al., 2007; Lahne and Gale, 2008; Sato et al., 2010; May et al., 2013; Baker et al., 2015; Sun et al., 2015; Takada et al., 2015; Anttonen et al., 2016; Jadali and Kwan, 2016; Kim et al., 2016).

SUPPORTING CELL FUNCTIONS IN THE UNDAMAGED INNER EAR

Supporting cells of the inner ear are analogous to glial cells of the central nervous system, expressing glial markers, such as vimentin, glutamate-aspartate transporter (GLAST), and glial fibrillary acidic protein (GFAP) (Anniko et al., 1986; Furness and Lehre, 1997; Rio et al., 2002). Like glial cells, SCs also play important non-cell-autonomous roles by promoting either survival or death of HCs and/or SGNs in the inner ear during and after ototoxic challenge. Supporting cells are highly specialized and polarized accessory epithelial cells that support the functions and viability of sensory HCs and neurons by providing structural integrity, trophic factors, and potassium and glutamate recycling. The mammalian organ of Corti contains at least seven different SC types: Deiters' cells, pillar cells, Hensen's cells, inner phalangeal cells, inner border cells, Claudius' cells, and Boettcher cells in the basal turn. All of these supporting cell types are required for normal hearing function (Wan et al., 2013; Burns et al., 2015).

Supporting cells are integral to the maintenance of the integrity of the reticular lamina, ion recycling, and thus normal functioning of the inner ear. The inner ear consists of three fluid-filled compartments, each with different ionic compositions. Endolymph in the scala media is high in potassium and low in sodium, and it bathes the apical surfaces of the organ of Corti. Perilymph in the scala vestibuli and scala tympani is low in potassium and high in sodium, and it bathes the basolateral surfaces of HCs and SCs. The electrochemical gradient produced by the separation of these fluid compartments is essential for HC mechanotransduction and normal hearing (Wangemann, 2006). The reticular lamina provides an impermeable epithelial barrier between the endolymph and perilymph. This structure is formed by a network of special “very tight” junctions between HCs and their neighboring SCs (Anniko and Wroblewski, 1986). In the event of HC degeneration and death, SCs seal the resulting wound, maintaining the integrity of the reticular lamina (Forge, 1985; Cotanche and Dopyera, 1990; Li et al., 1995; Hordichok and Steyger, 2007; Anttonen et al., 2014). In addition to providing structural and trophic support to HCs, SCs also express neurotrophins and neurotrophin receptors that are required for the long-term survival of SGNs (Stankovic et al., 2004). Thus, supporting cells are specialized glia that promote the functions of both hair cells and SGNs and are required for hearing function.

SUPPORTING CELLS AND HAIR CELL DEATH

In the event of HC death and degeneration, a critical response of SCs is rapid expansion to fill the voids left by degenerating HCs in order to maintain the integrity of the reticular lamina (Forge, 1985; Cotanche and Dopyera, 1990; Li et al., 1995; Hordichok and Steyger, 2007; Anttonen et al., 2014). Ototoxic damage to HCs has the potential to disrupt the reticular lamina, reducing the EP, and potentially exacerbating the injury by exposing the lateral membranes of HCs and SCs to high levels of potassium in endolymph (Cody et al., 1980; Bohne and Rabbitt, 1983; Meiteles and Raphael, 1994). Supporting cells preserve the integrity of the reticular lamina by either extruding or engulfing dead HCs and forming an epithelial scar (Forge, 1985; Cotanche and Dopyera, 1990; Meiteles and Raphael, 1994; Li et al., 1995; Hordichok and Steyger, 2007; Bird et al., 2010; Anttonen et al., 2014; Monzack et al., 2015). The mode of HC clearance (extrusion vs. phagocytic engulfment) varies among species, and even between the auditory and vestibular systems within the same species (Dodson et al., 1982; Li et al., 1995; Nakagawa et al., 1997). Extrusion is the predominant mode for removal of dead hair cells in the chick auditory system and guinea pig vestibular system (Cotanche and Dopyera, 1990; Li et al., 1995; Mangiardi et al., 2004). HC extrusion is usually preceded by ballooning of the entire apical surface of the HC; this is followed by ejection of the entire HC with the stereocilia bundle generally still attached (Hirose et al., 2004; Mangiardi et al., 2004). In addition to dead HCs, it appears that even viable HCs may be extruded, since some extruded HCs maintain membrane integrity (Mangiardi et al., 2004). Scanning electron microscopic analysis of the vestibular organs of guinea pigs injected with aminoglycosides reveals that HC bodies are extruded from the sensory epithelium, and SCs rapidly expand apical processes that forms a scar and seals the reticular lamina (Li et al., 1995).

The second mode by which supporting cells remove dead hair cells and preserve the reticular lamina is sub-luminal phagocytosis, which is the dominant means of apoptotic HC clearance in the chick and most mammalian vestibular organs and the mammalian cochlea (Forge, 1985; Bird et al., 2010; Anttonen et al., 2014; Monzack et al., 2015). In this process, dead HCs are engulfed by neighboring SCs. In the chick and mouse utricle this HC removal process occurs as two distinct events, an initial excision of the stereocilia bundle and cuticular plate and a second phagocytic engulfment of the remainder of the HC body (Bird et al., 2010; Monzack et al., 2015). SCs initiate excision of the stereocilia bundle by extending a cable-like circumferential actin belt at the apical portion of the dying HC. Constriction of this actin belt results in the excision of the cuticular plate and hair bundle, which either remain attached to the epithelium or are ejected into the lumen. This process also results in the formation of an epithelial scar (Li et al., 1995; Bird et al., 2010; Monzack et al., 2015). The second phase is characterized by SC extension of an actin-based phagosome that engulfs the remaining HC soma (Bird et al., 2010; Monzack et al., 2015). The HC appears to be degraded within this phagosome. In the mammalian cochlea, the phalangeal processes of Deiters' cells expand below the cuticular plate, excising the stereocilia bundle and engulfing the bodies of dead HCs (Forge, 1985; Anttonen et al., 2014). Whether via extrusion or phagocytosis, SCs play critical roles in the removal of dead HCs, thus preserving the integrity of the reticular lamina and sensory epithelium.

NON-AUTONOMOUS CELLULAR RESPONSES TO OTOTOXIC DRUG-INDUCED HAIR CELL STRESS: RESPONSES OF SUPPORTING CELLS

Supporting cells play central roles in mediating HC survival and death after damage (Figure 1). Exposure to aminoglycosides results in SC-specific activation of ERK1/2 mitogen-activated protein kinase (MAPK) in neonatal rat cochlear explants (Lahne and Gale, 2008). ERK1/2 activation begins in SCs at the site of injury and spreads to adjacent SCs in the immediate region in a manner that depends on inter-cellular communication via gap junctions. Pharmacological inhibition of ERK1/2 signaling reduces aminoglycoside-induced HC death (Lahne and Gale, 2008). These data indicate that ERK1/2 is activated specifically in SCs in response to aminoglycoside ototoxicity, and that this activation promotes hair cell death. Thus, the factors that determine whether the aminoglycoside-exposed HC will live or die are not entirely autonomous to the hair cell. ERK-dependent signals from SCs can promote non-cell-autonomous HC death and thus determine the fate of HCs exposed to aminoglycosides.
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FIGURE 1. Non-autonomous cellular signals influence survival of HCs and SGNs as well as SC proliferation after ototoxic insult. (A) In response to ototoxic stress in the cochlea, SCs can promote either survival (via induction of HSP70) (Takada et al., 2015) or death (via activation of ERK1/2 and JNK pathways) (Lahne and Gale, 2008; Anttonen et al., 2016) of HCs. Supporting cells can also support the survival of SGNs after ototoxic injury through the release of protective neurotrophins (Sugawara et al., 2007; Zilberstein et al., 2012; Bailey and Green, 2014). Similarly, macrophages can promote survival of SGNs by releasing cytoprotective neurotrophins (Kaur et al., 2015b), and they can also promote HC death after ototoxic injury by releasing pro-inflammatory cytokines (Sato et al., 2010; Sun et al., 2015). (B) Vestibular SCs and macrophages can promote HC survival during ototoxic stress through the release of HSP70 and HO-1/HSP32, respectively (May et al., 2013; Baker et al., 2015). Macrophages can promote SC proliferation in response to ototoxic stress through the release of mitogenic cytokines TNF-α and TGF-α, or they can suppress SC proliferation through release of TGF-β (Warchol, 1999). Arrows indicate which cell types are involved in each signaling event. Signaling molecules are indicated beside each arrow. Green, pro-survival signals; Red, pro-death signals; Purple, mitogenic signals; Orange, anti-proliferative signals.



The idea that SCs mediate the life vs. death fate of damaged HCs is further supported by in vivo data from the noise and aminoglycoside-damaged adult cochlea. Aminoglycoside ototoxicity results in activation of the c-Jun N-terminal protein kinase (JNK/c-Jun) pathway in hair cells, which is associated with ototoxic stress and cell death pathways (Pirvola et al., 2000; Ylikoski et al., 2002; Matsui et al., 2004; Sugahara et al., 2006; Francis et al., 2011, 2013; Anttonen et al., 2016). Inhibition of JNK signaling inhibits aminoglycoside-induced HC death both in vitro and in vivo (Pirvola et al., 2000; Ylikoski et al., 2002; Sugahara et al., 2006; Francis et al., 2013). Anttonen et al. (2016) observed an unexpected pattern of JNK activation in the organ of Corti of adult mice administered kanamycin (an aminoglycoside) and furosemide (a loop diuretic). Outer HC degeneration and apoptosis were accompanied by robust upregulation and phosphorylation of c-Jun (target of JNK activation) in cells that are not vulnerable to aminoglycoside-induced death, including IHCs and SCs, especially Deiters' cells. In contrast, OHCs were negative for both c-Jun expression and phosphorylation (JNK activation). OHCs are required for the damage-associated JNK activation in SCs, and blockade of JNK activation specifically in SCs resulted in partial protection against acoustic trauma. These data suggest that JNK activation in SCs may reflect damage signaling from HCs under stress. In addition, JNK activation in SCs may mediate OHC degeneration (Anttonen et al., 2016). Together these results indicate that stress signaling in SCs can promote HC death in vivo.

Non-cell-autonomous signaling from SCs may also influence HC death in response to cisplatin ototoxicity. The gap junction protein connexin 43 is expressed in SCs and not in HCs, yet it can function as a pro-apoptotic mediator of cisplatin-induced HC death (Kikuchi et al., 1995; Zhao and Santos-Sacchi, 1999; Zhao and Yu, 2006; Zhao et al., 2006; Yu and Zhao, 2009; Kim et al., 2016). Inhibition of gap junction signaling reduced cisplatin-induced hearing loss, as measured by auditory brainstem response (ABR), suggesting that SC signaling via gap junctions may promote cisplatin-induced hair cell death (Kim et al., 2016). Gap junctional intercellular communication may either promote cell survival or cell death, depending on the context of injury. Connexin hemi-channels can be conduits for ATP release, and it is reasonable to consider the possibility that SC intercellular communication can either enhance or inhibit the spread of an ototoxic insult (Lahne and Gale, 2008).

In addition to promoting HC death, SCs can also protect HCs undergoing ototoxic challenge. Induction of heat shock proteins (HSPs) is protective against both aminoglycoside- and cisplatin-induced HC death in adult mouse utricle explants (Cunningham and Brandon, 2006; Taleb et al., 2008, 2009; Francis et al., 2011; May et al., 2013). Following heat shock, inducible HSP70 is localized primarily in SCs, with little immunoreactivity detected in HCs, suggesting that SCs mediate the protective effect of HSP70 induction. Supporting-cell-specific expression of HSP70 by adenovirus (AdHSP70) is also protective against aminoglycoside-induced HC death, indicating that HSP70 expression in SCs is sufficient to protect HCs from aminoglycoside ototoxicity (May et al., 2013). SCs may confer their protective effect by secreting HSP70 into the extracellular environment (May et al., 2013). In support of this hypothesis, extracellular HSP70 is required for the protective effect of heat shock (May et al., 2013). These data indicate that non-cell-autonomous signaling from SCs can promote survival of HCs treated with aminoglycosides in vitro. Evidence for the protective effect of SC-derived HSP70 in vivo comes from a study in which cochleas of adult guinea pig were infected with AdHSP70, resulting in robust HSP70 immunoreactivity in Deiters' cells and pillar cells, with no immunoreactivity observed in HCs (Takada et al., 2015). When the animals were treated with kanamycin and furosemide to kill HCs, over-expression of HSP70 in SCs reduced IHC death and improved ABR thresholds in ears receiving viral HSP70 infection relative to untreated ears. OHCs were not protected against aminoglycoside-induced death, even though the SCs adjacent to them were infected by Ad-HSP70. It is possible that the magnitude of the damage caused by the combination of kanamycin and furosemide results in OHC damage that overwhelms HSP70-mediated protection. Regardless, both in vitro and in vivo data indicate that HCs can be protected against ototoxic drug-induced death in a non-autonomous manner by HSP expression in supporting cells.

The above-described data indicate that induction of protective molecules in SCs can promote HC survival after ototoxic insult. Taken together with the data indicating that SCs can also promote HC death (Lahne and Gale, 2008; Anttonen et al., 2016), a model emerges in which non-cell-autonomous signals are critical determinants of whether a HC under stress will ultimately live or die.

SUPPORTING CELLS AND OTOTOXIC DRUG-INDUCED SPIRAL GANGLION NEURON DEATH: NON-AUTONOMOUS CELLULAR RESPONSES

In addition to HCs, ototoxic drugs also cause death of SGNs and degeneration of peripheral auditory fibers (PAFs). Animal models and analysis of human temporal bones suggest that SCs influence the survival of SGNs and maintenance or regrowth of degenerated PAFs after ototoxic insult. Aminoglycoside-induced loss of OHCs in cats had little effect on degeneration the of SGNs and PAFs; however, loss of IHCs and their “supporting structures” (SCs) was followed by rapid retrograde degeneration of SGNs (Leake and Hradek, 1988). Systemic aminoglycoside administration in chinchilla revealed that changes in SC morphology were accompanied by degeneration of outer spiral afferent dendrites (Ryan et al., 1980). Even in instances of aminoglycoside ototoxicity that result in near complete loss of both IHCs and OHCs, there was significantly more neuronal survival in areas where SCs remained intact (Sugawara et al., 2005). Studies of human temporal bones confirm that even in cases of severe HC loss, 5–10% of SGNs “resist retrograde degeneration” (Spoendlin, 1975). Schuknecht was one of the first to identify the correlation between surviving SCs and the presence of surviving PAFs (Schuknecht, 1953). Analysis of temporal bones from patients with a variety of inner ear pathologies including exposure to ototoxic drugs indicated that peripheral fibers were able to survive in the absence of IHCs and OHCs, but not in the absence of intact SCs (Johnsson, 1974; Otte et al., 1978; Johnsson et al., 1981; Suzuka and Schuknecht, 1988). The loss of these SCs was thought to lead to retrograde degeneration of PAF and SGNs, and the extent of SGN degeneration was directly correlated to the extent of SC loss (Suzuka and Schuknecht, 1988). Together these studies suggest that SCs (but not HCs) must be present in order for PAFs and SGNs to survive.

In contrast to the above studies suggesting that SGN survival requires SCs, there are also studies suggesting that intact differentiated SCs are not required for peripheral auditory fiber or SGN survival (Bichler et al., 1983; Leake and Hradek, 1988). These conflicting reports may be related to the identity of the cells that remain in the undifferentiated “flat” epithelium observed after severe ototoxicity. Are these cells de-differentiated SCs, or possibly cells from adjacent regions that have migrated to replace dead SCs (Kim and Raphael, 2007; Izumikawa et al., 2008; Oesterle and Campbell, 2009; Abbas and Rivolta, 2015)? Studies by Abbas and Rivolta (Abbas and Rivolta, 2015) suggest that the cells making up the flat epithelium are SCs. Although these cells have lost their characteristic morphologies, they continue to express SC markers, including OCP2 and acetylated αTubulin. Both IHCs and SCs provide SGNs with neurotrophic factors that are required for their survival (Ernfors et al., 1992; Farinas et al., 2001; Sobkowicz et al., 2002). NT-3 expression in SCs is required for the survival of SGNs in both the cochlea and vestibular organs (Sugawara et al., 2007). In the adult cochlea deafened by aminoglycosides, NT-3 is expressed primarily by surviving, differentiated SCs (Bailey and Green, 2014). Additional neurotrophins are also expressed in the organ of Corti after aminoglycoside-induced HC death, suggesting that even in the absence of HCs, neurotrophic factors produced by SCs are available to SGNs (Bailey and Green, 2014). Moreover, genetic studies have shown that SGNs can survive in the absence of IHCs through development and into maturity, and this survival is dependent on neurotrophins provided by SCs (Zilberstein et al., 2012). These data suggest that the cells constituting the flat epithelium retain a SC phenotype, and these de-differentiated SCs continue to provide neurotrophic support to remaining SGNs and PAFs. Thus, in the studies suggesting that SCs were not required for survival of SGNs and PAFs, there may have been de-differentiated SCs present that were providing trophic support after ototoxic insult. Overall the data are consistent with a model in which supporting cells release trophic factors that are required for proper innervation, SGN and PAF homeostasis under normal conditions and after ototoxic insult (Figure 1).

NON-AUTONOMOUS CELLULAR SIGNALING FROM MACROPHAGES IN THE UNDAMAGED AND LESIONED INNER EAR

The inner ear was long believed to be an immune-privileged organ, like the brain and retina, due to the presence of tight junctions within the stria vascularis that constitute the blood-labyrinth barrier (BLB) (Harris, 1983, 1984; Fujioka et al., 2014). Early studies of inflammation after ototoxic insult indicated that macrophages did not infiltrate the organ of Corti and were only identified in the endolymphatic sac, along with cellular debris (Wright and Meyerhoff, 1984). Systemic administration of a highly immunogenic protein, keyhole limpet hemocyanin (KLH), resulted in very little antibody production in perilymph (Harris, 1983). In contrast, when perilymph was directly injected with KLH, there was a significant increase in anti-KLH titers, indicating that there is a resident population of immune cells (later identified as macrophages) within the inner ear (Harris, 1983, 1984). Therefore, it was hypothesized that these resident macrophages are capable of mounting an immune response, but the BLB serves as a barrier that blocks: (a) immune cells, (b) antigens from the inner ear that may provoke a systemic immune response, and (c) antibodies from systemic circulation (Harris, 1983, 1984). However, recent studies suggest that the inner ear is not an immune-privileged compartment; instead it is permeable to hematopoietic stem cells, both after injury and under normal conditions (Lang et al., 2006; Okano et al., 2008; Sato et al., 2010).

Macrophages are myeloid cells of the innate immune system, first described by Elie Metchikoff in the late nineteenth century and recognized for being highly phagocytic (Davies et al., 2013; Varol et al., 2015). Resident macrophages are present in the majority of tissues in the body, where they are integral to the maintenance of homeostasis through phagocytosis and degradation of dead cells, cellular debris, and foreign materials (Davies et al., 2013; Varol et al., 2015). Resident macrophages are present in the undamaged mammalian inner ear, where they perform functions required for the maintenance of the extracellular environment and the BLB (Hirose et al., 2005; Shi, 2010; Zhang et al., 2012; O'Malley et al., 2016). Some of the first studies into the interplay between macrophages and HCs suggested that they may play a role in wound healing and regeneration of lost HCs. After tail amputation in salamander, macrophages are recruited to the tissues surrounding the neuromast most proximal to the site of injury, and macrophage recruitment precedes the onset of SC mitotic activity in these neuromasts (Jones and Corwin, 1993). When neuromast HCs were damaged by laser ablation, macrophage infiltration peaked shortly before the onset of SC proliferation, suggesting that these macrophages may function to influence HC regeneration through the secretion of growth factors and mitogenic cytokines (Corwin et al., 1991; Jones and Corwin, 1996; Pei et al., 2016). Subsequent studies in chick utricle exposed to neomycin confirmed that cytokines secreted from activated macrophages influence the rate of SC proliferation (Warchol, 1999). These experiments suggest that macrophage activity is required for effective recovery of the sensory epithelium after injury, and macrophages have non-cell-autonomous effects on SC proliferation and regeneration of HCs after injury.

The undamaged chick auditory and vestibular organs contain a resident population of two distinct leukocyte-derived cells, identified as macrophages and “microglia-like” cells (MLCs), based on morphology and expression of the common leukocyte marker CD45 or monocyte marker CD68 (Bhave et al., 1998; Warchol, 1999). Macrophages (large round shape) are present immediately beneath the HC nuclear layer, whereas microglia-like cells are most often located in the SC layer. Numerous cells expressing macrophage markers (Bu-1, Cla, and 74.2) are also observed in regions outside of the sensory epithelium, such as the underlying stromal tissues (O'Halloran and Oesterle, 2004). After ototoxic injury, both macrophages and microglia-like cells are recruited to the sensory epithelium and luminal surface, suggesting that dying HCs attract them to sites of injury. In contrast, microglia-like cell numbers are increased in both damaged and undamaged regions (Bhave et al., 1998; Warchol, 1999). These data in conjunction with those on the release of mitogenic cytokines from macrophages (Warchol, 1999) suggest that macrophages/microglia-like cells are recruited to sites of ototoxic injury, where they may function to enhance the proliferation and/or differentiation of SCs after HC death in the avian inner ear.

Macrophages are also recruited to sites of ototoxic injury in the mammalian inner ear (Sato et al., 2010; Hirose and Sato, 2011; Sun et al., 2015). Potential roles for damage-recruited macrophages include phagocytosis of dead HCs and debris, and secretion of cytokines (Hirose et al., 2005; Sato et al., 2010; Kaur et al., 2015a,b; Sun et al., 2015). CD45+ macrophages were recruited to the tunnel of Corti as soon as the first week after systemic aminoglycoside administration in rats (Ladrech et al., 2007). The timing of macrophage infiltration coincided with the peak of HC death and ended when most of the OHCs and IHCs had been eliminated, suggesting that infiltration signals were mediated by HC death. This study provided no direct evidence for macrophage phagocytosis of apoptotic HCs or apoptotic bodies, but it suggested that macrophages may function in phagocytosis and/or wound repair. Transmission electron microscopic studies indicate that “microglia-like cells” are present in the rat organ of Corti after amikacin administration, and these cells contain endocytic vesicles filled with degenerated cellular material (Wang and Li, 2000). These data suggest that macrophages may assist SCs in the engulfment of dead HC debris after ototoxic insult. Further evidence for phagocytosis of dead HCs and HC debris by macrophages comes from studies using utricles from transgenic mice expressing the diphtheria toxin receptor (DTR) specifically in HCs (Kaur et al., 2015a). While these Pou4f3-huDTR mice are not a model of drug-induced ototoxicity, they do demonstrate some cellular changes that are similar to those that occur after ototoxic insult. CX3CR1-GFP (a leukocyte and/or macrophage-specific cell surface receptor that functions in macrophage recruitment) positive macrophages infiltrate the sensory epithelium in response to DT-mediated HC death. These macrophages appear to be recruited from the population of resident macrophages residing in the stromal tissues of the utricle (Kaur et al., 2015a). This increase in macrophage number is transient, suggesting that HC death was the driving force behind macrophage infiltration into the sensory epithelium. Macrophage processes were in frequent contact with potentially apoptotic HCs, and these macrophages were actively engulfing HC debris (Kaur et al., 2015a). Taken together these data indicate that a population of macrophages resides in the major compartments of the undamaged mammalian inner ear, and they are recruited to sites of ototoxic injury, where they may assist SCs in the phagocytosis of dead HCs and HC debris.

Macrophages may have functions beyond phagocytosis of HC corpses and debris after injury in the inner ear. Macrophage infiltration and signaling may mediate survival of HCs and SGNs after ototoxic insult. CX3CR1 KO mice show significantly more macrophage infiltration into the cochlea after aminoglycoside administration, compared to control and heterozygous mice (Sato et al., 2010). In addition, CX3CR1 KO mice are more susceptible to aminoglycoside-induced hearing loss and HC death. These studies indicate that CX3CR1 inhibits macrophage infiltration or cytokine secretion after ototoxic insult, and they suggest that macrophage infiltration can influence the extent of HC damage and hearing loss after ototoxic injury.

Further evidence for non-autonomous effects of macrophages on HC viability after ototoxic insult comes from examination of CX3CL1/CX3CR1 signaling during neomycin-induced HC death (Sun et al., 2015). CX3CL1 (fractalkine) is a chemokine located on the surface of neurons and endothelial cells, and it serves as a damage signal and ligand for CX3CR1 receptors on macrophages (Ransohoff et al., 2007). Systemic aminoglycoside administration in neonatal mice resulted in a significant increase in expression of the soluble form of CX3CL1 in HCs and induced migration and activation of macrophages or MLCs into the sensory epithelium. Exogenous application of CX3CL1 resulted in a significant increase in the number of MLCs in the sensory epithelium as well as increased pro-inflammatory cytokine secretion and increased HC death. Inhibition of MLC activation inhibited neomycin-induced IHC and OHC death and hearing loss, suggesting that cytokine production by activated MLCs exacerbates aminoglycoside-induced HC death (Sun et al., 2015). These data suggest that HCs communicate damage signals to macrophages through upregulation of soluble CX3CL1, and CX3CL1/CX3CR1 signaling is integral to macrophage recruitment after injury. In addition, macrophage recruitment and activation may exacerbate ototoxic lesions through inflammatory cytokine production (Figure 1).

Like SCs, macrophages also have the potential to promote survival of HCs after ototoxic injury. Treatment with an inducer of heme oxygenase 1 (HO-1, also called heat shock protein 32, HSP32) protected against cisplatin-induced hair cell death in utricle explants (Baker et al., 2015). HO-1 was induced only in resident macrophages with no induction in HCs or SCs. When macrophages were depleted from the explants, the protective effect of HSP32/HO-1 was abolished (Baker et al., 2015). These data indicate that HO-1 induction specifically in macrophages can protect hair cells against aminoglycoside-induced death. Thus, the protective effect of HO-1 induction against HC death is non-autonomous and is mediated by resident macrophages.

In addition to modulating the survival and death of HCs under stress, macrophages also modulate the survival of SGNs. Although it is not an ototoxic drug, diphtheria toxin injection in Pou4f3-huDTR/CX3CR1-GFP mice results in complete loss of OHCs and IHCs after 7 days, with no obvious effects on other cell types (Kaur et al., 2015b). Recruitment of resident macrophages was significantly increased in the cochlea after DT injection. Infiltrating macrophages were observed below the basilar membrane and in Rosenthal's canal in association with SGN cell bodies. CX3CR1 KO mice had fewer macrophages infiltrating into the sensory epithelium and after DT injection compared with WT DTR mice. Notably, the reduction in macrophages within Rosenthal's canal was accompanied by a significant decrease in SGN survival after DT injection in CX3CR1 null mice. SGN numbers were unaffected in CX3CR1 KO mice that did not receive DT, suggesting that macrophages are only required for SGN survival after HC death. This is in contrast to previous studies showing an increase in macrophage infiltration in the cochleas of CX3CR1 KO mice administered aminoglycosides, which indicates that CX3CR1 and fractalkine signaling is complex, and maybe dependent on the cytotoxic insult or possibly the inner ear organ being analyzed (Sato et al., 2010; Kaur et al., 2015a). These data suggest that like SCs, macrophages can have either pro-death or pro-survival effects on both HCs and SGNs after injury, and these effects are likely mediated through the induction of cytotoxic cytokines, or protective molecules, such as HSPs and neurotrophins (Figure 1).

CONCLUSION

Important non-cell-autonomous signals from surrounding cell types (SCs and macrophages) can increase or reduce the extent of ototoxic injury to both HCs and SGNs. Significant questions remain about these intercellular communication events. First, how do SCs and macrophages sense that HCs and SGNs are damaged? The damage signals that activate SCs and macrophages after ototoxic insult remain unclear; however, in other models of tissue damage and wound healing, transcription-independent signals are rapidly released from damaged cells, including calcium, ROS, and ATP (Lahne and Gale, 2008; Cordeiro and Jacinto, 2013). Second, how do SCs and macrophages differentiate between a “help me” signal and a “kill me” signal and thus decide whether to promote survival vs. death of damaged cells? Are these signals mediated by different molecules, or does the magnitude of the damage signal perhaps determine whether the SCs and macrophages act to promote death vs. survival? Finally, once a HC or SGN dies, what are the signals that mediate recognition of the dying cell for engulfment or extrusion (i.e., the “eat me” signal)? The importance of non-cell-autonomous signals in determining these life-or-death outcomes in the inner ear has only recently emerged, and it will be important to take these intercellular signaling events into account when developing therapies aimed at protecting hearing from the deleterious effects of ototoxic drugs.
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Cells of the immune system have been shown to infiltrate the cochlea after acoustic trauma or ototoxic drug treatment; however, the contribution of the immune system to hair cell loss in the inner ear is incompletely understood. Most studies have concentrated on the immediate innate response to hair cell damage using CD45 as a broad marker for all immune cells. More recent studies have used RNA sequencing, GeneChip arrays and quantitative PCR to analyze gene expression in the entire cochlea after auditory trauma, leading to a better understanding of the chemokines and cytokines that attract immune cells to the cochlea. Immune suppression by blocking cytokines or immune receptors has been proven to suppress hair cell damage. However, it is now understood that not all immune cells are detrimental to the cochlea. CX3CR1+ resident macrophages protect hair cells from damage mediated by infiltrating immune cells. Systemically, the immune response is associated with both protection and pathology, and it has been implicated in the regeneration of certain tissues after injury. This review focuses on the studies of immune cells in various models of hearing loss and highlights the steps that can be taken to elucidate the connection between the immune response and hearing loss. The interplay between the immune system and tissues that were previously thought to be immune privileged, such as the cochlea, is an emerging research field, to which additional studies of the immune component of the cochlear response to injury will make an important contribution.

Keywords: ototoxicity, CX3CR1+ macrophage, TLR4, noise-induced hearing loss, sterile inflammation

INTRODUCTION

In the cochlea, the loss of sensory hair cells in the organ of Corti or the connecting spiral ganglion neurons due to exposure to ototoxic drugs or excessive noise results in hearing loss. There is increasing evidence that the loss of one or both of these cell types is exacerbated by inflammation of the cochlea. The direct action of infiltrating immune cell types and their cytokines, as well as reactive oxygen species (ROS) and cytokines generated by resident cochlear cells, leads to irreparable damage to hair cells and neurons (Bánfi et al., 2004; Lang et al., 2016). Understanding the cell types and cellular products that lead to this cell death will provide valuable targets for combatting sensorineural hearing loss. Although Fredelius and Rask-Andersen (1990) first reported the infiltration of immune cells into the noise-damaged cochlea nearly 30 years ago, the phenomenon has attracted renewed interest in the last 10–15 years. The following review discusses the recent advances in our understanding of the role of the cells of the immune system in hearing loss due to noise and ototoxic drug treatment. It is hoped that our examination of the existing literature will serve as a basis for developing new ideas in this exciting area of research that may ultimately lead to new ways of preventing or treating hearing loss resulting from the aforementioned causes.

BASIC PATHWAYS IN STERILE INFLAMMATION

Inflammation in the ear caused by exposure to ototoxic drugs or excessive noise is unique in that the resulting immune response at the epithelial surface is not a response to a pathogen. Accordingly, it is termed sterile inflammation (Ma et al., 2000; Rock et al., 2010). In the past, it was thought that the immune system was unable to infiltrate into several sites of the body. Such “immune privileged” sites included the brain, the inner ear, the eye and the joint capsules among others. However, the multiple observations of immune responses in these sites have fundamentally changed our understanding, such that the immune system is now thought to be able to respond in all tissues, albeit with varying degrees of efficiency (Galea et al., 2007; Taylor, 2016). Furthermore, many of the tissues formerly considered to be “immune-privileged” have their own specific resident immune cell populations, with the microglia of the brain being the best characterized in this regard (Immig et al., 2015). When damage occurs in these tissues in the absence of a pathogen, cellular byproducts of the damage, termed damage-associated molecular patterns (DAMPs), stimulate pattern recognition receptors (PRRs; Tang et al., 2012). This PRR activation rapidly leads to the activation of resident macrophages, the release of pro-inflammatory cytokines, and ROS production, causing apoptosis of damaged cells and immune cell infiltration (Hume et al., 2001; Park et al., 2004; Tsung et al., 2007). Early inflammation caused by DAMP-PRR signaling is an evolutionarily conserved mechanism for controlling the spread of pathogens or necrotic tissue. In the absence of a pathogen, immune cells are recruited to sites of inflammation to clear debris and facilitate wound healing. Cells of the innate immune system are the first to respond to inflammation. Bone marrow-derived macrophages and neutrophils attempt to kill any damaged cells by nonspecific means, such as by releasing ROS, and they also phagocytose dead and dying cells. This activity mirrors the role of macrophages and neutrophils at the site of an infection, where they kill infected cells to stop the spread of the pathogen. The second wave of cells that infiltrates an area of active inflammation consists of T cells of the adaptive immune system. In the case of inflammation caused by a pathogen, T cells specifically kill cells infected with the pathogen, which they are able to recognize via interaction with a unique T-cell receptor (TCR). T cells also secrete cytokines to modify the activation states of innate cells that are present (Stein et al., 1992). In a sterile inflammatory site, T cells may recognize self-antigens as a result of the cell debris arising from damage and inflammation (Brodeur et al., 2015). T-regulatory cells also infiltrate the site to dampen inflammation and facilitate wound healing (Gazzinelli et al., 1992; Fontenot et al., 2003). In this way, the adaptive immune response first refines then curbs inflammation to bring about an effective resolution. Because inflammatory signaling after noise exposure or ototoxic insult happens quickly in the cochlea and appears to play a role in hair cell death, most research to date has concentrated on preventing the earliest stages of inflammation. However, the immune system is also involved in the resolving inflammation and in wound healing (Nahrendorf et al., 2007; Xu et al., 2014; Lindemans et al., 2015; Psachoulia et al., 2016). It is unclear whether the pro-regenerative resolution of inflammation mediated by the immune response does not occur in the inner ear or whether the cells of the cochlea do not respond to this resolution phase because they are unable to regenerate in response to immune signals.

GENE EXPRESSION IN THE EAR AFTER NOISE DAMAGE

New developments in detecting and sequencing mRNA have enabled the examination of gene transcription after noise damage. This is an important step toward understanding how the cochlea as a whole responds to damage. One of the first studies of transcription after noise damage compared the effect of noise on the lateral wall and organ of Corti in mouse strains that were susceptible or resistant to noise damage (Gratton et al., 2011). An important finding of this study was that C57BL/6 mice, which are susceptible to noise-induced hearing loss, express more genes related to an immune response after noise damage than do mice of resistant strains (Gratton et al., 2011). More recently, a group used RNA sequencing to compare the gene expression in the sensory epithelia of mice and rats 1 day after acoustic injury (Yang et al., 2016). Again, this study highlighted the upregulation of immune-response genes after noise damage, showing that this type of gene expression is conserved across mammalian species. Tan et al. (2016) took this approach a step further by investigating at immune-response gene and protein expression at multiple time points up to 14 days after noise damage. The expression of genes encoding TNF-α, IL-1β and Icam1 increased as early as 6 h after injury with Icam-1 protein remaining elevated at 14 days after noise damage (Tan et al., 2016). Taken together, the results of these studies show that genes encoding cytokines, chemokines and innate immune responses to noise damage are expressed in the cochlea as early as 6 h after damage occurs. Moreover, there was considerable overlap among the genes whose expression was detected in these various studies.

Even though each of the studies described above used different strains of mice, namely CBA/CaJ, 129, C57BL/6, or B6.CAST, it appears that several genes involved in the inflammatory response are expressed following noise damage (Gratton et al., 2011; Tan et al., 2016; Yang et al., 2016). Fos, Socs3, Gpb2 and Icam1 are all associated with the response to noise damage. Socs3 is especially interesting in this regard as it is expressed to dampen JAK/STAT-dependent cytokine signaling by marking signaling components for degradation (Bode et al., 1999; Babon et al., 2008). Regulation of cytokine signaling after damage may control the attraction of new immune cells and the activation of resident immune cells. Icam1 is expressed after NF-κB activation caused by TNF-α and enables recruited immune cells to follow other signals into the cochlea by facilitating the extravasation of the cells from the bloodstream through interaction with lymphocyte function-associated antigen 1 (LFA-1; Wilcox et al., 1990; Wertheimer et al., 1992; Ledebur and Parks, 1995; Suzuki and Harris, 1995). Fos and Gbp2 are both upregulated under conditions of cellular stress and can be expressed in response to interferons (Li et al., 2002; Wei et al., 2008). Although it is important to know that immune response genes can be detected in the cochlear tissue after noise damage, it is much more likely that only a subset of cell types upregulate these genes. Identifying these cell types will enable specific targeting of their contribution to hair cell loss.

CELL TYPES THAT INFILTRATE THE COCHLEA

The first marker used to identify immune cells infiltrating the cochlea after noise damage was CD45, also known as leukocyte common antigen (Kurtin and Pinkus, 1985; Tornabene et al., 2006). Hirose et al. (2005) used the combination of CD45 expression and morphology to characterize most of the infiltrating cells as monocytes or macrophages. Additional markers were subsequently explored, so that today the profile of infiltrating immune cells after noise damage currently includes CD45+, F4/80+, Iba-1+ CD11b+ and CX3CR1+ macrophages (Tornabene et al., 2006; Okano et al., 2008; Tan et al., 2008; Sato et al., 2010; Shi, 2010; Yang et al., 2015). Although these markers are important for identifying macrophage populations, the likelihood of all the infiltrating macrophages and resident macrophages having the same signature is low. The increased sensitivity of cell sorters and flow cytometers will enable a more complete characterization of the expression of these markers on infiltrating cells. The identification of the specific cell types that infiltrate the cochlea is still ongoing, but the timeline of the arrival of these cells after acoustic or ototoxic trauma has been more extensively studied.

Few truly comparable studies have examined the combination of cytokine expression, Icam1 expression, and immune cell infiltration with reference to the same parameters of hair cell damage (e.g., hair cell ablation, aminoglycoside/cisplatin ototoxicity and noise damage). This makes it difficult to draw conclusions about the overall immune response after hair cell or cochlear trauma. Nevertheless, it is worth critically synthesizing the information from these disparate studies to inform the future direction of the field. The immune response to each type of damage needs to be characterized, as noise damage affects more cell types than hair cell- specific ablation or aminoglycoside ototoxicity. The best information about the immune response that can be gleaned at present is a rough timeline of events after hair cell death. TNF-α, IL-1β and IL-6 are expressed before as early as 6 h and up to 1 day after damage (Fujioka et al., 2006; Wakabayashi et al., 2010; Tan et al., 2016). Chemokines such as CCL2, CCL4 and CXCL12 are expressed as early as 6 h after damage (Tornabene et al., 2006; Tan et al., 2008, 2016; Dai et al., 2010). Chemokine expression beginning at 24 h after noise seems to be due to ROS, as iNOS-deficient mice do not secrete CXCL12 from the lateral wall after injury to the blood-labyrinth barrier (Dai et al., 2010). By 3–4 days after damage, the numbers of CX3CR1+ and CD45+ cells in the cochlea reach a peak, with increased cell counts being observed until day 7 (Hirose et al., 2005; Kaur et al., 2015). Interestingly, a second peak of expression of TNF-α, IL-1β and IL-6 occurs after cell infiltration, starting at day 3–4 after damage (Oh et al., 2011; Tan et al., 2016). The cytokine expression that occurs as early as 6 h after noise damage could be a result of activation of resident CX3CR1+ macrophages and fibrocytes that are present at the initiation of damage, whereas the secondary peak in cytokine expression could be due to infiltrating immune cells; however, this has not been definitively shown (Figure 1; Okano et al., 2008; Oh et al., 2011; Kaur et al., 2015; Tan et al., 2016). In rats, IL-6 was expressed by type III and type IV fibrocytes of the lateral wall, but not Iba-1 positive macrophages, 6 h after noise damage (Fujioka et al., 2006). Fujioka et al. (2006) also showed that spiral ganglion neurons expressed IL-6 12 h after noise damage. In mice, the receptor for IL-6 and its signal transducer, gp130, are expressed in hair cells in the organ of Corti and the spiral ganglion neurons, meaning that these cells can respond to IL-6 released after noise damage (Wakabayashi et al., 2010). Furthermore, TNF-α, IL-1β and IL-6 staining after lipopolysaccharide (LPS) injection shows expression throughout the cochlea (Oh et al., 2011). The overall effect of these cytokines is to induce the activation of spiral ganglion neurons, lateral wall fibrocytes and immune cells and thereby increase inflammation through the secretion of more of the same cytokines such as TNF-α, IL-1β and IL-6 as well as chemokines such as CCL2 and CXCL12 (So et al., 2007; Dai et al., 2010). However, the specific expression of cytokines and chemokines by immune cells have not been explored. Many of these genes are direct targets of canonical NF-κB, a transcription factor that is upregulated after damage induced by noise or ototoxic drug (Masuda et al., 2005; So et al., 2007). One way in which these cytokines increase immune cell infiltration is by inducing Icam1 expression in the spiral ligament (Tan et al., 2016). Icam1 interacts with receptors on the surface of the immune cell to enable its extravasation into the cochlea (Wilcox et al., 1990; Suzuki and Harris, 1995). Future studies should concentrate on the cell types present and the cytokines expressed immediately after damage, as well as at a 3–4 days and 7–10 days or later after damage, in order to understand the waxing and waning of the whole immune response to damage in the cochlea.


[image: image]

FIGURE 1. Timeline of cytokine expression, chemokine expression and cell infiltration in the inner ear after noise damage. The relative amounts of each cytokine (blue line), chemokine (green dashed line) and cell infiltration (black line) in the first 7 days after noise damage are summarized in the above graph. Note that the cytokine and chemokine expression begins at zero expression as such expression has not been reported in the steady state. The line representing CD45+ and CX3CR1+ cells does not begin at zero as CX3CR1+ and CD45+ cells are present in the cochlea in the steady state. Peak exp.: peak expression. No exp.: No expression.



EVIDENCE FOR RESIDENT MACROPHAGES

When GFP-labeled bone marrow was used to reconstitute a lethally irradiated mouse, GFP+ bone marrow cells populate the cochlea in the absence of damage to the tissue (Okano et al., 2008). Approximately 80% of these cells were identified as macrophages, based on their morphology and staining for F4/80, Iba-1, CD11b and CD68 (Okano et al., 2008; Sun et al., 2014). Resident macrophages are also positive for CX3CR1, which allows for chemoattraction to CX3CL1 expressed in the organ of Corti and the spiral ganglion; however, the specific chemotaxis of resident macrophages to these sources of CX3CL1 has not been proven (Sato et al., 2008, 2010; Kaur et al., 2015). In the CX3CR1gfp/gfp mouse model, fractalkine signaling is disrupted by GFP knock-in that also labels CX3CR1-expressing cells. Kanamycin treatment in this model results in an increased number of infiltrating CD45+ cells in the cochlea (Sato et al., 2010). Furthermore, transplanting CX3CR1gfp/gfp bone marrow into a wild-type mouse results in a similar phenotype of increased infiltration of CD45+ cells, suggesting that disruption of CX3CR1 signaling on immune cells is detrimental to hair cell survival after aminoglycoside exposure (Sato et al., 2010). When no CX3CR1 is expressed in mice that have a specific loss of all their hair cells, spiral ganglion cell death is increased (Kaur et al., 2015). Taken together, these results indicate that resident CX3CR1+ macrophages may have a valuable role in reducing immune cell infiltration and cell death after aminoglycoside treatment or in response to a specific hair cell lesion. Thus, further characterization of this protective function of CX3CR1+ macrophages will be valuable for understanding the positive role of immune cells in regulating the inflammatory response after cochlear damage.

TLR4 ACTIVATION

Toll-like receptor 4 (TLR4) is a PRR that recognizes multiple ligands, the best characterized of which is Gram-negative bacterial LPS (Liaunardy-Jopeace and Gay, 2014). TLR4 is one of the multiple PRRs that can be activated during sterile inflammation. The downstream effects of TLR4 are ROS production and canonical NF-κB activation (Park et al., 2004; Fan et al., 2007). Several studies have implicated TLR4 activation as one of the pathways leading to inflammation in the cochlea after noise damage or ototoxicity caused by aminoglycoside or cisplatin treatment. Although the exact ligand that activated TLR4 in each of these cases is unknown, each of these types of damage increases the expression of TLR4 in the cochlea within hours (Oh et al., 2011; Hirose et al., 2014; Vethanayagam et al., 2016). In turn, TLR4 activation leads to NF-κB activation and production of TNF-α, IL-1β and IL-6 (Oh et al., 2011). Interestingly, systemic LPS given to mimic a bacterial infection or sepsis amplifies the amount of inflammation in all three types of damage and increases the severity of hearing loss (Oh et al., 2011; Hirose et al., 2014; Vethanayagam et al., 2016). Cochleae deficient in TLR4 exhibit less inflammation, and especially less TNF-α expression, which in turn results in less hearing loss (Oh et al., 2011; Vethanayagam et al., 2016). These studies have furthered our understanding of the negative effects of innate inflammation in the inner ear while raising the possibility that systemic inflammation affects the inflammatory response of the inner ear.

IMMUNE MODULATION

Many mouse models and reagents are available for investigating the modulation of the immune response. Several studies have used these models and techniques in an effort to identify specific cytokines and signaling pathways that are stimulated as a result of cochlear trauma. In the first such study, the FDA-approved anti-TNF-α antibody etanercept was used in conjunction with cisplatin treatment to reduce inflammation in the cochlea (So et al., 2007). Blocking TNF-α release after cisplatin treatment reduced the amount of the canonical NF-κB constituent p65 and the amount of apoptosis throughout the cochlea, even though the outer hair cells were still damaged (So et al., 2007). In a second study, a neutralizing antibody to the IL-6R was used to block the effects of IL-6 released after noise damage (Wakabayashi et al., 2010). This resulted in significantly less infiltration of CD45+ Iba-1+ double-positive cells at day 3 after noise-induced damage, along with less cell death in the spiral ganglion. Furthermore, this study showed that a systemically administered antibody could cross the blood-labyrinth barrier after acoustic trauma, thereby opening the way to studying FDA-approved biologics for treating cochlear damage (Wakabayashi et al., 2010). In a third study, minocycline was used to reduce macrophage activation in order to prevent hair cell damage by CX3CR1+ macrophages (Sun et al., 2014). When minocycline was administered along with neomycin, mice had less microglia-like cell infiltration, less hair cell death, and a reduced threshold shift, which suggests the blockade of macrophage-induced inflammation is important for attenuating the effects of neomycin on hearing (Sun et al., 2014). Although these results appear to indicate that the immune system can be modulated to protect the cochlea from aminoglycoside ototoxicity, follow-up studies in adult mice are needed to verify that this is indeed the case. The most recent study of immune modulation in the cochlea (Vethanayagam et al., 2016) built upon the observation that systemic LPS worsened ototoxic hair cell loss; this study fully examined the role of TLR4 in cochlear inflammation by using TLR4 knockout mice. Compared to wild-type controls, TLR4 knockout mice retained more hair cells and had a lower ABR threshold after noise damage, as well as reduced levels of IL-6 in the organ of Corti (Vethanayagam et al., 2016). Although the TLR4 knockout mice ultimately had less hearing damage, they still exhibited infiltration of macrophages; however, these macrophages did not upregulate MHCII, which would have allowed them to present antigen to the CD4+ T cells of the adaptive immune system (Gloddek et al., 2002; Vethanayagam et al., 2016). Taken together, the results of these studies suggest that the early stimulation of innate receptors and inflammatory cytokines plays a role in hair cell death after damage, although these factors are not solely responsible for all the inflammation that occurs in the cochlea.

SUMMARY

Thus far, the investigations of the role of the immune system in the inner ear have focused on the early players in inflammation: TLR4 activation, pro-inflammatory cytokine and chemokine release and infiltrating cells of the innate immune system. All three of these major pathways are common to acoustic injury and to ototoxicity caused by both aminoglycosides or cisplatin. This has led researchers in the field to identify ways of systemically modulating the immune system to reduce inflammatory destruction of the inner ear. However, CX3CR1+ resident macrophages appear to regulate the influx of CD45+ cells after hair cell damage. The exact regulatory actions of these cells must be examined to discover ways to dampen damaging inflammation. Also, the role of adaptive immunity in the inner ear is yet to be explored. Infiltrating T cells could prolong inflammation by initiating a self-antigen-specific response (Brodeur et al., 2015). However, in other epithelial systems, adaptive immunity supports tissue regeneration by IL-22 signaling, by dampening the inflammatory response through the release of IL-10, and by polarizing macrophages to an anti-inflammatory phenotype (Gazzinelli et al., 1992; Lindemans et al., 2015; Siqueira Mietto et al., 2015).

Although the mechanisms that act in other tissues may not be applicable to the inner ear, further study is required in three areas in order to learn more about the full extent of the immune response in the inner ear after noise or ototoxic drug damage. First, it is imperative to identify all the cell types that enter the cochlea. Second, once the cell types have been identified, their specific functions must be explored to understand how their secreted products and cell interactions shape the inflammatory response in the inner ear. Finally, each of the PRR families should be investigated to obtain a better understanding of which DAMPs cause the initiation of the inflammatory response in the ear after damage. The results of these studies should reveal new targets for preventative therapies in the case of ototoxic drugs and new treatments for noise-induced hearing loss, and they should expand our fundamental knowledge of the immune response to sterile insults.
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A significant number of studies support the idea that inflammatory responses are intimately associated with drug-, noise- and age-related hearing loss (DRHL, NRHL and ARHL). Consequently, several clinical strategies aimed at reducing auditory dysfunction by preventing inflammation are currently under intense scrutiny. Inflammation, however, is a normal adaptive response aimed at restoring tissue functionality and homeostasis after infection, tissue injury and even stress under sterile conditions, and suppressing it could have unintended negative consequences. Therefore, an appropriate approach to prevent or ameliorate DRHL, NRHL and ARHL should involve improving the resolution of the inflammatory process in the cochlea rather than inhibiting this phenomenon. The resolution of inflammation is not a passive response but rather an active, highly controlled and coordinated process. Inflammation by itself produces specialized pro-resolving mediators with critical functions, including essential fatty acid derivatives (lipoxins, resolvins, protectins and maresins), proteins and peptides such as annexin A1 and galectins, purines (adenosine), gaseous mediators (NO, H2S and CO), as well as neuromodulators like acetylcholine and netrin-1. In this review article, we describe recent advances in the understanding of the resolution phase of inflammation and highlight therapeutic strategies that might be useful in preventing inflammation-induced cochlear damage. In particular, we emphasize beneficial approaches that have been tested in pre-clinical models of inflammatory responses induced by recognized ototoxic drugs such as cisplatin and aminoglycoside antibiotics. Since these studies suggest that improving the resolution process could be useful for the prevention of inflammation-associated diseases in humans, we discuss the potential application of similar strategies to prevent or mitigate DRHL, NRHL and ARHL.

Keywords: drug-induced hearing loss, noise-induced hearing loss, age-related hearing loss, inflammation, resolution of inflammation, lipid mediators, annexin A1, galectin

INTRODUCTION

The most important paradigm recognized and highlighted in this article is that inflammation in any tissue, organ and system, behaves as a beneficial host reaction aimed at protecting individuals from infections and tissue injury. Moreover, inflammation can help to establish an immunological memory that the organism can use later to generate a better response to a particular infectious agent (Gilroy and De Maeyer, 2015; Headland and Norling, 2015). Therefore, rather than to prevent inflammation, any clinical strategy should be aimed at facilitating its rapid, safe and complete resolution.

Mammals are able to detect the presence of pathogen agents and tissue injury, and initiate complex tissue repair and wound healing programs. At the front line of the host defense mechanism is acute inflammation, a short-term physiologic response aimed to return, at least in part, the organism to the normal phenotype. Not surprisingly, when the timely resolution of inflammation fails, it progresses to chronic inflammation, a condition that can persist for months and even years (Figure 1). Chronic inflammation is linked to the pathogenesis of a number of diseases such as atherosclerosis, type 2 diabetes, rheumatoid arthritis and Alzheimers (Medzhitov, 2008, 2010; Tabas and Glass, 2013), and likely act as a predisposing factor to carcinogenesis (Lee et al., 2013). Thus, the resolution of inflammation may be a crucial target for new therapeutic avenues, and we believe that clinical strategies seeking the timely resolution of inflammatory processes in the cochlea should be considered an important part of the conceptual framework needed to prevent auditory dysfunction.
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FIGURE 1. Potential fates for acute inflammation.



THE INFLAMMATORY RESPONSE AND ITS RESOLUTION

General Concepts

Until recently, the common view on chronic inflammation was that it resulted from exaggerated pro-inflammatory signals during the acute phase, and that its resolution was a passive process mediated by metabolites of the same pro-inflammatory mediators. In other words, that chemo-attractants and other molecules associated with the inflammatory response would eventually dissipate, and the system would automatically reset to its initial stage (Robbins and Cotran, 1979; Tauber and Chernyak, 1991; Serhan, 2011). Studies in the last two decades, however, have led to the formulation of a new paradigm based on the premise that resolution of inflammation results from the engagement and activation of specific genetic, cellular and molecular programs (Perretti, 2015). Thus, it is currently accepted that acute inflammation is terminated by a biosynthetically active process, regulated by endogenous signaling pathways driven by specialized pro-resolving mediators and receptors that: (1) switch from the production of pro-inflammatory mediators to pro-resolution mediators; (2) turn off pro-inflammatory signaling pathways; (3) induce apoptosis of previously recruited inflammatory cells; (4) stimulate the clearance of apoptotic cells by phagocytes; and (5) reinstate, either partially or totally, homeostatic conditions (Alessandri et al., 2013). It has now become evident that the peak of the acute inflammatory response is the beginning of resolution (Serhan and Savill, 2005), with the simultaneous presence of pro-inflammatory and pro-resolution mediators in order to ensure safe cell death and removal, that is, preventing the activation of inflammatory and immune effectors (Gilroy et al., 2004; Hallett et al., 2008; Maderna and Godson, 2009; Perretti and D’Acquisto, 2009; Iqbal et al., 2011; Figure 2). This concept suggests a complex balance between pro-inflammatory and anti-inflammatory events taking place, at least partly, in parallel (Serhan and Savill, 2005; Sugimoto et al., 2016a). Moreover, it strongly corroborates that inflammation is programmed to stay within limits, both spatially and temporally, and to ultimately lead to an active process of completion (Perretti, 2015).
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FIGURE 2. Temporal representation of the biochemical events associated with the onset and resolution of inflammation. The early phase of inflammation is characterized by the up-regulation (green arrows) of pro-inflammatory mediators such as leukotrienes (LTs), tumor necrosis factor-α (TNF-α), interleukin 1β (IL-1β), prostaglandin D2 (PGD2) and thromboxanes (TXs). Importantly, the anti-inflammatory mediator PGE2 is also up-regulated at this phase, indicating the controlled nature of inflammatory responses. The peak of the inflammatory response coincides with the start of the resolution phase, with down-regulation (blue arrows) of TXs, IL-1β, LTs and TNF-α, and up-regulation of anti-inflammatory cytokines such as PGE2, IL-10 and TGF-β; simultaneously, the synthesis and/or release of pro-resolution mediators (e.g., LX, resolvins, protectins, maresins, ANXA1) stop further infiltration of leukocytes and facilitate the removal of apoptotic cells, leading to the successful termination of the inflammatory response and the return to the tissue to its homeostatic condition. Modified from Maderna and Godson (2009).



The current mainstay approach for treating inflammation-induced diseases is based on inhibiting the synthesis or activities of the pro-inflammatory mediators. Although there has been success with some of these anti-inflammatory therapies, there are considerable limitations. In particular, the advantages of anti-inflammatory drugs are usually decreased by three factors: redundancy, compensatory pathways and necessity (Tabas and Glass, 2013). For example, many molecules are at work in an inflammatory process, some of them with identical function (redundancy), and targeting one or a few of them may not be enough to obtain significant beneficial results. Likewise, inhibition of one pro-inflammatory pathway may just trigger a compensatory response involving an alternative pathway. Finally, inflammation is a protective reaction (necessity) and, even if the previous two challenges are successfully overcome, the risks associated with inhibiting a natural defense mechanism are often unacceptable (Tabas and Glass, 2013). Thus, there is an increasing awareness that pro-resolution-based strategies may have even more potential than anti-inflammatory therapies for the treatment of multiple diseases (Gilroy et al., 2004; Rossi et al., 2007; Hallett et al., 2008; Serhan et al., 2008; Duffin et al., 2010).

Pro-Resolution Mediators and their Receptors

In recent years, interest for the resolution phase of inflammatory responses led to the discovery of several specific pro-resolving mediators of diverse nature, including lipids (Serhan et al., 2014), proteins and peptides (Perretti and Dalli, 2009), a purine (Köröskényi et al., 2011; Csóka et al., 2012; Haskó and Cronstein, 2013), gaseous mediators (Wallace et al., 2015), and neuromodulators (Pavlov and Tracey, 2012; Mirakaj et al., 2014). Specialized pro-resolving mediators not only work in inflammatory responses, but they also have important functions in host defense, pain, organ protection and tissue remodeling (Serhan et al., 2015a). More important, synthetic forms of these mediators have potent effects when administered in vivo (Serhan et al., 2014), increasing their clinical value.

To date, the most important pro-resolution mediators described in the literature are:


–    Lipoxins (lipoxygenase interaction products; LX), eicosanoids generated in vivo from arachidonic acid (Serhan, 2005; Ryan and Godson, 2010; Figure 3). LX are involved in the inhibition of neutrophil and eosinophil recruitment and activation, while enhancing the recruitment of monocytes to sites of injury (Papayianni et al., 1995; Maddox et al., 1997; Wada et al., 2001). In addition, they are able to directly stimulate the expression of anti-inflammatory and pro-resolution genes (Qiu et al., 2001) as well as to regulate NF-kB activation (Decker et al., 2009). Further, they are known to stimulate the clearance of apoptotic cells by macrophages (Reville et al., 2006). Chronic inflammation has been associated with deficient LX biosynthesis, which makes tissues unable to resolve acute inflammatory reactions (Bandeira-Melo et al., 2000; Pouliot et al., 2000; Bonnans et al., 2002; Karp et al., 2004). Importantly, it has been shown that LX can stimulate the expression of ZO-1, claudin and occludin in cultured epithelial cells (Grumbach et al., 2009), suggesting that they could have a protective role in the maintenance of the tight-junction barrier at the reticular lamina of the organ of Corti.

Preeminent amongst lipoxins are the positional isomers LXA4 and LXB4 (Pettitt et al., 1991; Rowley et al., 1991; Serhan, 2005; Figure 3). Interestingly, aspirin-mediated acetylation of the COX-2 enzyme led to the generation of 15-epi-LX, known as aspirin-triggered LX (ATL; Serhan, 2005). Thus, part the beneficial effects of aspirin in humans may be associated with the endogenous biosynthesis of ATL mimicking the bioaction of native LX. While adequate stimulation induces the near immediate generation of LX and ATL, they are also rapidly inactivated by dehydrogenation and reduction to form triene-containing compounds (e.g., LXA4 into the biologically inactive compounds 15-oxo-LXA4, 13,14-dihydro-15-oxo-LXA4 and 13,14-dihydro-LXA4) by metabolic enzymes present in leukocytes of the monocyte/macrophage lineage, mainly monocyte/MΦ (Serhan et al., 1993; Maddox and Serhan, 1996; Clish et al., 2000; Romano, 2006). Although ATL are also converted to their biologically inactive 15-oxo-metabolites, the process is slower, suggesting that they possess an extended activity in vivo (Serhan et al., 1995). As a result of the short lives of the endogenous mediators, stable analogs for both LX and ATL were developed that can resist metabolism, maintaining their structural integrity (Chiang et al., 2005). Studies in animal models suggest that LX analogs could also be useful in humans, providing the rationale for development of innovative anti-inflammatory drugs (Romano, 2005) and “resolution-targeted” therapies (Chiang et al., 2005).

LX are known to bind the G-protein coupled receptor ALX/FRP2 (Chiang et al., 2006). This receptor has been detected on human neutrophils, eosinophils, airway epithelium, monocytes, macrophages, T cells, synovial fibroblasts and intestinal epithelial cells (Fiore et al., 1994; Maddox et al., 1997; Bonnans et al., 2006; Chiang et al., 2006; Barnig et al., 2013). Importantly, these receptors have also been localized in guinea pig cochlear cells (Kalinec et al., 2009). ALX/FRP2 expression is regulated by inflammatory mediators, transcription factors and epigenetic mechanisms, and LXA4 is known to increase ALX/FRP2 expression by activating its promoter in a positive-feedback fashion (Simiele et al., 2012).

–    Resolvins (resolution phase interaction products) are ω-3 essential fatty acids derivatives with powerful multilevel anti-inflammatory and pro-resolving properties (Serhan et al., 1984, 2000a; Pettitt and Rowley, 1991; Arita et al., 2005). They are termed D-series resolvins (RvD) if generated from docosahexaenoic acid (DHA; 22:6ω-3), or E-series resolvins (RvE), if the biosynthesis is initiated from eicosapentaenoic acid (EPA; 20:5ω-3; Serhan et al., 2000a; Serhan and Chiang, 2008; Figure 4). Aspirin is known to oxidize DHA (Kusunoki et al., 1992; Serhan et al., 2004a,b), generating aspirin-triggered D-resolvins (ATR-D; Kusunoki et al., 1992; Serhan et al., 2000b; Serhan and Chiang, 2004). A novel resolvin subfamily, generated from docosapentaenoic acid (DPA; 22:5ω-3) and termed T-series (RvT), has also been recently described (Dalli et al., 2015a).

Resolvins have a key role in the resolution of inflammatory responses, regulating the migration of neutrophils and resolution macrophages to sites of inflammation as well as reducing the levels of pro-inflammatory mediators (Serhan et al., 2015a). RvDs and RvEs also promote phagocytosis of apoptotic neutrophils (Schwab et al., 2007; Krishnamoorthy et al., 2010), reduce activation and aggregation of platelets (Dona et al., 2008), and regulate the function of T and B cells (Ariel et al., 2006; Ramon et al., 2012). The just discovered RvTs, on the other hand, could be crucial in the resolution of inflammation triggered by bacterial infection (Dalli et al., 2015a). In mice, the local application of RvD1 significantly decreases the number of apoptotic cells and macrophages in diabetic wounds, accelerating wound closure and granulation tissue formation (Spite et al., 2014). In animal models of sterile inflammation, RvE1 decreases the expression of the genes encoding TNF-α, IL-1β and VEGF (Jin et al., 2009) as well as IL-12 production (Poorani et al., 2016). RvEs and RvDs are more active than their precursors EPA and DHA, and they are known to induce significant effects even at nanomolar concentrations. They have potent in vivo actions in many important human pathologies, such as obesity and diseases affecting the vascular (Miyahara et al., 2013), airway (Levy and Serhan, 2014), and ocular systems, as well as in reactions involving pain, fibrosis and wound healing (Serhan and Chiang, 2013; Spite et al., 2014).

RvD1 and its aspirin-triggered epimer RvD1 (ATR-D1) bind the ALX/FRP2 receptor, just like LX (Fiore et al., 1994; Chiang et al., 2006; Krishnamoorthy et al., 2012). Interestingly, RvD1 and ATR-D1, as well as RvD3, and RvD5, have also been shown to bind and signal through a specific receptor termed RvD1-R (Sun et al., 2007; Krishnamoorthy et al., 2010, 2012; Chiang et al., 2012; Dalli et al., 2013b). It appears that RvD1 differentially interacts with RvD1-R during periods of homeostasis and with ALX/FRP2 during the resolution phase of inflammation (Krishnamoorthy et al., 2012). In turn, RvD2 and RvE have specific receptors termed, respectively, RvD2-R (Chiang et al., 2015) and RvE-R (Arita et al., 2005; Campbell et al., 2007; Parolini et al., 2007; Cash et al., 2008; Du and Leung, 2009; Barnig et al., 2013).

–    Protectins also derive from DHA (Hong et al., 2003; Serhan et al., 2006; Figure 5). Protectins, like resolvins, control the magnitude and duration of inflammation in animal models (Schwab et al., 2007; Serhan and Petasis, 2011), fight bacterial and viral infections (Chiang et al., 2012), and can increase animal survival (Serhan and Chiang, 2013).

Two members of the family have been described, protectin-D1 and protectin-D2 (Dalli et al., 2013a). PD1, originally identified in neural tissues (murine brain cells and human microglial cells), is also known as neuroprotectin (Kohli and Levy, 2009). The identity of the protectin receptor/s is not yet known, although it has been proposed that, in humans, they bind to high affinity sites in the plasma membrane of neutrophils (Marcheselli et al., 2010). Interestingly protectins have been shown to regulate the expression of the Peroxisome Proliferator-Activated Receptor-γ (PPAR-γ; White et al., 2015), a member of a nuclear hormone receptor superfamily that, acting as transcription factors, regulate inflammation, immune responses and metabolic processes that influence lipid metabolism, glucose homeostasis, cell differentiation, obesity and cancer (Chinetti et al., 2003; Moraes et al., 2006).

–    Maresins (macrophage mediators in resolving inflammation) are anti-inflammatory and pro-resolving lipid mediators generated by macrophages from DHA (Serhan et al., 2009; Figure 6). To date, three members of the family have been described, MaR1, MaR2 and MaR3 (Dalli et al., 2013a), which display potent anti-inflammatory and pro-resolving actions even at the nanogram range (Poorani et al., 2016). Maresins are known to stimulate phagocytosis of polymorphonuclear (PMN) by macrophages (Serhan et al., 2015b), increase the number of regulatory T cells and decrease the production of interleukins 5 and 13 (IL-5, IL-13; Krishnamoorthy et al., 2015), as well as inhibit the production of leukotriene B4 (LTB4; Serhan et al., 2015b), contributing to the completion of the resolution phase of inflammatory responses.

The identity of the receptor/s through which maresins signal is still unknown.

NOTE: Several sulfido-conjugates of maresins, protectins and D-resolvins are also biologically active (Dalli et al., 2014, 2015b). These sulfido-conjugates are usually produced from DHA by activated phagocytes, and they are very effective in stimulating inflammatory resolution and tissue regeneration (Duvall and Levy, 2016).

–    Annexin A1 (ANXA1) is a powerful anti-inflammatory and pro-resolving protein. ANXA1 synthesis and release is regulated by glucocorticoids (Sugimoto et al., 2016b), and it is considered a pivotal homeostatic mediator (Perretti and Dalli, 2009), and an important modulator of both the innate and adaptive immune systems (D’Acquisto et al., 2008; Perretti and D’Acquisto, 2009). Experimental evidence suggests that ANXA1, in addition to decreasing pro-inflammatory cytokines while increasing the production of immunosuppressive and pro-resolving molecules, is able to induce macrophage reprogramming toward a resolving phenotype, and even converting somatic cells into non-professional macrophages (Sugimoto et al., 2016a; Figure 7). Several studies indicate that the anti-inflammatory and pro-resolution activity of ANXA1 is associated with its N-terminus. Importantly, short synthetic peptides from this domain retain the receptor binding specificity of the full protein and have most of their effects, but they are more resistant to inactivation (Perretti and D’Acquisto, 2009).

Since many of the cellular and molecular processes associated with the anti-inflammatory properties of glucocorticoids are, actually, modulated by ANXA1, pharmacologic interventions based on ANXA1 could be equally effective as steroids without their negative side effects. The association of ANXA1 with lipid droplets in auditory Hensen cells from guinea pigs, as well as its potential role in the resolution of cochlear inflammation, have been discussed in a recent review (Urrutia and Kalinec, 2015).

ANXA1, as well as short synthetic peptides from its N-terminal domain, specifically bind to ALX/FPR2, the same receptor that binds LXA4 and resolvins D1/E1(Perretti and D’Acquisto, 2009). Thus, the ALX/FPR2 receptor is shared by a variety of peptide/protein and lipid ligands, mediating many functions of relevance for inflammation (Anong et al., 2009). The promiscuity of ALX/FPR2 seems to be linked to a network of both pro-inflammatory and pro-resolving signaling pathways (Le et al., 2007; Brancaleone et al., 2011). It was demonstrated that distinct ALX/FPR2 domains are required for signaling by different agonists; for instance, while ANXA1-mediated signaling involves the N-terminal region and extracellular loop II of ALX/FPR2, LXA4 activates ALX/FPR2 by interacting with the extracellular loop III and its associated transmembrane domain (Bena et al., 2012).

–    Galectins, a family of glycan-binding proteins, are currently considered key players in several programs that control maturation, activation, differentiation, polarization, trafficking, cytokine synthesis and viability of immune cell populations (Rabinovich and Toscano, 2009; Mendez-Huergo et al., 2014; Rabinovich and Conejo-García, 2016). By crosslinking specific glycoconjugates, different members of the galectin family (15 members identified to date) behave as either pro-inflammatory or anti-inflammatory agents, regulating the initiation, amplification and resolution of acute and chronic inflammatory responses (Rabinovich et al., 2002; Rubinstein et al., 2004). Several studies identified Gal-1, Gal-3 and Gal-9 as direct players in the modulation of acute and chronic inflammatory diseases, autoimmunity and cancer, and are increasingly used as targets for drug discovery (Norling et al., 2009). Gal-1 has been associated with a range of anti-inflammatory effects on various cells types (Rabinovich et al., 2000; Dias-Baruffi et al., 2003; La et al., 2003). Gal-3, in turn, is widely pro-inflammatory, and it appears to be involved in the transition to chronic inflammation (Henderson and Sethi, 2009). Gal-3 is known to enhance the phagocytic capabilities of neutrophils, a fact that may in part account for its protective role in infections (Farnworth et al., 2008). Finally, the ability of Gal-9 to induce T-cell apoptosis makes it a potent anti-inflammatory protein (Tsuchiyama et al., 2000; Zhu et al., 2005; Katoh et al., 2007), with several pro-resolution properties including the increase of leukocyte apoptosis and phagocytic clearance (Iqbal et al., 2011).

After being secreted galectins bind to glycoprotein targets, forming galectin–glycan complexes that regulate the organization of glycosylated receptors as well as their internalization and signaling (Rabinovich and Croci, 2012; Thiemann and Baum, 2016). Thus, they are able to stimulate different signaling cascades associated with inflammation (Norling et al., 2009; Rabinovich and Toscano, 2009; Blidner et al., 2015) and regulate the activity of immune cells by controlling the function of relevant glycosylated receptors.

–    Adenosine is a ubiquitous metabolite of ATP generated as a result of cellular injury or stress, and is released from cells via specific transporters or during apoptosis or necrosis (Haskó and Cronstein, 2013). Adenosine is an important immunosuppressive and tissue-healing factor, and its production and extracellular concentrations are significantly increased in inflammation (see Aherne et al., 2011 and references therein). In the auditory system adenosine has been associated with protective mechanisms against noise- and drug-related hearing loss (for a review, see Vlajkovic et al., 2009). In mice, adenosine release is known to be induced by aspirin (Cronstein et al., 1999), and it is possible that adenosine could be the real effector of some of the pro-resolution properties of aspirin.

Adenosine interacts with purinergic receptors type 1 (P1) on the plasma membrane of inflammatory and immune cells (Bours et al., 2006), regulating their function and limiting inflammatory tissue destruction (Haskó and Cronstein, 2004). Adenosine-activated P1 receptors are further divided into A1, A2 and A3 subtypes, with A1 and A3 inhibiting and A2 stimulating adenyl cyclase after being activated by adenosine; in addition, the A2 subtype is subdivided into A2A (high-affinity) and A2B (low-affinity) adenosine receptors (Ralevic and Burnstock, 1998). Since the particular effects of adenosine depend on which receptor is activated, the physiological effects of adenosine will depend on the relative expression of their receptors in a particular cell, tissue, or organ (Ralevic and Burnstock, 1998). In mammalian cochleae, adenosine receptors A1 and A2A are abundantly expressed in inner hair cells (IHCs), Deiters cells and spiral ganglion neurons, whereas A3 is localized in IHCs and outer hair cells (OHCs), as well as in Deiters, pillar, Hensen, Claudius, spiral ganglion, inner and outer sulcus cells (Vlajkovic et al., 2009).

–    NO, H2S and CO, nitric oxide, hydrogen sulfide and carbon monoxide, respectively, are gaseous substances that can act as signaling molecules (Wallace et al., 2015). NO has the ability to regulate apoptosis of inflammatory cells, with lower concentrations of NO usually being cytoprotective, while supra-physiological concentrations trigger cell death (Kim et al., 1999; Brüne, 2005). These pro- and anti-apoptotic properties are cell-specific, and depend largely on the NO isoforms involved (Taylor et al., 2003). In inflammatory cells, low concentrations of endothelial and neuronal isoforms of NO synthase (eNOS and nNOS) have a protective effect, whereas higher concentrations from the inducible isoform (iNOS) are more likely to induce apoptosis (Nicotera et al., 1997). Since the resolution of inflammatory processes requires death and clearance of inflammatory cells, NO-mediated regulation of apoptosis may be critical for ensuring the return to homeostasis.

H2S exerts potent inhibitory effects on a wide range of leukocyte functions (Zanardo et al., 2006; Pálinkás et al., 2015). Importantly, H2S is an avid scavenger of other cytotoxic substances, including peroxynitrite (Whiteman et al., 2004), superoxide anion (Muzaffar et al., 2008), hypochlorous acid (Whiteman et al., 2005) and hydrogen peroxide (Whiteman et al., 2010), all of them important for oxidative stress. In addition, ANXA1 mediates some of the anti-inflammatory actions of H2S (Brancaleone et al., 2014), and there is strong evidence that H2S helps to restore tissue function by up-regulating enzymes that drive tissue repair and preserve mitochondrial function (Goubern et al., 2007; Lagoutte et al., 2010; Mimoun et al., 2012).

CO is produced via the inducible isoform of the enzyme heme oxygenase (HO-1), which is a sensor of cellular stress, and it has been shown that the CO it generates may limit tissue injury (Motterlini and Foresti, 2014). Like NO and H2S, CO has anti-apoptotic, anti-inflammatory and anti-proliferative effects, and these functions seem to be associated, at least in part, with their influence on oxidative stress, redox signaling and cellular respiration (Motterlini and Foresti, 2014). In the clinic, in addition to the oral administration of CO-releasing molecules (“CO-RMs” or “CORMs”), it is relatively common to use CO as an inhaled gas (Wallace et al., 2015). It has been reported that inhaled CO reduces neutrophil infiltration and stimulates the activity of HO-1 and phagocytosis by resolution macrophages (Chiang et al., 2013). Importantly, inhaled CO also increases the production of RvD1 and Mar1 while decreasing LTB4 (Chiang et al., 2013).

The gaseous mediators NO, H2S and CO, in contrast to other signaling molecules, do not have specific receptors. Their effects result from direct interaction with a great number of different proteins and genes (Wallace et al., 2015).

–    Neuromodulators, like acetylcholine and netrin-1, control immune function and anti-inflammatory responses via a vagus nerve-mediated reflex (Pavlov and Tracey, 2012). Acetylcholine receptors, including α7nAChR, act as molecular targets for the vagus-mediated signals, and several α7nAChR agonists have shown anti-inflammatory properties in human volunteers (Kitagawa et al., 2003). The local expression of netrin-1, an axonal guidance molecule known to stimulate the production of resolvins, is also regulated by the vagus nerve (Ly et al., 2005; Mirakaj et al., 2010, 2011; Aherne et al., 2012). In addition to promoting the generation of resolvins, Netrin-1 activates resolution by decreasing the recruitment of PMN cells in vitro and in vivo while increasing the recruitment of monocytes and its uptake of apoptotic PMNs (Mirakaj et al., 2014). Interestingly, netrin-1 was localized in the early postnatal rat and mouse cochlea, and it has been suggested that it could have an important role in promoting the growth of spiral ganglion cells’ neurites as well as guiding their axons (Gillespie et al., 2005; Lee and Warchol, 2008). Moreover, it has been shown that insulin-like growth factor 1 (IGF-1) up-regulates the expression of netrin-1 in the neonatal mouse inner ear (Hayashi et al., 2014), and recent results suggest that netrin-1 could be a key mediator of the protective role of IGF-1 against the ototoxic effects of aminoglycosides (Yamahara et al., 2017).

–    Aspirin as a pro-resolution mediator

Aspirin is a potent inhibitor of cyclo-oxygenases (COX) and lipoxygenases (LOX), interfering with the synthesis of pro-inflammatory mediators (Forge and Schacht, 2000; Gilroy, 2005b). However, unlike many other anti-inflammatory agents considered resolution-toxic because they delay complete resolution (Gilroy et al., 1999; Schwab et al., 2007), aspirin promotes resolution mechanisms (Gilroy and Perretti, 2005; Serhan, 2007). At high doses (~1 g), aspirin is anti-inflammatory, but it is pro-resolution at lower doses (~81 mg) because of the synthesis of the pro-resolution mediator ATLA4 and up-regulation of its receptor ALX/FRP2. Since ATLA4 inhibits the pro-thrombotic eicosanoid thromboxane, a low dose aspirin is commonly used for the prevention of vascular diseases (Morris et al., 2009).

In addition to these effects, and as already mentioned, aspirin-acetylated COX-2 is the origin of ATL and ATR (Serhan, 2005). Thus, it is argued that the most important mechanism of action of aspirin is the induction of pro-resolution mediators (Gilroy and Perretti, 2005; Gilroy, 2005a,b). Importantly, aspirin may acetylate COX-2 in one cell type and ATL and ATR be generated in a different one in a process known as transcellular metabolism (Serhan et al., 2000a; Gilroy et al., 2004; Gonzalez-Períz and Claria, 2007). For example, 15-hydroxyeicosatetraenoic acid (15-HETE), generated by aspirin acetylation of COX-2 in endothelial cells, may be released and then metabolized to ATL by inflammatory cells. These relatively unrecognized pathways and compounds may represent new ways to develop novel “resolution-targeted” therapeutics (Chiang et al., 2005).

There is no receptor for aspirin, but it is known to stimulate a variety of receptor-mediated signaling pathways, for example, by the production of ATL and ATR (Gilroy, 2005b). The main receptor for ATL and ATR-D1 is ALX/FRP2, the same molecule that binds LX, ANXA1 and RvD1/E1 (Fiore et al., 1994; Chiang et al., 2006; Krishnamoorthy et al., 2012). Moreover, ATR-D1 also activates RvD1-R, the specific receptor known to bind RvD1, RvD3 and RvD5 (Sun et al., 2007; Krishnamoorthy et al., 2010, 2012; Chiang et al., 2012; Dalli et al., 2013b). Thus, indirectly through the activation of the signaling pathways mediated by these receptors (as well as others mechanisms such as the release of adenosine), aspirin has a unique ability to induce a variety of pro-resolution effects.

There is considerable interest in elucidating whether aspirin also favors resolution in humans (Morris et al., 2009, 2010). It is already known that, in humans, low-dose aspirin triggers ATL production just like in animal models (Chiang et al., 2004). Thus, the combination of aspirin with ω-3 essential fatty acids might have a beneficial impact on diseases associated with inflammation in many organs, including the cochlea. Moreover, it has been suggested that aspirin could slow down the progression of age-related hearing loss (ARHL; Lowthian et al., 2016).
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FIGURE 3. Scheme showing the formation of lipoxins and aspirin-triggered lipoxins from arachidonic acid. The 2-D structures were obtained from the PubChem Substance and Compound database with the following chemical structure identifiers (CID): 444899 (AA), 5280914 (LXA4), 5280915 (LXB4), 9841438 (ATLXA4), 9928453 (ATLXB4; National Center for Biotechnology Information, 2017).
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FIGURE 4. Scheme showing the biosynthesis of D-resolvins and E-resolvins from docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), respectively. The 2-D structures were obtained from the PubChem Substance and Compound database with the following CID: 52921992 (17HpDHA), 16061135 (RvD1), 11383310 (RvD2), 53477497 (RvD3), 53477505 (RvD4), 16061139 (RvD5), 25073193 (RvD6), 446284 (18HpETE), 91820117 (RvE1), 16061125 (RvE2), 56848721 (RvE3; National Center for Biotechnology Information, 2017).
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FIGURE 5. Scheme showing a simplified biosynthetic pathway for protectin 1 and protectin 2 from DHA. The 2-D structures were obtained from the PubChem Substance and Compound database with the following CID: 16061141 (16,17-epoxide-protectin), 16042541 (PRD1), 16061147 (PRD2; National Center for Biotechnology Information, 2017).
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FIGURE 6. Scheme showing a simplified biosynthetic pathway for maresins. Macrophages convert DHA to the 13S-14S-epoxy-maresin intermediate, and from there MaR1, Mar2 and MaR3 are generated via soluble hydrolases. The 2-D structures were obtained from the PubChem Substance and Compound database with the following CID: 53477498 (14S-HpDHA), 60201795 (MaR1), 101894912 (MaR2), 52921996 (MaR3; National Center for Biotechnology Information, 2017).
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FIGURE 7. Anti-inflammatory and pro-resolving effects of annexin A1 (ANXA1). Pharmacological administration of ANXA1 or its mimetic N-terminal peptides results in decreased migration and adhesion of leukocytes to the endothelium and inhibition of their passage through the walls of the blood vessels (diapedesis). In addition, ANXA1 is able to induce apoptosis, and clearance of apoptotic leukocytes by macrophages. Furthermore, ANXA1 promotes the reprogramming of macrophages toward a pro-resolving phenotype, and even the generation of non-professional phagocytic cells. Modified from Sugimoto et al. (2016b).



Resolution of Inflammation in the Mammalian Cochlea—General Concepts

For many years, the cochlea was considered an “immune-privileged” organ because of the presence of a tight junction-based blood-labyrinth barrier (BLB; Harris, 1983, 1984; McCabe, 1989). A number of more recent studies, however, showed that resident macrophages are always present in the cochlear lateral wall as well as in the spiral limbus and the scala tympani (ST) side of the basilar membrane (Frye et al., 2017), and they are activated by various types of insults, including noise exposure, ischemia, mitochondrial damage and surgical stress (Hirose et al., 2005; Zhang W. et al., 2012; Fujioka et al., 2014; Figure 8). Moreover, experimental data suggests that BLB permeability is regulated by inflammatory cytokines released by macrophages in the spiral ligament and macrophage-like melanocytes in the stria vascularis (Zhang W. et al., 2012; Fujioka et al., 2014), and that inflammation would increase BLB permeability to some ototoxic drugs (Koo et al., 2015).
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FIGURE 8. Diagram of a section of the cochlea. Note the three cochlear ducts, the scala vestibule (SV), the scala media (SM) and the scala tympani (ST). The auditory organ, the organ of Corti, sits at the SM. At the onset of inflammation, leukocytes and resident macrophages in the lateral wall and the spiral limbus migrate to the SV and the ST but, except in cases of extreme cochlear damage, they do not penetrate into the SM. Modified from Urrutia and Kalinec (2015).



The association of inflammation with ototoxicity was originally based on evidence that glucocorticoids protected against sensorineural hearing loss (Kanzaki and Ouchi, 1981). Later studies demonstrated that the cochlea can mount inflammatory responses not only in response to pathogens but also to toxic insults mediated by drugs, noise or immune challenges (sterile inflammation; Rock et al., 2010). For example, several ototoxic drugs are known to induce cell apoptosis and inflammation in the cochlea both directly or through the generation of reactive oxygen species (ROS; Kaur et al., 2011; Oh et al., 2011). Noise trauma also induces an inflammatory response in the inner ear (Fujioka et al., 2006), and studies in mice suggest that chronic environmental noise exposure could induce cochlear damage and hearing loss via inflammatory processes (Tan et al., 2016). Moreover, it has been suggested that low-grade inflammation may be also linked to some of the auditory problems usually associated with aging (Lowthian et al., 2016), otitis media, meningitis and autoimmune inner ear disease (Gloddek et al., 1999; Trinidad et al., 2005; Caye-Thomasen et al., 2009). Furthermore, cochlear inflammation is a common result of cochlear surgery and the insertion of cochlear implants (Backhouse et al., 2008; Okano et al., 2008).

Akin to pathogen-induced inflammation, the resolution phase in sterile inflammation is also initiated by apoptosis and clearance of damaged cells (Medzhitov, 2008). The similar response is due to the fact that pathogens and the byproducts of cellular damage, known as damage-associated molecular patterns (DAMPs), stimulate the same pattern recognition receptors (PRRs; Kono and Rock, 2008; Zitvogel et al., 2010). Early inflammation caused by DAMP-PRR signaling is considered an evolutionarily preserved mechanism for controlling the spread of pathogens or necrotic tissue (Wood and Zuo, 2017). Interestingly, until recently the accepted paradigm was that apoptosis, the physiological form of cell death, occurred without DAMPs; necrosis, in contrast, was thought to lead to the generation of DAMPs, followed by activation of inflammatory and immune pathways (Kono and Rock, 2008). However, the idea that accidental necrosis would always elicit inflammation and immune responses, and that apoptosis would be anti-inflammatory, is a misconception. In some cases apoptotic cells trigger immune responses (Green et al., 2009), whereas cell necrosis can be executed in a regulated and safe manner (Garg et al., 2010).

Thus, in the cochlea, PRR activation rapidly leads to the activation of resident macrophages, the release of pro-inflammatory cytokines, and ROS production, causing apoptosis of damaged cells and infiltration of immune cells into the scala vestibule (SV) and the ST. The nature of the immune cells infiltrating the cochlea has been discussed in a recent review (Wood and Zuo, 2017), and will not be addressed here. The infiltrating cells transform into activated macrophages and express pro-inflammatory proteins (Yang et al., 2015). Whereas leukocytes are essential elements of the immune system, providing the first line of defense against invading pathogens, they require appropriate regulation to avoid tissue damage (Hallett et al., 2008; Headland and Norling, 2015). This is particularly important in the cochlea, where migrant leukocytes may disrupt the tight junction barrier at the reticular lamina in the organ of Corti. Without tight-junctions, the endolymph of the scala media (SM) would mix with the perilymph of the ST, eliminating the differences in electrical potential between these two chambers, shutting off the cochlear amplification mechanism and inducing apoptosis of outer hair cells (Kalinec et al., 2009). Consistent with this idea, leukocytes and macrophages are never found in the SM except in cases of extreme, irreversible cochlear damage (Hirose and Liberman, 2003; Hirose et al., 2005; Tornabene et al., 2006). Therefore, inflammatory responses in the cochlea must also be aimed at suppressing leukocyte migration and activation as well as promoting the clearance of apoptotic cells in the organ of Corti by non-professional phagocytes.

To the best of our knowledge, there is only one work exploring the presence of resolution mediators and receptors in the cochlea (Kalinec et al., 2009). Looking at the inner ear of guinea pigs, ANXA1 was localized in several cell populations lining the SM, particularly in Hensen cells of the organ of Corti (Kalinec et al., 2009). The majority of ANXA1 within cochlear Hensen cells was found stored inside lipid droplets, and experimental evidence suggests that it is released to the external milieu by a glucocorticoid-activated mechanism (Kalinec et al., 2009). ALX/FPR2, the receptor for ANXA1, LX A4/B4, RvD1/E1 as well as ATL and ATR, was also found expressed in the SM and cells lining the ST and the SV of the guinea pig cochlea, being particularly abundant in sensory IHCs and OHCs, Deiters and Pillar cells (Kalinec et al., 2009). It was speculated that ANXA1 released by Hensen cells could target these receptors to induce pro-resolution effects. Importantly, although low concentrations of LXA4 were detected, no evidence was found of glucocorticoid-induced release of LXA4 from any organ of Corti cells (Kalinec et al., 2009).

The absence of professional phagocytic cells during inflammatory responses in the SM and the organ of Corti supports the idea that supporting cells, working as non-professional phagocytes, would be responsible for clearing apoptotic hair cells (Abrashkin et al., 2006). However, the signals that mediate the clearance of dead organ of Corti cells are still unknown. Interestingly, ANXA1 has been implicated in promoting phagocytosis in two ways: by acting as an “eat me” signal on apoptotic cells (Arur et al., 2003) and as a receptor on the surface of professional and non-professional phagocytic cells to recognize exposed phosphatidylserine (PS) on cells undergoing apoptosis (Fan et al., 2004). It has been suggested that ANXA1 molecules might act as bridging proteins, linking apoptotic cells to neighbor cells, promoting the transformation of these adjacent cells into non-professional phagocytes, and then inducing the phagocytosis of the apoptotic cells (Fan et al., 2004). Thus, the massive release of ANXA1 from Hensen cells induced by glucocorticoids could be important for both stopping leukocyte migration into the SM and for facilitating the clearance of apoptotic hair cells by inducing the transformation of supporting cells in the organ of Corti to non-professional macrophages (Kalinec et al., 2009).

Resolution of Inflammation and Drug-Related Hearing Loss

Drug ototoxicity, defined as a temporary or permanent inner ear dysfunction after drug exposure, is one of the most preventable causes of deafness (Yorgason et al., 2011). While several classes of drugs are ototoxic, platinum-based chemotherapy agents (e.g., cisplatin) and aminoglycoside antibiotics (e.g., gentamicin, streptomycin) are known to induce irreversible hearing loss; others like macrolide antibiotics, antimalarial medications, loop diuretics and some NSAIDs are known to cause reversible inner ear toxicity (Yorgason et al., 2006). Although their ototoxicity is well known, these drugs are frequently used in the clinic because in many cases their benefits outweigh their negative side effects.

Here, we will only review cisplatin and aminoglycoside antibiotics since, as central components of many pharmacotherapies, they are arguably the most clinically relevant ototoxic drugs.

Cisplatin

Cisplatin is a potent chemotherapeutic agent used in the treatment of a variety of cancers. Its administration, however, is commonly associated with severe nephrotoxicity, peripheral neuropathy and ototoxicity (Coradini et al., 2007). The association of inflammation with cisplatin treatment has been suggested mostly by the beneficial effect of glucocorticoids on cisplatin ototoxicity (Murphy and Daniel, 2011; Parham, 2011), and the reduction of cisplatin nephrotoxicity by the pro-resolution mediators aspirin and adenosine (Okusa, 2002; Ramesh and Reeves, 2004).

In the inner ear the toxic effects of cisplatin are characterized by progressive, bilateral and irreversible hearing loss, preferentially affecting high frequencies and characterized essentially by damage to the cochlea (Nakai et al., 1982). The primary site of cochlear toxicity is the OHC, but IHCs, spiral ganglion neurons and stria vascularis cells are also affected. At the cellular level, cisplatin induces a complex network of events, including generation of ROS and activation of inflammatory cytokines and stress signaling pathways (Boulikas and Vougiouka, 2003; Rybak et al., 2007). These events eventually lead to cell death, mostly via induction of apoptosis (Boulikas and Vougiouka, 2003).

Currently, oxidative stress –not inflammation—is considered the major cause of cisplatin-induced hearing loss. However, the use of anti-oxidants as a single clinical strategy for cisplatin-induced hearing loss is risky and many times ineffective, most likely because of the multiple physiological roles of ROS (discussed below, see “Anti-Oxidants” Section). On the other hand, cisplatin is able to induce endoplasmic reticulum stress in association with the unfolded-protein response (UPR; Mandic et al., 2003; Liu and Baliga, 2005; Yu et al., 2008), and UPR-triggered inflammation is now thought to be fundamental in the pathogenesis of several diseases (Zhang and Kaufman, 2008). Cisplatin is also known to induce apoptosis in proliferating cells by damaging the DNA through the formation of adducts (between different strands) and cross-links (in the same strand). However, DNA damage could be less critical in cochlear hair cells, since they do not proliferate.

Using a proteomic approach in HeLa cells, it was demonstrated that cisplatin is able to change the expression of nuclear proteins as well as to induce alternative splicing (Wu et al., 2010; Zhang G. et al., 2012). Importantly, one of the proteins identified as changing its expression pattern was the pro-resolution mediator ANXA1, which was found to significantly increase its expression after cisplatin exposure. Moreover, it was shown that ANXA1 knockdown significantly increased cisplatin-induced DNA damage (Zhang G. et al., 2012), a response consistent with the up-regulation of ANXA1 in the cisplatin-resistant cell line CNE2-CDDP (Chow et al., 2009). These results suggest that ANXA1-based pharmacological strategies could protect against cisplatin-induced cell damage.

Aminoglycoside Antibiotics

Aminoglycosides are one of the most frequently employed antibiotics in the clinic. In addition to their potent bactericidal activities, aminoglycosides possess less bacterial resistance, more post-antibiotic effects and, perhaps most important, they are inexpensive. However, they have serious side effects, including nephrotoxicity and irreversible hearing loss (Forge and Schacht, 2000). Although these drugs are most frequently used in Third-World countries, where they usually are the only economically affordable antibiotics, their toxicity is also a problem in industrialized countries where they are not only used by the poorer segments of the society, but also in the treatment of cystic fibrosis (Prayle et al., 2016), in renal dialysis (Sowinski et al., 2008), and in emergencies. The World Health Organization recommends the use of aminoglycosides as part of the treatment against multidrug resistant tuberculosis (WHO, 2005).

It is generally accepted that, in vivo, aminoglycosides predominantly cross the BLB into the stria vascularis and, from there via marginal cells, into the endolymph (Li and Steyger, 2011). Once in the endolymph, these drugs would rapidly enter cochlear hair cells via mechanoelectrical transduction channels located on the stereocilia hair bundle, at their apical pole, and induce hair cell death (Marcotti et al., 2005; Alharazneh et al., 2011; Li and Steyger, 2011). Importantly, recent results suggest that inflammation boosts BLB permeability to aminoglycoside antibiotics, increasing the probability of drug-induced hearing loss (Koo et al., 2015). A number of studies in animal models, supported by studies in vitro, have established that ROS participate in the etiology of aminoglycoside-induced hearing loss (Forge and Schacht, 2000). From a clinical perspective, the more appealing result in support of this idea is the significant attenuation of gentamicin ototoxicity in humans by concurrent administration of aspirin detected in prospective, randomized, double-blind trials (Chen et al., 2007; Behnoud et al., 2009).

Another agent with recognized protective effects against aminoglycosides ototoxicity is the IGF1, a protein known to control cell proliferation, differentiation and apoptosis in various tissues and organs (Varela-Nieto et al., 2007). IGF1 is able to induce supporting cells in the mammalian organ of Corti to release the pro-resolution mediator netrin-1, which binds to one of its receptors (UNC5B) expressed on sensory hair cells and inhibits aminoglycoside-provoked apoptosis (Yamahara et al., 2017). Importantly, the efficacy of IGF1 in treating idiopathic sudden sensorineural hearing loss in humans has been confirmed in clinical trials (Nakagawa et al., 2010, 2014).

Based on the aforementioned studies, it is apparent that aminoglycoside-induced toxicity involves high oxidative stress and associated pathological signaling mechanisms like modulation of pro- and anti-apoptotic cell responses (Jiang et al., 2005). Thus, agents having strong antioxidant properties may have the ability to halt aminoglycosides’ toxicity. However, as we discuss below, the use of anti-oxidants is a double-edge sword because ROS are important signaling molecules and intermediaries in triggering specific anti-inflammatory responses. The efficacy of aspirin and netrin-1, on the other hand, suggest that pro-resolving therapies could be the answer to prevention and/or amelioration of aminoglycoside ototoxicity.

Resolution of Inflammation and Noise-Related Hearing Loss

Although noise-related hearing loss (NRHL) remains associated with oxidative stress (Haase and Prasad, 2016), strong evidence suggest that inflammation is also a major contributor to this disorder. Several studies have demonstrated inflammatory responses in the cochlea following exposure to traumatic noise involving up-regulation of pro-inflammatory mediators and rapid recruitment of inflammatory cells from the vascular system (Derebery, 1996; Hirose et al., 2005; Fujioka et al., 2006; Tornabene et al., 2006; Tan et al., 2008; Wakabayashi et al., 2010). Within mere hours following acoustic overstimulation, leukocytes from the lateral wall and spiral limbus infiltrate the SV and the ST (Hirose et al., 2005; Sautter et al., 2006; Tornabene et al., 2006; Wakabayashi et al., 2010; Du et al., 2011), the SV side of the Reissner’s membrane (Sautter et al., 2006), and the ST side of the basilar membrane (Tornabene et al., 2006; Yang et al., 2015; Figure 8); importantly, no phagocytic cells are usually found in the SM (Hirose et al., 2005; Sautter et al., 2006; Tornabene et al., 2006; Miyao et al., 2008; Du et al., 2011).

Several inflammation-related genes and proteins have been implicated in the cochlear response to noise (Fujioka et al., 2006; Kirkegaard et al., 2006; Tornabene et al., 2006; Shi and Nuttall, 2007; Yamamoto et al., 2009; Wakabayashi et al., 2010; Gratton et al., 2011; Nakamoto et al., 2012), yet the precise molecular mechanisms and the role of inflammation in the development of cochlear injury remain to be elucidated. One recent study reports an early increased expression and a latter peak of pro-inflammatory mediators in mice exposed to acute traumatic noise (Tan et al., 2016). The first peak was associated by the authors with the recruitment of inflammatory cells into the cochlea, whereas the second was related to reparative processes in response to cochlear damage. Chronic environmental noise exposure has also been linked to inflammatory processes in the cochlea (Tan et al., 2016). Interestingly, it was recently reported that a variable number of OHCs die immediately after exposure, while IHCs initially die in much smaller numbers but their death is spread out over days to months after noise exposure. Sometimes, noise damages supporting cells before sensory hair cells, and they may continue to degenerate for months after noise exposure (Bohne et al., 2017). It has been proposed that this delayed death of auditory cells is associated with inflammatory responses.

Since NRHL is frequently a predictable form of hearing loss, prevention through therapeutic intervention is feasible, and reduction or fast resolution of inflammation has the potential to be effective. The TNF-α inhibitor etanercept has been shown to reduce noise-induced threshold shifts in animals (Wang et al., 2003). Similarly, it was found that an anti-IL-6-receptor antibody protected mice from NRHL (Wakabayashi et al., 2010). The anti-inflammatory and pro-resolution glucocorticoid dexamethasone (DEXA), delivered to the round window membrane, has also been shown to reduce hearing loss in patients after noise exposure (Zhou et al., 2013; Harrop-Jones et al., 2016).

Recent animal experiments have shown that noise exposure can lead to the degeneration of specific subsets of the nerve terminals in the ear without affecting thresholds (Kujawa and Liberman, 2009). This loss in synaptic ribbons, which could be the primary initial event in the degenerative cascade observed after noise, has been termed cochlear synaptopathy (Hickox et al., 2017; Liberman and Kujawa, 2017). Importantly, in addition to noise exposure, cochlear synaptopathy has also been associated with both aging (Sergeyenko et al., 2013; Altschuler et al., 2015; Möhrle et al., 2016) and the administration of ototoxic drugs (Bourien et al., 2014; Li et al., 2016). The confirmation of the presence of synaptopathy in human populations, and its potential association with inflammatory mechanisms, is currently under investigation (Hickox et al., 2017).

Resolution of Inflammation and Age-Related Hearing Loss

Although ARHL (aka presbycusis) is the most common form of hearing loss in adults, their cellular and molecular mechanisms are still poorly understood (Huang and Tang, 2010). ARHL is variably expressed, with large differences in hearing threshold levels and hearing disability between individuals (Davis, 1989). It is currently accepted that this variability is due to a combination of environmental and genetic factors (Uchida et al., 2011), further complicated by association with other forms of age-related morbidity including cardiovascular diseases (Hutchinson et al., 2010; Karpa et al., 2010), and dementia (Lin et al., 2011).

Another key contributor to several age-related diseases, including ARHL, is the state of chronic inflammation in the elderly known as “inflammaging” (Capri et al., 2006; Hunt et al., 2010; Leng et al., 2011; Baylis et al., 2013; Verschuur et al., 2014). Inflammaging is a consequence of immune-senescence, the aging of the immune system (Capri et al., 2006; Hunt et al., 2010). A potential link with inflammaging may be very important for ARHL, providing new approaches to prevent the development of this condition.

As a matter of fact, ARHL severity has already been linked to some factors associated with inflammation and inflammaging (Gates et al., 1993; Gates and Mills, 2005; Frisina et al., 2006; Verschuur et al., 2014). For instance, it has been shown that spiral ganglion cell damage can be caused by changes in the immune system (Iwai et al., 2003, 2008), while vascular and metabolic changes may affect the stria vascularis and, indirectly, cause inflammatory damage (Saitoh et al., 1995; Ohlemiller, 2009; Fetoni et al., 2011). In a clinical trial an association was found between serum immunoglobulin G and hearing loss in individuals over 60 years of age (Lasisi et al., 2011). Thus, there is a high probability that inflammation and inflammaging could play a role in ARHL.

Studies in a mouse model of age-related sensory cell degeneration showed four major findings (Frye et al., 2017). First, it is mature, fully differentiated tissue macrophages that are the major type of macrophage populations responsible for the cochlear immune response in ARHL, and newly infiltrated monocytes are rare. Second, the mature tissue macrophages display a site-dependent change in their morphology and numbers and these changes are related to the dynamic progression of sensory cell degeneration. Third, apical and basal macrophages display different phenotypes under steady state conditions and have different response patterns to sensory cell degeneration. Finally, mature tissue macrophages are a sensitive internal sensor for early sensory cell degeneration. Together, these results suggest that the macrophage-mediated immune response is an integral part of the cochlear response to age-related chronic sensory cell degeneration (Frye et al., 2017), and suggest that pro-resolution therapeutic intervention targeting macrophages could be important for ameliorating ARHL.

Importantly, a 3-year double-blind, randomized controlled trial, aimed at determining whether aspirin slows development or progression of ARHL, is currently being conducted in Australia (Lowthian et al., 2016).

CURRENT AND POTENTIAL NEW CLINICAL STRATEGIES

Glucocorticoids

The glucocorticoid DEXA has been shown to protect auditory hair cells against inflammatory cytokines by activating cell survival pathways (Haake et al., 2009). In addition, DEXA would be able to suppress drug toxicity associated with the production of free radicals by up-regulating antioxidant enzyme activity (Himeno et al., 2002; Paksoy et al., 2011). It was suggested that a single intratympanic injection of a DEXA solution administered immediately prior to cisplatin treatment had an otoprotective effect in rats (Daldal et al., 2007), and repeated intratympanic injections provided significant otoprotection when initially administered at the time of cisplatin treatment (Hill et al., 2008). In the clinic, however, inconsistent responses are commonly observed due to variable and limited exposure with aqueous solutions (Bird et al., 2007, 2011). Since DEXA is cleared rapidly from the middle ear down the Eustachian tube, it was suggested that a better clinical efficacy could be achieved by maintaining therapeutic drug levels for prolonged periods of time (Fernandez et al., 2016). It was recently reported that using a hydrogel containing DEXA (OTO-104) facilitates the presence of DEXA at therapeutic levels in the inner ear compartment for weeks to months in guinea pigs and sheep (Wang et al., 2009; Piu et al., 2011), and that a single intratympanic injection of 6% OTO-104 almost completely protected guinea pigs from cisplatin ototoxicity (Fernandez et al., 2016).

As noted before, DEXA is known to work, at least in part, through the stimulation of synthesis and release of the pro-resolution mediator ANXA1. Thus, pharmacologic strategies based on ANXA1 or its synthetic peptides could be as effective as DEXA without its negative side effects.

Anti-Oxidants

Oxidative stress, a condition characterized by intracellular levels of ROS that impair the work of lipids, proteins and DNA, has been linked to many inner ear pathologies. Therefore, the use of anti-oxidants to diminish ROS levels appears as a no-brainer clinical strategy to protect the auditory function. However, ROS also work as mediators of many important physiological functions in a process termed redox biology (D’Autréaux and Toledano, 2007; Finkel, 2011; Schieber and Chandel, 2014). For example, mammalian cells respond to ROS by activating metabolic pathways that either provide cell stress protection or trigger cell apoptosis as a clearance mechanism for damaged tissues (Chen et al., 2009; Schieber and Chandel, 2014). Thus, ROS have two faces: redox biology, where ROS activate signaling pathways to initiate physiological processes, and oxidative stress where excessive amounts of intracellular ROS may lead to cell damage or death (Finkel, 2011; Schieber and Chandel, 2014). A critical point is that “low”, “right”, or “excessive” levels of ROS are not only cell- and tissue-dependent, but they are also associated with the physiological condition of the whole organism at the time of the pharmacological intervention. For instance, the balance between ROS and antioxidant defenses change during the reproductive process in mammals, with the high ROS levels required for appropriate fertilization, embryonic implantation, embryogenesis and placental development (Al-Gubory et al., 2010; Leghi and Muhlhausler, 2016) decreasing later on to diminish the risk of pregnancy disorders, including first trimester miscarriage (Jenkins et al., 2004), preeclampsia (D’Souza et al., 2016) and intrauterine growth restriction (Scifres and Nelson, 2009), associated with the excessive formation of reactive free radicals. In inflammation, significant evidence suggest that ROS are essential second messengers in innate and adaptive immune cells (West et al., 2011; Kamiński et al., 2013), but high levels of ROS aggravate inflammatory responses, resulting in tissue damage and different pathologies (Mittal et al., 2014). Therefore, while excessive levels of ROS are often directly responsible for cell death, their complete neutralization with antioxidant agents may be counterproductive by preventing the activation of natural cell defense mechanisms (Schieber and Chandel, 2014).

The association of ROS to cell and tissue protection mechanisms, such as optimal pathogen clearance, suggest that antioxidants should not be administered in healthy individuals that have a robust anti-oxidant defense and a healthy immune system. In addition, the timing of antioxidant treatment is crucial. This is certainly the case with patients in the intensive care unit, with multiple clinical trials consistently showing no efficacy or even increasing mortality in patients with critical illness that have been treated with antioxidants (Szakmany et al., 2012). Moreover, since different immune cell’s subsets seems to have differential responses to ROS, it might be beneficial in the amelioration of cisplatin effects to increase a particular subset of T cells or macrophages by either increasing or decreasing ROS levels (Schieber and Chandel, 2014).

Aspirin

As already mentioned aspirin is a unique drug with, among others, anti-inflammatory, pro-resolution and anti-oxidant properties. Importantly, aspirin can work in combination with other drugs inducing a synergic effect. For example, it has been shown that aspirin has the potential to reduce the severity of cisplatin-induced side effects related to hearing and balance, by inducing several anti-inflammatory cytokines (Grilli et al., 1996; Yin et al., 1998). Thus, a combination of cisplatin and aspirin is an attractive strategy for managing solid tumors whilst protecting the auditory system. However, major obstacles in administering free-drug formulations include the definitive exposure to the targets of interest, individual pharmacokinetics and bio-distribution parameters. These factors are extremely difficult to control when drugs are individually administered. Recently, single pro-drugs containing a drug combination that can potentially overcome these challenges have been generated (Pathak et al., 2014). It is expected that a cisplatin + aspirin treatment in the form of a single pro-drug might increase efficiency and reduce ototoxic side effects of chemotherapy. A similar approach could be valid for reducing aminoglycosides ototoxicity, since aspirin is the only drug to date that has showed beneficial effect in clinical trials (Sha et al., 2006; Behnoud et al., 2009).

Adenosine

A role for adenosine in auditory function was suggested by experiments in frogs several decades ago (Bryant et al., 1987). Subsequent studies in chinchilla cochleae provided evidence that administration to rats of R-phenylisopropyladenosine (R-PIA), an agonist of the purinergic adenosine receptor A1AR, increased the activity of antioxidant enzymes and reduced lipid peroxidation (Ford et al., 1997a), while cisplatin exposure significantly increases the expression of adenosine receptors (Ford et al., 1997b). Studies in rats have also shown that RPIA protects cochlear explants from damage induced by cisplatin and noise (Hu et al., 1997; Hight et al., 2003). A potential role for adenosine in cochlear protection has been substantiated by more recent studies. For example, it has been shown that administration of adenosine amine congeners (ADAC) protect against noise-induced hearing loss (Vlajkovic et al., 2010), and elevation of adenosine levels protect against ARHL by inhibition of adenosine kinase (Vlajkovic et al., 2011). Furthermore, experimental results suggest that A1AR ameliorates cisplatin ototoxicity by inhibiting the NOX3/STAT1-mediated inflammatory pathway (Kaur et al., 2016).

Thus, drugs that increase the concentration of endogenous adenosine or directly activate adenosine receptors could play a pivotal role in the protection of the organ of Corti against cisplatin cytotoxicity. Once more, mediators of inflammatory resolution could serve as ideal targets for otoprotective therapies.

CONCLUDING REMARKS

Decades of intensive research have not delivered successful clinical strategies for preventing or ameliorating DRHL, NRHL or ARHL. Currently there is not a single specific, FDA-approved otoprotective agent. In addition, the most common therapeutic approaches, glucocorticoid and antioxidants, produce inconsistent results. Thus, we feel that an alternative research paradigm is absolutely needed to break the stalemate.

The typical research approach has been, and still is, to look for prevention of cell damage induced by the toxic agents under investigation. Although this approach is reasonable and absolutely valid, we want to propose an alternative way: enhance the physiological mechanisms designed for our organism for dealing with toxic agents, looking for an accelerated and improved cell and tissue protection, healing and repair. Specifically, we propose to select the pro-resolution pathways associated with the successful termination of inflammatory responses as a new target for research aimed at preventing or ameliorating DRHL, NRHL and ARHL. We strongly believe that improving the resolution of cochlear inflammatory responses is one way, although most likely not the only one, to overcome the current impasse in this important area of hearing research.

Inflammation is a beneficial host reaction aimed at protecting individuals from infections and tissue injury. Uncontrolled inflammation, however, is now widely recognized as a common factor in many diseases and organ dysfunctions, including DRHL, NRHL and ARHL. Since inflammatory responses are aimed to eliminate invading organisms and repair injured tissues, they are naturally self-limited. Resolution, as the last step in any inflammatory response, is exquisitely regulated, and it is completed only after any potential for continuous tissue damage has been conquered. Thus, improving the resolution phase of inflammatory responses in the inner ear may naturally result in cell protection, tissue healing and repair, therefore contributing to the prevention or amelioration of auditory dysfunctions.

The success of the proposed approach is heavily dependent on the full understanding of resolution biology and the expression and function of pro-resolution mediators and receptors in the mammalian cochlea. Unfortunately, the current number of studies on this topic in the inner ear is clearly insufficient. Therefore, we consider imperative to accelerate the identification of all pro-resolution pathways at work in the cochlea. Next, their specific functions should be explored to understand how to enhance, safely and rapidly, the resolution of inflammatory responses in the inner ear. Of course, we are not proposing to eliminate any of the current research strategies, since it is unlikely that any single approach will be the magic bullet for all non-resolving, chronic inflammatory and autoimmune diseases. Most likely combinatorial pro-resolving therapies also including, perhaps, dietary w-3 and w-6 essential fatty acids and inhibitors of specific pro-inflammatory agents and their receptors, would be necessary to obtain significant effects. Regardless, we are convinced that the elucidation of the mechanisms of pharmacological modulation of the resolution process would be crucial to finding the most effective therapeutic agents for preventing or ameliorating DRHL, NRHL and ARHL.

AUTHOR CONTRIBUTIONS

FK saw the need of a review on this topic. GMK and GL reviewed the literature and organized the information. RAU and FK wrote the manuscript.

FUNDING

This work was supported by the National Institutes of Health (grant DK52913), the Department of Head and Neck Surgery, David Geffen School of Medicine at UCLA and Mayo Foundation funds. The content of this work is solely the responsibility of the authors and does not necessarily represent the official views of these Institutions.

REFERENCES

Abrashkin, K. A., Izumikawa, M., Miyazawa, T., Wang, C. H., Crumling, M. A., Swiderski, D. L., et al. (2006). The fate of outer hair cells after acoustic or ototoxic insults. Hear. Res. 218, 20–29. doi: 10.1016/j.heares.2006.04.001

Aherne, C. M., Collins, C. B., Masterson, J. C., Tizzano, M., Boyle, T. A., Westrich, J. A., et al. (2012). Neuronal guidance molecule netrin-1 attenuates inflammatory cell trafficking during acute experimental colitis. Gut 61, 695–705. doi: 10.1136/gutjnl-2011-300012

Aherne, C. M., Kewley, E. M., and Eltzschig, H. K. (2011). The resurgence of A2B adenosine receptor signaling. Biochim. Biophys. Acta 1808, 1329–1339. doi: 10.1016/j.bbamem.2010.05.016

Alessandri, A. L., Sousa, L. P., Lucas, C. D., Rossi, A. G., Pinho, V., and Teixeira, M. M. (2013). Resolution of inflammation: mechanisms and opportunity for drug development. Pharmacol. Ther. 139, 189–212. doi: 10.1016/j.pharmthera.2013.04.006

Al-Gubory, K. H., Fowler, P. A., and Garrel, C. (2010). The roles of cellular reactive oxygen species, oxidative stress and antioxidants in pregnancy outcomes. Int. J. Biochem. Cell Biol. 42, 1634–1650. doi: 10.1016/j.biocel.2010.06.001

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

Altschuler, R. A., Dolan, D. F., Halsey, K., Kanicki, A., Deng, N., Martin, C., et al. (2015). Age-related changes in auditory nerve-inner hair cell connections, hair cell numbers, auditory brain stem response and gap detection in UM-HET4 mice. Neuroscience 292, 22–33. doi: 10.1016/j.neuroscience.2015.01.068

Anong, W. A., Franco, T., Chu, H., Weis, T. L., Devlin, E. E., Bodine, D. M., et al. (2009). Adducin forms a bridge between the erythrocyte membrane and its cytoskeleton and regulates membrane cohesion. Blood 114, 1904–1912. doi: 10.1182/blood-2009-02-203216

Ariel, A., Fredman, G., Sun, Y. P., Kantarci, A., Van Dyke, T. E., Luster, A. D., et al. (2006). Apoptotic neutrophils and T cells sequester chemokines during immune response resolution through modulation of CCR5 expression. Nat. Immunol. 7, 1209–1216. doi: 10.1038/ni1392

Arita, M., Bianchini, F., Aliberti, J., Sher, A., Chiang, N., Hong, S., et al. (2005). Stereochemical assignment, antiinflammatory properties, and receptor for the omega-3 lipid mediator resolvin E1. J. Exp. Med. 201, 713–722. doi: 10.1084/jem.20042031

Arur, S., Uche, U. E., Rezaul, K., Fong, M., Scranton, V., Cowan, A. E., et al. (2003). Annexin I is an endogenous ligand that mediates apoptotic cell engulfment. Dev. Cell 4, 587–598. doi: 10.1016/s1534-5807(03)00090-x

Backhouse, S., Coleman, B., and Shepherd, R. (2008). Surgical access to the mammalian cochlea for cell-based therapies. Exp. Neurol. 214, 193–200. doi: 10.1016/j.expneurol.2008.08.002

Bandeira-Melo, C., Bozza, P. T., Diaz, B. L., Cordeiro, R. S., Jose, P. J., Martins, M. A., et al. (2000). Cutting edge: lipoxin (LX) A4 and aspirin-triggered 15-epi-LXA4 block allergen-induced eosinophil trafficking. J. Immunol. 164, 2267–2271. doi: 10.4049/jimmunol.164.5.2267

Barnig, C., Cernadas, M., Dutile, S., Liu, X., Perrella, M. A., Kazani, S., et al. (2013). Lipoxin A4 regulates natural killer cell and type 2 innate lymphoid cell activation in asthma. Sci. Transl. Med. 5:174ra126. doi: 10.1126/scitranslmed.3004812

Baylis, D., Bartlett, D. B., Syddall, H. E., Ntani, G., Gale, C. R., Cooper, C., et al. (2013). Immune-endocrine biomarkers as predictors of frailty and mortality: a 10-year longitudinal study in community-dwelling older people. Age Dordr. 35, 963–971. doi: 10.1007/s11357-012-9396-8


Behnoud, F., Davoudpur, K., and Goodarzi, M. T. (2009). Can aspirin protect or at least attenuate gentamicin ototoxicity in humans? Saudi Med. J. 30, 1165–1169.


Bena, S., Brancaleone, V., Wang, J. M., Perretti, M., and Flower, R. J. (2012). Annexin A1 interaction with the FPR2/ALX receptor: identification of distinct domains and downstream associated signaling. J. Biol. Chem. 287, 24690–24697. doi: 10.1074/jbc.M112.377101

Bird, P. A., Begg, E. J., Zhang, M., Keast, A. T., Murray, D. P., and Balkany, T. J. (2007). Intratympanic versus intravenous delivery of methylprednisolone to cochlear perilymph. Otol. Neurotol. 28, 1124–1130. doi: 10.1097/mao.0b013e31815aee21

Bird, P. A., Murray, D. P., Zhang, M., and Begg, E. J. (2011). Intratympanic versus intravenous delivery of dexamethasone and dexamethasone sodium phosphate to cochlear perilymph. Otol. Neurotol. 32, 933–936. doi: 10.1097/MAO.0b013e3182255933

Blidner, A. G., Méndez-Huergo, S. P., Cagnoni, A. J., and Rabinovich, G. A. (2015). Re-wiring regulatory cell networks in immunity by galectin-glycan interactions. FEBS Lett. 589, 3407–3418. doi: 10.1016/j.febslet.2015.08.037

Bohne, B. A., Kimlinger, M., and Harding, G. W. (2017). Time course of organ of Corti degeneration after noise exposure. Hear. Res. 344, 158–169. doi: 10.1016/j.heares.2016.11.009

Bonnans, C., Fukunaga, K., Levy, M. A., and Levy, B. D. (2006). Lipoxin A4 regulates bronchial epithelial cell responses to acid injury. Am. J. Pathol. 168, 1064–1072. doi: 10.2353/ajpath.2006.051056

Bonnans, C., Vachier, I., Chavis, C., Godard, P., Bousquet, J., and Chanez, P. (2002). Lipoxins are potential endogenous antiinflammatory mediators in asthma. Am. J. Respir. Crit. Care Med. 165, 1531–1535. doi: 10.1164/rccm.200201-053oc

Boulikas, T., and Vougiouka, M. (2003). Cisplatin and platinum drugs at the molecular level. (Review). Oncol. Rep. 10, 1663–1682. doi: 10.3892/or.10.6.1663

Bourien, J., Tang, Y., Batrel, C., Huet, A., Lenoir, M., Ladrech, S., et al. (2014). Contribution of auditory nerve fibers to compound action potential of the auditory nerve. J. Neurophysiol. 112, 1025–1039. doi: 10.1152/jn.00738.2013

Bours, M. J., Swennen, E. L., Di Virgilio, F., Cronstein, B. N., and Dagnelie, P. C. (2006). Adenosine 5′-triphosphate and adenosine as endogenous signaling molecules in immunity and inflammation. Pharmacol. Ther. 112, 358–404. doi: 10.1016/j.pharmthera.2005.04.013

Brancaleone, V., Dalli, J., Bena, S., Flower, R. J., Cirino, G., and Perretti, M. (2011). Evidence for an anti-inflammatory loop centered on polymorphonuclear leukocyte formyl peptide receptor 2/lipoxin A4 receptor and operative in the inflamed microvasculature. J. Immunol. 186, 4905–4914. doi: 10.4049/jimmunol.1003145

Brancaleone, V., Mitidieri, E., Flower, R. J., Cirino, G., and Perretti, M. (2014). Annexin A1 mediates hydrogen sulfide properties in the control of inflammation. J. Pharmacol. Exp. Ther. 351, 96–104. doi: 10.1124/jpet.114.217034

Brüne, B. (2005). The intimate relation between nitric oxide and superoxide in apoptosis and cell survival. Antioxid. Redox Signal. 7, 497–507. doi: 10.1089/ars.2005.7.497

Bryant, G. M., Barron, S. E., Norris, C. H., and Guth, P. S. (1987). Adenosine is a modulator of hair cell-afferent neurotransmission. Hear. Res. 30, 231–237. doi: 10.1016/0378-5955(87)90139-0

Campbell, E. L., Louis, N. A., Tomassetti, S. E., Canny, G. O., Arita, M., Serhan, C. N., et al. (2007). Resolvin E1 promotes mucosal surface clearance of neutrophils: a new paradigm for inflammatory resolution. FASEB J. 21, 3162–3170. doi: 10.1096/fj.07-8473com

Capri, M., Monti, D., Salvioli, S., Lescai, F., Pierini, M., Altilia, S., et al. (2006). Complexity of anti-immunosenescence strategies in humans. Artif. Organs 30, 730–742. doi: 10.1111/j.1525-1594.2006.00295.x

Cash, J. L., Hart, R., Russ, A., Dixon, J. P., Colledge, W. H., Doran, J., et al. (2008). Synthetic chemerin-derived peptides suppress inflammation through ChemR23. J. Exp. Med. 205, 767–775. doi: 10.1084/jem.20071601

Caye-Thomasen, P., Worsoe, L., Brandt, C. T., Miyazaki, H., Ostergaard, C., Frimodt-Moller, N., et al. (2009). Routes, dynamics and correlates of cochlear inflammation in terminal and recovering experimental meningitis. Laryngoscope 119, 1560–1570. doi: 10.1002/lary.20260

Chen, Y., Azad, M. B., and Gibson, S. B. (2009). Superoxide is the major reactive oxygen species regulating autophagy. Cell Death Differ. 16, 1040–1052. doi: 10.1038/cdd.2009.49

Chen, Y., Huang, W. G., Zha, D. J., Qiu, J. H., Wang, J. L., Sha, S. H., et al. (2007). Aspirin attenuates gentamicin ototoxicity: from the laboratory to the clinic. Hear. Res. 226, 178–182. doi: 10.1016/j.heares.2006.05.008

Chiang, N., Arita, M., and Serhan, C. N. (2005). Anti-inflammatory circuitry: lipoxin, aspirin-triggered lipoxins and their receptor ALX. Prostaglandins Leukot. Essent. Fatty Acids 73, 163–177. doi: 10.1016/j.plefa.2005.05.003

Chiang, N., Bermudez, E. A., Ridker, P. M., Hurwitz, S., and Serhan, C. N. (2004). Aspirin triggers antiinflammatory 15-epi-lipoxin A4 and inhibits thromboxane in a randomized human trial. Proc. Natl. Acad. Sci. U S A 101, 15178–15183. doi: 10.1073/pnas.0405445101

Chiang, N., Dalli, J., Colas, R. A., and Serhan, C. N. (2015). Identification of resolvin D2 receptor mediating resolution of infections and organ protection. J. Exp. Med. 212, 1203–1217. doi: 10.1084/jem.20150225

Chiang, N., Fredman, G., Bäckhed, F., Oh, S. F., Vickery, T., Schmidt, B. A., et al. (2012). Infection regulates pro-resolving mediators that lower antibiotic requirements. Nature 484, 524–528. doi: 10.1038/nature11042

Chiang, N., Serhan, C. N., Dahlén, S. E., Drazen, J. M., Hay, D. W., Rovati, G. E., et al. (2006). The lipoxin receptor ALX: potent ligand-specific and stereoselective actions in vivo. Pharmacol. Rev. 58, 463–487. doi: 10.1124/pr.58.3.4

Chiang, N., Shinohara, M., Dalli, J., Mirakaj, V., Kibi, M., Choi, A. M., et al. (2013). Inhaled carbon monoxide accelerates resolution of inflammation via unique proresolving mediator-heme oxygenase-1 circuits. J. Immunol. 190, 6378–6388. doi: 10.4049/jimmunol.1202969

Chinetti, G., Fruchart, J. C., and Staels, B. (2003). Peroxisome proliferator-activated receptors and inflammation: from basic science to clinical applications. Int. J. Obes. Relat. Metab. Disord. 27, S41–S45. doi: 10.1038/sj.ijo.0802499

Chow, B. H., Chua, D. T., Sham, J. S., Zhang, M. Y., Chow, L. W., Bi, J., et al. (2009). Increased expression of annexin I is associated with drug-resistance in nasopharyngeal carcinoma and other solid tumors. Proteomics Clin. Appl. 3, 654–662. doi: 10.1002/prca.200800164

Clish, C. B., Levy, B. D., Chiang, N., Tai, H. H., and Serhan, C. N. (2000). Oxidoreductases in lipoxin A4 metabolic inactivation: a novel role for 15-onoprostaglandin 13-reductase/leukotriene B4 12-hydroxydehydrogenase in inflammation. J. Biol. Chem. 275, 25372–25380. doi: 10.1074/jbc.M002863200

Coradini, P. P., Cigana, L., Selistre, S. G., Rosito, L. S., and Brunetto, A. L. (2007). Ototoxicity from cisplatin therapy in childhood cancer. J. Pediatr. Hematol. Oncol. 29, 355–360. doi: 10.1097/mph.0b013e318059c220

Cronstein, B. N., Montesinos, M. C., and Weissmann, G. (1999). Sites of action for future therapy: an adenosine-dependent mechanism by which aspirin retains its antiinflammatory activity in cyclooxygenase-2 and NFκB knockout mice. Osteoarthr. Cartil. 7, 361–363. doi: 10.1053/joca.1998.0236

Csóka, B., Selmeczy, Z., Koscsó, B., Németh, Z. H., Pacher, P., Murray, P. J., et al. (2012). Adenosine promotes alternative macrophage activation via A2A and A2B receptors. FASEB J. 26, 376–386. doi: 10.1096/fj.11-190934

D’Acquisto, F., Perretti, M., and Flower, R. J. (2008). Annexin-A1: a pivotal regulator of the innate and adaptive immune systems. Br. J. Pharmacol. 155, 152–169. doi: 10.1038/bjp.2008.252

Daldal, A., Odabasi, O., and Serbetcioglu, B. (2007). The protective effect of intratympanic dexamethasone on cisplatin-induced ototoxicity in guinea pigs. Otolaryngol. Head Neck Surg. 137, 747–752. doi: 10.1016/j.otohns.2007.05.068

Dalli, J., Chiang, N., and Serhan, C. N. (2014). Identification of 14-series sulfido-conjugated mediators that promote resolution of infection and organ protection. Proc. Natl. Acad. Sci. U S A 111, E4753–E4761. doi: 10.1073/pnas.1415006111

Dalli, J., Chiang, N., and Serhan, C. N. (2015a). Elucidation of novel 13-series resolvins that increase with atorvastatin and clear infections. Nat. Med. 21, 1071–1075. doi: 10.1038/nm.3911

Dalli, J., Ramon, S., Norris, P. C., Colas, R. A., and Serhan, C. N. (2015b). Novel proresolving and tissue-regenerative resolvin and protectin sulfido-conjugated pathways. FASEB J. 29, 2120–2136. doi: 10.1096/fj.14-268441

Dalli, J., Colas, R. A., and Serhan, C. N. (2013a). Novel n-3 immunoresolvents: structures and actions. Sci. Rep. 3:1940. doi: 10.1038/srep06726

Dalli, J., Winkler, J. W., Colas, R. A., Arnardottir, H., Cheng, C. Y., Chiang, N., et al. (2013b). Resolvin D3 and aspirin-triggered resolvin D3 are potent immunoresolvents. Chem. Biol. 20, 188–201. doi: 10.1016/j.chembiol.2012.11.010

D’Autréaux, B., and Toledano, M. B. (2007). ROS as signalling molecules: mechanisms that generate specificity in ROS homeostasis. Nat. Rev. Mol. Cell Biol. 8, 813–824. doi: 10.1038/nrm2256

Davis, A. C. (1989). The prevalence of hearing impairment and reported hearing disability among adults in Great Britain. Int. J. Epidemiol. 18, 911–917. doi: 10.1093/ije/18.4.911

Decker, Y., McBean, G., and Godson, C. (2009). Lipoxin A4 inhibits IL-1β-induced IL-8 and ICAM-1 expression in 1321N1 human astrocytoma cells. Am. J. Physiol. Cell Physiol. 296, C1420–C1427. doi: 10.1152/ajpcell.00380.2008

Derebery, M. J. (1996). Allergic and immunologic aspects of Meniere’s disease. Otolaryngol. Head Neck Surg. 114, 360–365. doi: 10.1016/s0194-5998(96)70204-8

Dias-Baruffi, M., Zhu, H., Cho, M., Karmakar, S., McEver, R. P., and Cummings, R. D. (2003). Dimeric galectin-1 induces surface exposure of phosphatidylserine and phagocytic recognition of leukocytes without inducing apoptosis. J. Biol. Chem. 278, 41282–41293. doi: 10.1074/jbc.M306624200

Dona, M., Fredman, G., Schwab, J. M., Chiang, N., Arita, M., Goodarzi, A., et al. (2008). Resolvin E1, an EPA-derived mediator in whole blood, selectively counterregulates leukocytes and platelets. Blood 112, 848–855. doi: 10.1182/blood-2007-11-122598

D’Souza, V., Rani, A., Patil, V., Pisal, H., Randhir, K., Mehendale, S., et al. (2016). Increased oxidative stress from early pregnancy in women who develop preeclampsia. Clin. Exp. Hypertens. 38, 225–232. doi: 10.3109/10641963.2015.1081226

Du, X., Choi, C. H., Chen, K., Cheng, W., Floyd, R. A., and Kopke, R. D. (2011). Reduced formation of oxidative stress biomarkers and migration of mononuclear phagocytes in the cochleae of chinchilla after antioxidant treatment in acute acoustic trauma. Int. J. Otolaryngol. 2011:612690. doi: 10.1155/2011/612690

Du, X.-Y., and Leung, L. L. K. (2009). Proteolytic regulatory mechanism of chemerin bioactivity. Acta Biochim. Biophys. Sin. (Shanghai) 41, 973–979. doi: 10.1093/abbs/gmp091

Duffin, R., Leitch, A. E., Fox, S., Haslett, C., and Rossi, A. G. (2010). Targeting granulocyte apoptosis: mechanisms, models and therapies. Immunol. Rev. 236, 28–40. doi: 10.1111/j.1600-065X.2010.00922.x

Duvall, M. G., and Levy, B. D. (2016). DHA- and EPA-derived resolvins, protectins, and maresins in airway inflammation. Eur. J. Pharmacol. 785, 144–155. doi: 10.1016/j.ejphar.2015.11.001

Fan, X., Krahling, S., Smith, D., Williamson, P., and Schlegel, R. A. (2004). Macrophage surface expression of annexins I and II in the phagocytosis of apoptotic lymphocytes. Mol. Biol. Cell 15, 2863–2872. doi: 10.1091/mbc.e03-09-0670

Farnworth, S. L., Henderson, N. C., Mackinnon, A. C., Atkinson, K. M., Wilkinson, T., Dhaliwal, K., et al. (2008). Galectin-3 reduces the severity of pneumococcal pneumonia by augmenting neutrophil function. Am. J. Pathol. 172, 395–405. doi: 10.2353/ajpath.2008.070870

Fernandez, R., Harrop-Jones, A., Wang, X., Dellamary, L., LeBel, C., and Piu, F. (2016). The sustained-exposure dexamethasone formulation OTO-104 offers effective protection against cisplatin-induced hearing loss. Audiol. Neurootol. 21, 22–29. doi: 10.1159/000441833

Fetoni, A. R., Picciotti, P. M., Paludetti, G., and Troiani, D. (2011). Pathogenesis of presbycusis in animal models: a review. Exp. Gerontol. 46, 413–425. doi: 10.1016/j.exger.2010.12.003

Finkel, T. (2011). Signal transduction by reactive oxygen species. J. Cell Biol. 194, 7–15. doi: 10.1083/jcb.201102095

Fiore, S., Maddox, J. F., Perez, H. D., and Serhan, C. N. (1994). Identification of a human cDNA encoding a functional high affinity lipoxin A4 receptor. J. Exp. Med. 180, 253–260. doi: 10.1084/jem.180.1.253

Ford, M. S., Maggirwar, S. B., Rybak, L. P., Whitworth, C., and Ramkumar, V. (1997a). Expression and function of adenosine receptors in the chinchilla cochlea. Hear. Res. 105, 130–140. doi: 10.1016/s0378-5955(96)00204-3

Ford, M. S., Nie, Z., Whitworth, C., Rybak, L. P., and Ramkumar, V. (1997b). Up-regulation of adenosine receptors in the cochlea by cisplatin. Hear. Res. 111, 143–152. doi: 10.1016/s0378-5955(97)00103-2

Forge, A., and Schacht, J. (2000). Aminoglycoside antibiotics. Audiol. Neurootol. 5, 3–22. doi: 10.1159/000013861

Frisina, S. T., Mapes, F., Kim, S., Frisina, D. R., and Frisina, R. D. (2006). Characterization of hearing loss in aged type II diabetics. Hear. Res. 211, 103–113. doi: 10.1016/j.heares.2005.09.002

Frye, M. D., Yang, W., Zhang, C., Xiong, B., and Hu, B. H. (2017). Dynamic activation of basilar membrane macrophages in response to chronic sensory cell degeneration in aging mouse cochleae. Hear. Res. 344, 125–134. doi: 10.1016/j.heares.2016.11.003

Fujioka, M., Kanzake, S., Okano, H. J., Masuda, M., Ogawa, K., and Okano, H. (2006). Proinflammatory cytokines expression in noise-induced damaged cochlea. J. Neurosci. Res. 83, 575–583. doi: 10.1002/jnr.20764

Fujioka, M., Okano, H., and Ogawa, K. (2014). Inflammatory and immune responses in the cochlea: potential therapeutic targets for sensorineural hearing loss. Front. Pharmacol. 5:287. doi: 10.3389/fphar.2014.00287

Garg, A. D., Nowis, D., Golab, J., Vandenabeele, P., Krysko, D. V., and Agostinis, P. (2010). Immunogenic cell death, DAMPs and anticancer therapeutics: an emerging amalgamation. Biochim. Biophys. Acta 1805, 53–71. doi: 10.1016/j.bbcan.2009.08.003

Gates, G. A., Cobb, J. L., D’Agostino, R. B., and Wolf, P. A. (1993). The relation of hearing in the elderly to the presence of cardiovascular disease and cardiovascular risk factors. Arch. Otolaryngol. Head Neck Surg. 119, 156–161. doi: 10.1001/archotol.1993.01880140038006

Gates, G. A., and Mills, J. H. (2005). Presbycusis. Lancet 366, 1111–1120. doi: 10.1016/S0140-6736(05)67423-5

Gillespie, L. N., Marzella, P. L., Clark, G. M., and Crook, J. M. (2005). Netrin-1 as a guidance molecule in the postnatal rat cochlea. Hear. Res. 199, 117–123. doi: 10.1016/j.heares.2004.07.004

Gilroy, D. W. (2005a). New insights into the anti-inflammatory actions of aspirin-induction of nitric oxide through the generation of epi-lipoxins. Mem. Inst. Oswaldo. Cruz 100, 49–54. doi: 10.1590/s0074-02762005000900009

Gilroy, D. W. (2005b). The role of aspirin-triggered lipoxins in the mechanism of action of aspirin. Prostaglandins Leukot. Essent. Fatty Acids 73, 203–210. doi: 10.1016/j.plefa.2005.05.007

Gilroy, D. W., Colville-Nash, P. R., Willis, D., Chivers, J., Paul-Clark, M. J., and Willoughby, D. A. (1999). Inducible cyclooxygenase may have anti-inflammatory properties. Nat. Med. 5, 698–701. doi: 10.1038/9550

Gilroy, D., and De Maeyer, R. (2015). New insights into the resolution of inflammation. Semin. Immunol. 27, 161–168. doi: 10.1016/j.smim.2015.05.003

Gilroy, D. W., Lawrence, T., Perretti, M., and Rossi, A. G. (2004). Inflammatory resolution: new opportunities for drug discovery. Nat. Rev. Drug Discov. 3, 401–416. doi: 10.1038/nrd1383

Gilroy, D. W., and Perretti, M. (2005). Aspirin and steroids: new mechanistic findings and avenues for drug discovery. Curr. Opin. Pharmacol. 5, 405–411. doi: 10.1016/j.coph.2005.02.006

Gloddek, B., Lassmann, S., Gloddek, J., and Arnold, W. (1999). Role of S-100β as potential autoantigen in an autoimmune disease of the inner ear. J. Neuroimmunol. 101, 39–46. doi: 10.1016/s0165-5728(99)00131-9

Gonzalez-Períz, A., and Claria, J. (2007). New approaches to the modulation of the cyclooxygenase-2 and 5-lipoxygenase pathways. Curr. Top. Med. Chem. 7, 297–309. doi: 10.2174/156802607779941378

Goubern, M., Andriamihaja, M., Nübel, T., Blachier, F., and Bouillaud, F. (2007). Sulfide, the first inorganic substrate for human cells. FASEB J. 21, 1699–1706. doi: 10.1096/fj.06-7407com

Gratton, M. A., Eleftheriadou, A., Garcia, J., Verduzco, E., Martin, G. K., Lonsbury-Martin, B. L., et al. (2011). Noise-induced changes in gene expression in the cochleae of mice differing in their susceptibility to noise damage. Hear. Res. 277, 211–226. doi: 10.1016/j.heares.2010.12.014

Green, D. R., Ferguson, T., Zitvogel, L., and Kroemer, G. (2009). Immunogenic and tolerogenic cell death. Nat. Rev. Immunol. 9, 353–363. doi: 10.1038/nri2545

Grilli, M., Pizzi, M., Memo, M., and Spano, P. (1996). Neuroprotection by aspirin and sodium salicylate through blockade of NF-κB activation. Science 274, 1383–1385. doi: 10.1126/science.274.5291.1383

Grumbach, Y., Quynh, N. V., Chiron, R., and Urbach, V. (2009). LXA4 stimulates ZO-1 expression and transepithelial electrical resistance in human airway epithelial (16HBE14o-) cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 296, L101–L108. doi: 10.1152/ajplung.00018.2008

Haake, S. M., Dinh, C. T., Chen, S., Eshraghi, A. A., and Van De Water, T. R. (2009). Dexamethasone protects auditory hair cells against TNFα-initiated apoptosis via activation of PI3K/Akt and NFκB signaling. Hear. Res. 255, 22–32. doi: 10.1016/j.heares.2009.05.003

Haase, G. M., and Prasad, K. N. (2016). Oxidative damage and inflammation biomarkers: strategy in hearing disorders. Otol. Neurotol. 37, e303–e308. doi: 10.1097/MAO.0000000000001072

Hallett, J. M., Leitch, A. E., Riley, N. A., Duffin, R., Haslett, C., and Rossi, A. G. (2008). Novel pharmacological strategies for driving inflammatory cell apoptosis and enhancing the resolution of inflammation. Trends Pharmacol. Sci. 29, 250–257. doi: 10.1016/j.tips.2008.03.002

Harris, J. P. (1983). Immunology of the inner ear: response of the inner ear to antigen challenge. Otolaryngol. Head Neck Surg. 91, 18–32. doi: 10.1177/019459988309100105

Harris, J. P. (1984). Immunology of the inner ear: evidence of local antibody production. Ann. Otol. Rhinol. Laryngol. 93, 157–162. doi: 10.1177/000348948409300211

Harrop-Jones, A., Wang, X., Fernandez, R., Dellamary, L., Ryan, A. F., LeBel, C., et al. (2016). The sustained-exposure dexamethasone formulation OTO-104 offers effective protection against noise-induced hearing loss. Audiol. Neurootol. 21, 12–21. doi: 10.1159/000441814

Haskó, G., and Cronstein, B. (2013). Regulation of inflammation by adenosine. Front. Immunol. 4:85. doi: 10.3389/fimmu.2013.00085

Haskó, G., and Cronstein, B. N. (2004). Adenosine: an endogenous regulator of innate immunity. Trends Immunol. 25, 33–39. doi: 10.1016/j.it.2003.11.003

Hayashi, Y., Yamamoto, N., Nakagawa, T., and Ito, J. (2014). Insulin-like growth factor 1 induces the transcription of Gap43 and Ntn1 during hair cell protection in the neonatal murine cochlea. Neurosci. Lett. 560, 7–11. doi: 10.1016/j.neulet.2013.11.062

Headland, S. E., and Norling, L. V. (2015). The resolution of inflammation: principles and challenges. Semin. Immunol. 27, 149–160. doi: 10.1016/j.smim.2015.03.014

Henderson, N. C., and Sethi, T. (2009). The regulation of inflammation by galectin-3. Immunol. Rev. 230, 160–171. doi: 10.1111/j.1600-065x.2009.00794.x

Hickox, A. E., Larsen, E., Heinz, M. G., Shinobu, L., and Whitton, J. P. (2017). Translational issues in cochlear synaptopathy. Hear. Res. 349, 164–171. doi: 10.1016/j.heares.2016.12.010

Hight, N. G., McFadden, S. L., Henderson, D., Burkard, R. F., and Nicotera, T. (2003). Noise-induced hearing loss in chinchillas pre-treated with glutathione monoethylester and R-PIA. Hear. Res. 179, 21–32. doi: 10.1016/s0378-5955(03)00067-4

Hill, G. W., Morest, D. K., and Parham, K. (2008). Cisplatin-induced ototoxicity: effect of intratympanic dexamethasone injections. Otol. Neurotol. 29, 1005–1011. doi: 10.1097/MAO.0b013e31818599d5

Himeno, C., Komeda, M., Izumikawa, M., Takemura, K., Yagi, M., Weiping, Y., et al. (2002). Intra-cochlear administration of dexamethasone attenuates aminoglycoside ototoxicity in the guinea pig. Hear. Res. 167, 61–70. doi: 10.1016/s0378-5955(02)00345-3

Hirose, K., Discolo, C. M., Keasler, J. R., and Ransohoff, R. (2005). Mononuclear phagocytes migrate into the murine cochlea after acoustic trauma. J. Comp. Neurol. 489, 180–194. doi: 10.1002/cne.20619

Hirose, K., and Liberman, M. C. (2003). Lateral wall histopathology and endocochlear potential in the noise-damaged mouse cochlea. J. Assoc. Res. Otolaryngol. 4, 339–352. doi: 10.1007/s10162-002-3036-4

Hong, S., Gronert, K., Devchand, P. R., Moussignac, R. L., and Serhan, C. N. (2003). Novel docosatrienes and 17S-resolvins generated from docosahexaenoic acid in murine brain, human blood, and glial cells. Autacoids in anti-inflammation. J. Biol. Chem. 278, 14677–14687. doi: 10.1074/jbc.m300218200

Hu, B. H., Zheng, X. Y., Mcfadden, S. L., Kopke, R. D., and Henderson, D. (1997). R-phenylisopropyladenosine attenuates noise-induced hearing loss in the chinchilla. Hear. Res. 113, 198–206. doi: 10.1016/s0378-5955(97)00143-3

Huang, Q., and Tang, J. (2010). Age-related hearing loss or presbycusis. Eur. Arch. Otorhinolaryngol. 267, 1179–1191. doi: 10.1007/s00405-010-1270-7

Hunt, K. J., Walsh, B. M., Voegeli, D., and Roberts, H. C. (2010). Inflammation in aging part 1: physiology and immunological mechanisms. Biol. Res. Nurs. 11, 245–252. doi: 10.1177/1099800409352237

Hutchinson, K. M., Alessio, H., and Baiduc, R. R. (2010). Association between cardiovascular health and hearing function: pure-tone and distortion product otoacoustic emission measures. Am. J. Audiol. 19, 26–35. doi: 10.1044/1059-0889(2009/09-0009)

Iqbal, A. J., Sampaio, A. L., Maione, F., Greco, K. V., Niki, T., Hirashima, M., et al. (2011). Endogenous galectin-1 and acute inflammation: emerging notion of a galectin-9 pro-resolving effect. Am. J. Pathol. 178, 1201–1209. doi: 10.1016/j.ajpath.2010.11.073

Iwai, H., Baba, S., Omae, M., Lee, S., Yamashita, T., and Ikehara, S. (2008). Maintenance of systemic immune functions prevents accelerated presbycusis. Brain Res. 1208, 8–16. doi: 10.1016/j.brainres.2008.02.069

Iwai, H., Lee, S., Inaba, M., Sugiura, K., Baba, S., Tomoda, K., et al. (2003). Correlation between accelerated presbycusis and decreased immune functions. Exp. Gerontol. 38, 319–325. doi: 10.1016/s0531-5565(02)00177-8

Jenkins, C., Wilson, R., Roberts, J., Miller, H., McKillop, J. H., and Walker, J. J. (2004). Antioxidants: their role in pregnancy and miscarriage. Antioxid. Redox Signal. 2, 623–628. doi: 10.1089/15230860050192369

Jiang, H., Sha, S. H., and Schacht, J. (2005). NF-κB pathway protects cochlear hair cells from aminoglycoside-induced ototoxicity. J. Neurosci. Res. 79, 644–651. doi: 10.1002/jnr.20392

Jin, Y., Arita, M., Zhang, Q., Saban, D. R., Chauhan, S. K., Chiang, N., et al. (2009). Novel anti-inflammatory and proresolving lipid mediators block inflammatory angiogenesis. Invest. Ophthalmol. Vis. Sci. 50, 4743–4752. doi: 10.1167/iovs.08-2462

Kalinec, F., Webster, P., Maricle, A., Guerrero, D., Chakravarti, D. N., Chakravarti, B., et al. (2009). Glucocorticoid-stimulated, transcription-independent release of annexin A1 by cochlear Hensen cells. Br. J. Pharmacol. 158, 1820–1834. doi: 10.1111/j.1476-5381.2009.00473.x

Kamiński, M. M., Röth, D., Krammer, P. H., and Gülow, K. (2013). Mitochondria as oxidative signaling organelles in T-cell activation: physiological role and pathological implications. Arch. Immunol. Ther. Exp. 61, 367–384. doi: 10.1007/s00005-013-0235-0

Kanzaki, J., and Ouchi, T. (1981). Steroid-responsive bilateral sensorineural hearing loss and immune complexes. Arch Otorhinolaryngol. 230, 5–9. doi: 10.1007/bf00665374

Karp, C. L., Flick, L. M., Park, K. W., Softic, S., Greer, T. M., Keledjian, R., et al. (2004). Defective lipoxin-mediated anti-inflammatory activity in the cystic fibrosis airway. Nat. Immunol. 5, 388–392. doi: 10.1038/ni1056

Karpa, M. J., Gopinath, B., Beath, K., Rochtchina, E., Cumming, R. G., Wang, J. J., et al. (2010). Associations between hearing impairment and mortality risk in older persons: the Blue Mountains Hearing Study. Ann. Epidemiol. 20, 452–459. doi: 10.1016/j.annepidem.2010.03.011

Katoh, S., Ishii, N., Nobumoto, A., Takeshita, K., Dai, S. Y., Shinonaga, R., et al. (2007). Galectin-9 inhibits CD44-hyaluronan interaction and suppresses a murine model of allergic asthma. Am. J. Respir. Crit. Care Med. 176, 27–35. doi: 10.1097/01.wox.0000301299.30646.e6

Kaur, T., Borse, V., Sheth, S., Sheehan, K., Ghosh, S., Tupal, S., et al. (2016). Adenosine A1 receptor protects against cisplatin ototoxicity by suppressing the NOX3/STAT1 inflammatory pathway in the cochlea. J. Neurosci. 36, 3962–3977. doi: 10.1523/JNEUROSCI.3111-15.2016

Kaur, T., Mukherjea, D., Sheehan, K., Jajoo, S., Rybak, L. P., and Ramkumar, V. (2011). Short interfering RNA against STAT1 attenuates cisplatin-induced ototoxicity in the rat by suppressing inflammation. Cell Death Dis. 2:e180. doi: 10.1038/cddis.2011.63

Kim, Y. M., Bombeck, C. A., and Billiar, T. R. (1999). Nitric oxide as a bifunctional regulator of apoptosis. Circ. Res. 84, 253–256. doi: 10.1161/01.res.84.3.253

Kirkegaard, M., Murai, N., Risling, M., Suneson, A., Järlebark, L., and Ulfendahl, M. (2006). Differential gene expression in the rat cochlea after exposure to impulse noise. Neuroscience 142, 425–435. doi: 10.1016/j.neuroscience.2006.06.037

Kitagawa, H., Takenouchi, T., Azuma, R., Wesnes, K. A., Kramer, W. G., Clody, D. E., et al. (2003). Safety, pharmacokinetics and effects on cognitive function of multiple doses of GTS-21 in healthy, male volunteers. Neuropsychopharmacology 28, 542–551. doi: 10.1038/sj.npp.1300028

Kohli, P., and Levy, B. D. (2009). Resolvins and protectins: mediating solutions to inflammation. Br. J. Pharmacol. 158, 960–971. doi: 10.1111/j.1476-5381.2009.00290.x

Kono, H., and Rock, K. L. (2008). How dying cells alert the immune system to danger. Nat. Rev. Immunol. 8, 279–289. doi: 10.1038/nri2215

Koo, J. W., Quintanilla-Dieck, L., Jiang, M., Liu, J., Urdang, Z. D., Allensworth, J. J., et al. (2015). Endotoxemia-mediated inflammation potentiates aminoglycoside-induced ototoxicity. Sci. Transl. Med. 7:298ra118. doi: 10.1126/scitranslmed.aac5546

Köröskényi, K., Duró, E., Pallai, A., Sarang, Z., Kloor, D., Ucker, D., et al. (2011). Involvement of adenosine A2A receptors in engulfment-dependent apoptotic cell suppression of inflammation. J. Immunol. 186, 7144–7155. doi: 10.4049/jimmunol.1002284

Krishnamoorthy, N., Burkett, P. R., Dalli, J., Abdulnour, R. E., Colas, R., Ramon, S., et al. (2015). Cutting edge: maresin-1 engages regulatory T cells to limit type 2 innate lymphoid cell activation and promote resolution of lung inflammation. J. Immunol. 194, 863–867. doi: 10.4049/jimmunol.1402534

Krishnamoorthy, S., Recchiuti, A., Chiang, N., Fredman, G., and Serhan, C. N. (2012). Resolvin D1 receptor stereoselectivity and regulation of inflammation and proresolving microRNAs. Am. J. Pathol. 180, 2018–2027. doi: 10.1016/j.ajpath.2012.01.028

Krishnamoorthy, S., Recchiuti, A., Chiang, N., Yacoubian, S., Lee, C. H., Yang, R., et al. (2010). Resolvin D1 binds human phagocytes with evidence for proresolving receptors. Proc. Natl. Acad. Sci. U S A 107, 1660–1665. doi: 10.1073/pnas.0907342107

Kujawa, S. G., and Liberman, M. C. (2009). Adding insult to injury: cochlear nerve degeneration after “temporary” noise-induced hearing loss. J. Neurosci. 29, 14077–14085. doi: 10.1523/JNEUROSCI.2845-09.2009

Kusunoki, M., Möeslein, G., Shoji, Y., Fujita, S., Yanagi, H., Sakanoue, Y., et al. (1992). Steroid complications in patients with ulcerative colitis. Dis. Colon Rectum 35, 1003–1009. doi: 10.1007/BF02253508

La, M., Cao, T. V., Cerchiaro, G., Chilton, K., Hirabayashi, J., Kasai, K., et al. (2003). A novel biological activity for galectin-1: inhibition of leukocyte-endothelial cell interactions in experimental inflammation. Am. J. Pathol. 163, 1505–1515. doi: 10.1016/S0002-9440(10)63507-9

Lagoutte, E., Mimoun, S., Andriamihaja, M., Chaumontet, C., Blachier, F., and Bouillaud, F. (2010). Oxidation of hydrogen sulfide remains a priority in mammalian cells and causes reverse electron transfer in colonocytes. Biochim. Biophys. Acta 1797, 1500–1511. doi: 10.1016/j.bbabio.2010.04.004

Lasisi, A. O., Fehintola, F. A., Yusuf, O. B., and Olayemi, O. O. (2011). Correlation between serum immunoglobulin G and hearing threshold among elderly subjects with age-related hearing loss. ORL J. Otorhinolaryngol. Relat. Spec. 73, 88–92. doi: 10.1159/000323830

Le, Y., Wang, J. M., Liu, X., Kong, Y., Hou, X., Ruan, L., et al. (2007). Biologically active peptides interacting with the G protein-coupled formylpeptide receptor. Protein Pept. Lett. 14, 846–853. doi: 10.2174/092986607782110211

Lee, H. N., Na, H. K., and Surh, Y. J. (2013). Resolution of inflammation as a novel chemopreventive strategy. Semin. Immunopathol. 35, 151–161. doi: 10.1007/s00281-013-0363-y

Lee, K. H., and Warchol, M. E. (2008). Promotion of neurite outgrowth and axon guidance in spiral ganglion cells by netrin-1. Arch. Otolaryngol. Head Neck Surg. 134, 146–151. doi: 10.1001/archoto.2007.6

Leghi, G. E., and Muhlhausler, B. S. (2016). The effect of n-3 LCPUFA supplementation on oxidative stress and inflammation in the placenta and maternal plasma during pregnancy. Prostaglandins Leukot. Essent. Fatty Acids 113, 33–39. doi: 10.1016/j.plefa.2016.08.010

Leng, S. X., Tian, X., Matteini, A., Li, H., Hughes, J., Jain, A., et al. (2011). IL-6-independent association of elevated serum neopterin levels with prevalent frailty in community-dwelling older adults. Age Ageing 40, 475–481. doi: 10.1093/ageing/afr047

Levy, B. D., and Serhan, C. N. (2014). Resolution of acute inflammation in the lung. Annu. Rev. Physiol. 76, 467–492. doi: 10.1146/annurev-physiol-021113-170408

Li, S., Hang, L., and Ma, Y. (2016). FGF22 protects hearing function from gentamycin ototoxicity by maintaining ribbon synapse number. Hear. Res. 332, 39–45. doi: 10.1016/j.heares.2015.11.011

Li, H., and Steyger, P. S. (2011). Systemic aminoglycosides are trafficked via endolymph into cochlear hair cells. Sci. Rep. 1:159. doi: 10.1038/srep00159

Liberman, M. C., and Kujawa, S. G. (2017). Cochlear synaptopathy in acquired sensorineural hearing loss: manifestations and mechanisms. Hear. Res. 349, 138–147. doi: 10.1016/j.heares.2017.01.003

Lin, F. R., Metter, E. J., O’Brien, R. J., Resnick, S. M., Zonderman, A. B., and Ferrucci, L. (2011). Hearing loss and incident dementia. Arch. Neurol. 68, 214–220. doi: 10.1001/archneurol.2010.362

Liu, H., and Baliga, R. (2005). Endoplasmic reticulum stress-associated caspase 12 mediates cisplatin-induced LLC-PK1 cell apoptosis. J. Am. Soc. Nephrol. 16, 1985–1992. doi: 10.1681/asn.2004090768

Lowthian, J. A., Britt, C. J., Rance, G., Lin, F. R., Woods, R. L., Wolfe, R., et al. (2016). Slowing the progression of age-related hearing loss: rationale and study design of the ASPIRIN in HEARING, retinal vessels imaging and neurocognition in older generations (ASPREE-HEARING) trial. Contemp. Clin. Trials 46, 60–66. doi: 10.1016/j.cct.2015.11.014

Ly, N. P., Komatsuzaki, K., Fraser, I. P., Tseng, A. A., Prodhan, P., Moore, K. J., et al. (2005). Netrin-1 inhibits leukocyte migration in vitro and in vivo. Proc. Natl. Acad. Sci. U S A 102, 14729–14734. doi: 10.1073/pnas.0506233102

Maddox, J. F., Hachicha, M., Takano, T., Petasis, N. A., Fokin, V. V., and Serhan, C. N. (1997). Lipoxin A4 stable analogs are potent mimetics that stimulate human monocytes and THP-1 cells via a G-protein-linked lipoxin A4 receptor. J. Biol. Chem. 272, 6972–6978. doi: 10.1074/jbc.272.11.6972

Maddox, J. F., and Serhan, C. N. (1996). Lipoxin A4 and B4 are potent stimuli for human monocyte migration and adhesion: selective inactivation by dehydrogenation and reduction. J. Exp. Med. 183, 137–146. doi: 10.1084/jem.183.1.137

Maderna, P., and Godson, C. (2009). Lipoxins: resolutionary road. Br. J. Pharmacol. 158, 947–959. doi: 10.1111/j.1476-5381.2009.00386.x

Mandic, A., Hansson, J., Linder, S., and Shoshan, M. C. (2003). Cisplatin induces endoplasmic reticulum stress and nucleus-independent apoptotic signaling. J. Biol. Chem. 278, 9100–9106. doi: 10.1074/jbc.M210284200

Marcheselli, V. L., Mukherjee, P. K., Arita, M., Hong, S., Antony, R., Sheets, K., et al. (2010). Neuroprotectin D1/protectin D1 stereoselective and specific binding with human retinal pigment epithelial cells and neutrophils. Prostaglandins Leukot. Essent. Fatty Acids 82, 27–34. doi: 10.1016/j.plefa.2009.10.010

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


McCabe, B. F. (1989). Autoimmune inner ear disease: therapy. Am. J. Otol. 10, 196–197.


Medzhitov, R. (2008). Origin and physiological roles of inflammation. Nature 454, 428–435. doi: 10.1038/nature07201

Medzhitov, R. (2010). Inflammation 2010: new adventures of an old flame. Cell 140, 771–776. doi: 10.1016/j.cell.2010.03.006

Mendez-Huergo, S. P., Maller, S. M., Farez, M. F., Mariño, K., Correale, J., and Rabinovich, G. A. (2014). Integration of lectin-glycan recognition systems and immune cell networks in CNS inflammation. Cytokine Growth Factor Rev. 25, 247–255. doi: 10.1016/j.cytogfr.2014.02.003

Mimoun, S., Andriamihaja, M., Chaumontet, C., Atanasiu, C., Benamouzig, R., Blouin, J. M., et al. (2012). Detoxification of H2S by differentiated colonic epithelial cells: implication of the sulfide oxidizing unit and of the cell respiratory capacity. Antioxid. Redox Signal. 17, 1–10. doi: 10.1089/ars.2011.4186

Mirakaj, V., Dalli, J., Granja, T., Rosenberger, P., and Serhan, C. N. (2014). Vagus nerve controls resolution and pro-resolving mediators of inflammation. J. Exp. Med. 211, 1037–1048. doi: 10.1084/jem.20132103

Mirakaj, V., Gatidou, D., Pötzsch, C., Konig, K., and Rosenberger, P. (2011). Netrin-1 signaling dampens inflammatory peritonitis. J. Immunol. 186, 549–555. doi: 10.4049/jimmunol.1002671

Mirakaj, V., Thix, C. A., Laucher, S., Mielke, C., Morote-Garcia, J. C., Schmit, M. A., et al. (2010). Netrin-1 dampens pulmonary inflammation during acute lung injury. Am. J. Respir. Crit. Care Med. 181, 815–824. doi: 10.1164/rccm.200905-0717oc

Mittal, M., Siddiqui, M. R., Tran, K., Reddy, S. P., and Malik, A. B. (2014). Reactive oxygen species in inflammation and tissue injury. Antioxid. Redox Signal. 20, 1126–1167. doi: 10.1089/ars.2012.5149

Miyahara, T., Runge, S., Chatterjee, A., Chen, M., Mottola, G., Fitzgerald, J. M., et al. (2013). D-series resolvin attenuates vascular smooth muscle cell activation and neointimal hyperplasia following vascular injury. FASEB J. 27, 2220–2232. doi: 10.1096/fj.12-225615

Miyao, M., Firestein, G. S., and Keithley, E. M. (2008). Acoustic trauma augments the cochlear immune response to antigen. Laryngoscope 118, 1801–1808. doi: 10.1097/MLG.0b013e31817e2c27

Möhrle, D., Ni, K., Varakina, K., Bing, D., Lee, S. C., Zimmermann, U., et al. (2016). Loss of auditory sensitivity from inner hair cell synaptopathy can be centrally compensated in the young but not old brain. Neurobiol. Aging 44, 173–184. doi: 10.1016/j.neurobiolaging.2016.05.001

Moraes, L. A., Piqueras, L., and Bishop-Bailey, D. (2006). Peroxisome proliferator-activated receptors and inflammation. Pharmacol. Ther. 110, 371–385. doi: 10.1016/j.pharmthera.2005.08.007

Morris, T., Stables, M., Colville-Nash, P., Newson, J., Bellingan, G., de Souza, P. M., et al. (2010). Dichotomy in duration and severity of acute inflammatory responses in humans arising from differentially expressed proresolution pathways. Proc. Natl. Acad. Sci. U S A 107, 8842–8847. doi: 10.1073/pnas.1000373107

Morris, T., Stables, M., Hobbs, A., de Souza, P., Colville-Nash, P., Warner, T., et al. (2009). Effects of low-dose aspirin on acute inflammatory responses in humans. J. Immunol. 183, 2089–2096. doi: 10.4049/jimmunol.0900477

Motterlini, R., and Foresti, R. (2014). Heme oxygenase-1 as a target for drug discovery. Antioxid. Redox Signal. 20, 1810–1826. doi: 10.1089/ars.2013.5658

Murphy, D., and Daniel, S. J. (2011). Intratympanic dexamethasone to prevent cisplatin ototoxicity: a guinea pig model. Otolaryngol. Head Neck Surg. 145, 452–457. doi: 10.1177/0194599811406673

Muzaffar, S., Shukla, N., Bond, M., Newby, A. C., Angelini, G. D., Sparatore, A., et al. (2008). Exogenous hydrogen sulfide inhibits superoxide formation, NOX-1 expression and Rac1 activity in human vascular smooth muscle cells. J. Vasc. Res. 45, 521–528. doi: 10.1159/000129686

Nakagawa, T., Kumakawa, K., Usami, S., Hato, N., Tabuchi, K., Takahashi, M., et al. (2014). A randomized controlled clinical trial of topical insulin-like growth factor-1 therapy for sudden deafness refractory to systemic corticosteroid treatment. BMC Med. 12:219. doi: 10.1186/s12916-014-0219-x

Nakagawa, T., Sakamoto, T., Hiraumi, H., Kikkawa, Y. S., Yamamoto, N., Hamaguchi, K., et al. (2010). Topical insulin-like growth factor 1 treatment using gelatin hydrogels for glucocorticoid-resistant sudden sensorineural hearing loss: a prospective clinical trial. BMC Med. 8:76. doi: 10.1186/1741-7015-8-76

Nakai, Y., Konishi, K., Chang, K. C., Ohashi, K., Morisaki, N., Minowa, Y., et al. (1982). Ototoxicity of the anticancer drug cisplatin. An experimental study. Acta Otolaryngol. 93, 227–232. doi: 10.3109/00016488209130876

Nakamoto, T., Mikuriya, T., Sugahara, K., Hirose, Y., Hashimoto, T., Shimogori, H., et al. (2012). Geranylgeranylacetone suppresses noise-induced expression of proinflammatory cytokines in the cochlea. Auris Nasus Larynx 39, 270–274. doi: 10.1016/j.anl.2011.06.001


National Center for Biotechnology Information (2017). PubChem compound database. Available online at: https://pubchem.ncbi.nlm.nih.gov


Nicotera, P., Brune, B., and Bagetta, G. (1997). Nitric oxide: inducer or suppressor of apoptosis? Trends Pharmacol. Sci. 18, 189–190. doi: 10.1016/s0165-6147(97)90619-2

Norling, L. V., Perretti, M., and Cooper, D. (2009). Endogenous galectins and the control of the host inflammatory response. J. Endocrinol. 201, 169–184. doi: 10.1677/joe-08-0512

Oh, G. S., Kim, H. J., Choi, J. H., Shen, A., Kim, C. H., Kim, S. J., et al. (2011). Activation of lipopolysaccharide-TLR4 signaling accelerates the ototoxic potential of cisplatin in mice. J. Immunol. 186, 1140–1150. doi: 10.4049/jimmunol.1002183

Ohlemiller, K. K. (2009). Mechanisms and genes in human strial presbycusis from animal models. Brain Res. 1277, 70–83. doi: 10.1016/j.brainres.2009.02.079

Okano, T., Nakagawa, T., Kita, T., Kada, S., Yoshimoto, M., Nakahata, T., et al. (2008). Bone marrow-derived cells expressing Iba1 are constitutively present as resident tissue macrophages in the mouse cochlea. J. Neurosci. Res. 86, 1758–1767. doi: 10.1002/jnr.21625


Okusa, M. D. (2002). A2A adenosine receptor: a novel therapeutic target in renal disease. Am. J. Physiol. Renal Physiol. 282, F10–F18.


Paksoy, M., Ayduran, E., Sanli, A., Eken, M., Aydin, S., and Oktay, Z. A. (2011). The protective effects of intratympanic dexamethasone and vitamin E on cisplatin-induced ototoxicity are demonstrated in rats. Med. Oncol. 28, 615–621. doi: 10.1007/s12032-010-9477-4

Pálinkás, Z., Furtmüller, P. G., Nagy, A., Jakopitsch, C., Pirker, K. F., Magierowski, M., et al. (2015). Interactions of hydrogen sulfide with myeloperoxidase. Br. J. Pharmacol. 172, 1516–1532. doi: 10.1111/bph.12769

Papayianni, A., Serhan, C. N., Phillips, M. L., Rennke, H. G., and Brady, H. R. (1995). Transcellular biosynthesis of lipoxin A4 during adhesion of platelets and neutrophils in experimental immune complex glomerulonephritis. Kidney Int. 47, 1295–1302. doi: 10.1038/ki.1995.184

Parham, K. (2011). Can intratympanic dexamethasone protect against cisplatin ototoxicity in mice with age-related hearing loss? Otolaryngol. Head Neck Surg. 145, 635–640. doi: 10.1177/0194599811409304

Parolini, S., Santoro, A., Marcenaro, E., Luini, W., Massardi, L., Facchetti, F., et al. (2007). The role of chemerin in the colocalization of NK and dendritic cell subsets into inflamed tissues. Blood 109, 3625–3632. doi: 10.1182/blood-2006-08-038844

Pathak, R. K., Marrache, S., Choi, J. H., Berding, T. B., and Dhar, S. (2014). The prodrug platin-A: simultaneous release of cisplatin and aspirin. Angew. Chem. Int. Ed Engl. 53, 1963–1967. doi: 10.1002/anie.201308899

Pavlov, V. A., and Tracey, K. J. (2012). The vagus nerve and the inflammatory reflex—linking immunity and metabolism. Nat. Rev. Endocrinol. 8, 743–754. doi: 10.1038/nrendo.2012.189

Perretti, M. (2015). The resolution of inflammation: new mechanisms in patho-physiology open opportunities for pharmacology. Semin. Immunol. 27, 145–148. doi: 10.1016/j.smim.2015.06.001

Perretti, M., and D’Acquisto, F. (2009). Annexin A1 and glucocorticoids as effectors of the resolution of inflammation. Nat. Rev. Immunol. 9, 62–70. doi: 10.1038/nri2470

Perretti, M., and Dalli, J. (2009). Exploiting the Annexin A1 pathway for the development of novel anti-inflammatory therapeutics. Br. J. Pharmacol. 158, 936–946. doi: 10.1111/j.1476-5381.2009.00483.x

Pettitt, T. R., and Rowley, A. F. (1991). Fatty acid composition and lipoxygenase metabolism in blood cells of the lesser spotted dogfish, Scyliorhinus canicula. Comp. Biochem. Physiol. B 99, 647–652. doi: 10.1016/0305-0491(91)90349-i


Pettitt, T. R., Rowley, A. F., Barrow, S. E., Mallet, A. I., and Secombes, C. J. (1991). Synthesis of lipoxins and other lipoxygenase products by macrophages from the rainbow trout, Oncorhynchus mykiss. J. Biol. Chem. 266, 8720–8726.


Piu, F., Wang, X., Fernandez, R., Dellamary, L., Harrop, A., Ye, Q., et al. (2011). OTO-104: a sustained-release dexamethasone hydrogel for the treatment of otic disorders. Otol. Neurotol. 32, 171–179. doi: 10.1097/mao.0b013e3182009d29

Poorani, R., Bhatt, A. N., Dwarakanath, B. S., and Das, U. N. (2016). COX-2, aspirin and metabolism of arachidonic, eicosapentaenoic and docosahexaenoic acids and their physiological and clinical significance. Eur. J. Pharmacol. 785, 116–132. doi: 10.1016/j.ejphar.2015.08.049

Pouliot, M., Clish, C. B., Petasis, N. A., Van Dyke, T. E., and Serhan, C. N. (2000). Lipoxin A4 analogues inhibit leukocyte recruitment to Porphyromonas gingivalis: a role for cyclooxygenase-2 and lipoxins in periodontal disease. Biochemistry 39, 4761–4768. doi: 10.1021/bi992551b

Prayle, A. P., Jain, K., Touw, D. J., Koch, B. C., Knox, A. J., Watson, A., et al. (2016). The pharmacokinetics and toxicity of morning vs. evening tobramycin dosing for pulmonary exacerbations of cystic fibrosis: a randomised comparison. J. Cyst. Fibros. 15, 510–517. doi: 10.1016/j.jcf.2015.07.012

Qiu, F. H., Devchand, P. R., Wada, K., and Serhan, C. N. (2001). Aspirin-triggered lipoxin A4 and lipoxin A4 up-regulate transcriptional corepressor NAB1 in human neutrophils. FASEB J. 15, 2736–2738. doi: 10.1096/fj.01-0576fje

Rabinovich, G. A., Alonso, C. R., Sotomayor, C. E., Durand, S., Bocco, J. L., and Riera, C. M. (2000). Molecular mechanisms implicated in galectin-1-induced apoptosis: activation of the AP-1 transcription factor and downregulation of Bcl-2. Cell Death Differ. 7, 747–753. doi: 10.1038/sj.cdd.4400708

Rabinovich, G. A., Baum, L. G., Tinari, N., Paganelli, R., Natoli, C., Liu, F. T., et al. (2002). Galectins and their ligands: amplifiers, silencers or tuners of the inflammatory response? Trends Immunol. 23, 313–320. doi: 10.1016/s1471-4906(02)02232-9

Rabinovich, G. A., and Conejo-García, J. R. (2016). Shaping the immune landscape in cancer by galectin-driven regulatory pathways. J. Mol. Biol. 428, 3266–3281. doi: 10.1016/j.jmb.2016.03.021

Rabinovich, G. A., and Croci, D. O. (2012). Regulatory circuits mediated by lectin-glycan interactions in autoimmunity and cancer. Immunity 36, 322–335. doi: 10.1016/j.immuni.2012.03.004

Rabinovich, G. A., and Toscano, M. A. (2009). Turning ‘sweet’ on immunity: galectin-glycan interactions in immune tolerance and inflammation. Nat. Rev. Immunol. 9, 338–352. doi: 10.1038/nri2536


Ralevic, V., and Burnstock, G. (1998). Receptors for purines and pyrimidines. Pharmacol. Rev. 50, 413–492.


Ramesh, G., and Reeves, W. B. (2004). Salicylate reduces cisplatin nephrotoxicity by inhibition of tumor necrosis factor-α. Kidney Int. 65, 490–498. doi: 10.1111/j.1523-1755.2004.00413.x

Ramon, S., Gao, F., Serhan, C. N., and Phipps, R. P. (2012). Specialized proresolving mediators enhance human B cell differentiation to antibody-secreting cells. J. Immunol. 189, 1036–1042. doi: 10.4049/jimmunol.1103483

Reville, K., Crean, J. K., Vivers, S., Dransfield, I., and Godson, C. (2006). Lipoxin A4 redistributes myosin IIA and Cdc42 in macrophages: implications for phagocytosis of apoptotic leukocytes. J. Immunol. 176, 1878–1888. doi: 10.4049/jimmunol.176.3.1878


Robbins, S. L., and Cotran, R. (1979). Pathologic Basis of Disease. Philadelphia, PA: W.B. Saunders Co.


Rock, K. L., Latz, E., Ontiveros, F., and Kono, H. (2010). The sterile inflammatory response. Annu. Rev. Immunol. 28, 321–342. doi: 10.1146/annurev-immunol-030409-101311

Romano, M. (2005). Lipoxin analogs and lipoxin formation in vivo. Prostaglandins Leukot. Essent. Fatty Acids 73, 239–243. doi: 10.1016/j.plefa.2005.05.011

Romano, M. (2006). Lipid mediators: lipoxin and aspirin-triggered 15-epi-lipoxins. Inflamm. Allergy Drug Targets 5, 81–90. doi: 10.2174/187152806776383152

Rossi, A. G., Hallett, J. M., Sawatzky, D. A., Teixeira, M. M., and Haslett, C. (2007). Modulation of granulocyte apoptosis can influence the resolution of inflammation. Biochem. Soc. Trans. 35, 288–291. doi: 10.1042/bst0350288


Rowley, A. F., Pettitt, T. R., Secombes, C. J., Sharp, G. J., Barrow, S. E., and Mallet, A. I. (1991). Generation and biological activities of lipoxins in the rainbow trout—an overview. Adv. Prostaglandin Thromboxane Leukot. Res. 21B, 557–560.


Rubinstein, N., Ilarregui, J. M., Toscano, M. A., and Rabinovich, G. A. (2004). The role of galectins in the initiation, amplification and resolution of the inflammatory response. Tissue Antigens 64, 1–12. doi: 10.1111/j.0001-2815.2004.00278.x

Ryan, A., and Godson, C. (2010). Lipoxins: regulators of resolution. Curr. Opin. Pharmacol. 10, 166–172. doi: 10.1016/j.coph.2010.02.005

Rybak, L. P., Whitworth, C. A., Mukherjea, D., and Ramkumar, V. (2007). Mechanisms of cisplatin-induced ototoxicity and prevention. Hear. Res. 226, 157–167. doi: 10.1016/j.heares.2006.09.015

Saitoh, Y., Hosokawa, M., Shimada, A., Watanabe, Y., Yasuda, N., Murakami, Y., et al. (1995). Age-related cochlear degeneration in senescence-accelerated mouse. Neurobiol. Aging 16, 129–136. doi: 10.1016/0197-4580(94)00153-7

Sautter, N. B., Shick, E. H., Ransohoff, R. M., Charo, I. F., and Hirose, K. (2006). CC chemokine receptor 2 is protective against noise-induced hair cell death: studies in CX3CR1(+/GFP) mice. J. Assoc. Res. Otolaryngol. 7, 361–372. doi: 10.1007/s10162-006-0051-x

Schieber, M., and Chandel, N. S. (2014). ROS function in redox signaling and oxidative stress. Curr. Biol. 24, R453–R462. doi: 10.1016/j.cub.2014.03.034

Schwab, J. M., Chiang, N., Arita, M., and Serhan, C. N. (2007). Resolvin E1 and protectin D1 activate inflammation-resolution programmes. Nature 447, 869–874. doi: 10.1038/nature05877

Scifres, C. M., and Nelson, D. M. (2009). Intrauterine growth restriction, human placental development and trophoblast cell death. J. Physiol. 587, 3453–3458. doi: 10.1113/jphysiol.2009.173252

Sergeyenko, Y., Lall, K., Liberman, M. C., and Kujawa, S. G. (2013). Age-related cochlear synaptopathy: an early-onset contributor to auditory functional decline. J. Neurosci. 33, 13686–13694. doi: 10.1523/jneurosci.1783-13.2013

Serhan, C. N. (2005). Lipoxins and aspirin-triggered 15-epi-lipoxins are the first lipid mediators of endogenous anti-inflammation and resolution. Prostaglandins Leukot. Essent. Fatty Acids 73, 141–162. doi: 10.1016/j.plefa.2005.05.002

Serhan, C. N. (2007). Resolution phase of inflammation: novel endogenous anti-inflammatory and proresolving lipid mediators and pathways. Annu. Rev. Immunol. 25, 101–137. doi: 10.1146/annurev.immunol.25.022106.141647

Serhan, C. N. (2011). The resolution of inflammation: the devil in the flask and in the details. FASEB J. 25, 1441–1448. doi: 10.1096/fj.11-0502ufm

Serhan, C. N., Arita, M., Hong, S., and Gotlinger, K. (2004a). Resolvins, docosatrienes, and neuroprotectins, novel omega-3-derived mediators and their endogenous aspirin-triggered epimers. Lipids 39, 1125–1132. doi: 10.1007/s11745-004-1339-7

Serhan, C. N., Gotlinger, K., Hong, S., and Arita, M. (2004b). Resolvins, docosatrienes, and neuroprotectins, novel omega-3-derived mediators and their aspirin-triggered endogenous epimers: an overview of their protective roles in catabasis. Prostaglandins Other Lipid Mediat. 73, 155–172. doi: 10.1016/s1098-8823(04)00030-9

Serhan, C. N., and Chiang, N. (2004). Novel endogenous small molecules as the checkpoint controllers in inflammation and resolution: entrée for resoleomics. Rheum. Dis. Clin. North Am. 30, 69–95. doi: 10.1016/s0889-857x(03)00117-0

Serhan, C. N., and Chiang, N. (2008). Endogenous pro-resolving and anti-inflammatory lipid mediators: a new pharmacologic genus. Br. J. Pharmacol. 153, S200–S215. doi: 10.1038/sj.bjp.0707489

Serhan, C. N., and Chiang, N. (2013). Resolution phase lipid mediators of inflammation: agonists of resolution. Curr. Opin. Pharmacol. 13, 632–640. doi: 10.1016/j.coph.2013.05.012

Serhan, C. N., Chiang, N., and Dalli, J. (2015a). The resolution code of acute inflammation: novel pro-resolving lipid mediators in resolution. Semin. Immunol. 27, 200–215. doi: 10.1016/j.smim.2015.03.004

Serhan, C. N., Dalli, J., Colas, R. A., Winkler, J. W., and Chiang, N. (2015b). Protectins and maresins: new pro-resolving families of mediators in acute inflammation and resolution bioactive metabolome. Biochim. Biophys. Acta 1851, 397–413. doi: 10.1016/j.bbalip.2014.08.006

Serhan, C. N., Chiang, N., Dalli, J., and Levy, B. D. (2014). Lipid mediators in the resolution of inflammation. Cold Spring Harb. Perspect. Biol. 7:a016311. doi: 10.1101/cshperspect.a016311

Serhan, C. N., Chiang, N., and Van Dyke, T. E. (2008). Resolving inflammation: dual anti-inflammatory and pro-resolution lipid mediators. Nat. Rev. Immunol. 8, 349–361. doi: 10.1038/nri2294

Serhan, C. N., Clish, C. B., Brannon, J., Colgan, S. P., Chiang, N., and Gronert, K. (2000a). Novel functional sets of lipid-derived mediators with antiinflammatory actions generated from omega-3 fatty acids via cyclooxygenase 2-nonsteroidal antiinflammatory drugs and transcellular processing. J. Exp. Med. 192, 1197–1204. doi: 10.1084/jem.192.8.1197

Serhan, C. N., Takano, T., Chiang, N., Gronert, K., and Clish, C. B. (2000b). Formation of endogenous “antiinflammatory” lipid mediators by transcellular biosynthesis. Lipoxins and aspirin-triggered lipoxins inhibit neutrophil recruitment and vascular permeability. Am. J. Respir. Crit. Care Med. 161, S95–S101. doi: 10.1164/ajrccm.161.supplement_1.ltta-19

Serhan, C. N., Fiore, S., Brezinski, D. A., and Lynch, S. (1993). Lipoxin A4 metabolism by differentiated HL-60 cells and human monocytes: conversion to novel 15-oxo and dihydro products. Biochemistry 32, 6313–6319. doi: 10.1021/bi00076a002

Serhan, C. N., Gotlinger, K., Hong, S., Lu, Y., Siegelman, J., Baer, T., et al. (2006). Anti-inflammatory actions of neuroprotectin D1/protectin D1 and its natural stereoisomers: assignments of dihydroxy-containing docosatrienes. J. Immunol. 176, 1848–1859. doi: 10.4049/jimmunol.176.3.1848

Serhan, C. N., Hamberg, M., and Samuelsson, B. (1984). Lipoxins: novel series of biologically active compounds formed from arachidonic acid in human leukocytes. Proc. Natl. Acad. Sci. U S A 81, 5335–5339. doi: 10.1073/pnas.81.17.5335

Serhan, C. N., Maddox, J. F., Petasis, N. A., Akritopoulou-Zanze, I., Papayianni, A., Brady, H. R., et al. (1995). Design of lipoxin A4 stable analogs that block transmigration and adhesion of human neutrophils. Biochemistry 34, 14609–14615. doi: 10.1021/bi00044a041

Serhan, C. N., and Petasis, N. A. (2011). Resolvins and protectins in inflammation resolution. Chem. Rev. 111, 5922–5943. doi: 10.1021/cr100396c

Serhan, C. N., and Savill, J. (2005). Resolution of inflammation: the beginning programs the end. Nat. Immunol. 6, 1191–1197. doi: 10.1038/ni1276

Serhan, C. N., Yang, R., Martinod, K., Kasuga, K., Pillai, P. S., Porter, T. F., et al. (2009). Maresins: novel macrophage mediators with potent antiinflammatory and proresolving actions. J. Exp. Med. 206, 15–23. doi: 10.1084/jem.20081880

Sha, S. H., Qiu, J. H., and Schacht, J. (2006). Aspirin to prevent gentamicin-induced hearing loss. N. Engl. J. Med. 354, 1856–1857. doi: 10.1056/nejmc053428

Shi, X., and Nuttall, A. L. (2007). Expression of adhesion molecular proteins in the cochlear lateral wall of normal and PARP-1 mutant mice. Hear. Res. 224, 1–14. doi: 10.1016/j.heares.2006.10.011

Simiele, F., Recchiuti, A., Mattoscio, D., De Luca, A., Cianci, E., Franchi, S., et al. (2012). Transcriptional regulation of the human FPR2/ALX gene: evidence of a heritable genetic variant that impairs promoter activity. FASEB J. 26, 1323–1333. doi: 10.1096/fj.11-198069

Sowinski, K. M., Magner, S. J., Lucksiri, A., Scott, M. K., Hamburger, R. J., and Mueller, B. A. (2008). Influence of hemodialysis on gentamicin pharmacokinetics, removal during hemodialysis and recommended dosing. Clin. J. Am. Soc. Nephrol. 3, 355–361. doi: 10.2215/cjn.02920707

Spite, M., Claria, J., and Serhan, C. N. (2014). Resolvins, specialized proresolving lipid mediators and their potential roles in metabolic diseases. Cell Metab. 19, 21–36. doi: 10.1016/j.cmet.2013.10.006

Sugimoto, M. A., Sousa, L. P., Pinho, V., Perretti, M., and Teixeira, M. M. (2016a). Resolution of inflammation: what controls its onset? Front. Immunol. 7:160. doi: 10.3389/fimmu.2016.00160

Sugimoto, M. A., Vago, J. P., Teixeira, M. M., and Sousa, L. P. (2016b). Annexin A1 and the resolution of inflammation: modulation of neutrophil recruitment, apoptosis, and clearance. J. Immunol. Res. 2016:8239258. doi: 10.1155/2016/8239258

Sun, Y. P., Oh, S. F., Uddin, J., Yang, R., Gotlinger, K., Campbell, E., et al. (2007). Resolvin D1 and its aspirin-triggered 17R epimer. Stereochemical assignments, anti-inflammatory properties and enzymatic inactivation. J. Biol. Chem. 282, 9323–9334. doi: 10.1074/jbc.m609212200

Szakmany, T., Hauser, B., and Radermacher, P. (2012). N-acetylcysteine for sepsis and systemic inflammatory response in adults. Cochrane Database Syst. Rev. 12:CD006616. doi: 10.1002/14651858.CD006616.pub2

Tabas, I., and Glass, C. K. (2013). Anti-inflammatory therapy in chronic disease: challenges and opportunities. Science 339, 166–172. doi: 10.1126/science.1230720

Tan, B. T., Lee, M. M., and Ruan, R. (2008). Bone-marrow-derived cells that home to acoustic deafened cochlea preserved their hematopoietic identity. J. Comp. Neurol. 509, 167–179. doi: 10.1002/cne.21729

Tan, W. J., Thorne, P. R., and Vlajkovic, S. M. (2016). Characterisation of cochlear inflammation in mice following acute and chronic noise exposure. Histochem. Cell Biol. 146, 219–230. doi: 10.1007/s00418-016-1436-5


Tauber, A. I., and Chernyak, L. (1991). Metchnikoff and the Origins of Immunology: From Metaphor to Theory. New York, NY: Oxford University Press.


Taylor, E. L., Megson, I. L., Haslett, C., and Rossi, A. G. (2003). Nitric oxide: a key regulator of myeloid inflammatory cell apoptosis. Cell Death Differ. 10, 418–430. doi: 10.1038/sj.cdd.4401152

Thiemann, S., and Baum, L. G. (2016). Galectins and immune responses-just how do they do those things they do? Annu. Rev. Immunol. 34, 243–264. doi: 10.1146/annurev-immunol-041015-055402

Tornabene, S. V., Sato, K., Pham, L., Billings, P., and Keithley, E. M. (2006). Immune cell recruitment following acoustic trauma. Hear. Res. 222, 115–124. doi: 10.1016/j.heares.2006.09.004

Trinidad, A., Ramírez-Camacho, R., Garcia-Berrocal, J. R., Verdaguer, J. M., and Daza, R. (2005). Labyrinthitis secondary to experimental otitis media. Am. J. Otolaryngol. 26, 226–229. doi: 10.1016/j.amjoto.2005.01.003

Tsuchiyama, Y., Wada, J., Zhang, H., Morita, Y., Hiragushi, K., Hida, K., et al. (2000). Efficacy of galectins in the amelioration of nephrotoxic serum nephritis in Wistar Kyoto rats. Kidney Int. 58, 1941–1952. doi: 10.1046/j.1523-1755.2000.00366.x

Uchida, Y., Sugiura, S., Ando, F., Nakashima, T., and Shimokata, H. (2011). Molecular genetic epidemiology of age-related hearing impairment. Auris Nasus Larynx 38, 657–665. doi: 10.1016/j.anl.2011.02.005

Urrutia, R. A., and Kalinec, F. (2015). Biology and pathobiology of lipid droplets and their potential role in the protection of the organ of Corti. Hear. Res. 330, 26–38. doi: 10.1016/j.heares.2015.04.015

Varela-Nieto, I., Hartl, M., Gorospe, I., and León, Y. (2007). Anti-apoptotic actions of insulin-like growth factors: lessons from development and implications in neoplastic cell transformation. Curr. Pharm. Des. 13, 687–703. doi: 10.2174/138161207780249164

Verschuur, C., Agyemang-Prempeh, A., and Newman, T. A. (2014). Inflammation is associated with a worsening of presbycusis: evidence from the MRC national study of hearing. Int. J. Audiol. 53, 469–475. doi: 10.3109/14992027.2014.891057

Vlajkovic, S. M., Guo, C. X., Telang, R., Wong, A. C., Paramananthasivam, V., Boison, D., et al. (2011). Adenosine kinase inhibition in the cochlea delays the onset of age-related hearing loss. Exp. Gerontol. 46, 905–914. doi: 10.1016/j.exger.2011.08.001

Vlajkovic, S. M., Housley, G. D., and Thorne, P. R. (2009). Adenosine and the auditory system. Curr. Neuropharmacol. 7, 246–256. doi: 10.2174/157015909789152155

Vlajkovic, S. M., Lee, K. H., Wong, A. C., Guo, C. X., Gupta, R., Housley, G. D., et al. (2010). Adenosine amine congener mitigates noise-induced cochlear injury. Purinergic Signal. 6, 273–281. doi: 10.1007/s11302-010-9188-5

Wada, K., Qiu, F. H., Stahl, G. L., and Serhan, C. N. (2001). Inosine monophosphate and aspirin-triggered 15-epi-lipoxin A4 act in concert to regulate neutrophil trafficking: additive actions of two new endogenous anti-inflammatory mediators. J. Hematother. Stem Cell Res. 10, 75–79. doi: 10.1089/152581601750098273

Wakabayashi, K., Fujioka, M., Kanzaki, S., Okano, H. J., Shibata, S., Yamashita, D., et al. (2010). Blockade of interleukin-6 signaling suppressed cochlear inflammatory response and improved hearing impairment in noise-damaged mice cochlea. Neurosci. Res. 66, 345–352. doi: 10.1016/j.neures.2009.12.008

Wallace, J. L., Ianaro, A., Flannigan, K. L., and Cirino, G. (2015). Gaseous mediators in resolution of inflammation. Semin. Immunol. 27, 227–233. doi: 10.1016/j.smim.2015.05.004

Wang, X., Dellamary, L., Fernandez, R., Harrop, A., Keithley, E. M., Harris, J. P., et al. (2009). Dose-dependent sustained release of dexamethasone in inner ear cochlear fluids using a novel local delivery approach. Audiol. Neurootol. 14, 393–401. doi: 10.1159/000241896

Wang, X., Truong, T., Billings, P. B., Harris, J. P., and Keithley, E. M. (2003). Blockage of immune-mediated inner ear damage by etanercept. Otol. Neurotol. 24, 52–57. doi: 10.1097/00129492-200301000-00012

West, A. P., Shadel, G. S., and Ghosh, S. (2011). Mitochondria in innate immune responses. Nat. Rev. Immunol. 11, 389–402. doi: 10.1038/nri2975

White, P. J., Mitchell, P. L., Schwab, M., Trottier, J., Kang, J. X., Barbier, O., et al. (2015). Transgenic ω-3 PUFA enrichment alters morphology and gene expression profile in adipose tissue of obese mice: potential role for protectins. Metabolism 64, 666–676. doi: 10.1016/j.metabol.2015.01.017

Whiteman, M., Armstrong, J. S., Chu, S. H., Jia-Ling, S., Wong, B. S., Cheung, N. S., et al. (2004). The novel neuromodulator hydrogen sulfide: an endogenous peroxynitrite ’scavenger’? J. Neurochem. 90, 765–768. doi: 10.1111/j.1471-4159.2004.02617.x

Whiteman, M., Cheung, N. S., Zhu, Y. Z., Chu, S. H., Siau, J. L., Wong, B. S., et al. (2005). Hydrogen sulphide: a novel inhibitor of hypochlorous acid-mediated oxidative damage in the brain? Biochem. Biophys. Res. Commun. 326, 794–798. doi: 10.1016/j.bbrc.2004.11.110

Whiteman, M., Li, L., Rose, P., Tan, C. H., Parkinson, D. B., and Moore, P. K. (2010). The effect of hydrogen sulfide donors on lipopolysaccharide-induced formation of inflammatory mediators in macrophages. Antioxid. Redox Signal. 12, 1147–1154. doi: 10.1089/ars.2009.2899


WHO. (2005). WHO Report 2005. Global Tuberculosis Control: Surveillance, Planning, Financing. Geneva: World Health Organization


Wood, M. B., and Zuo, J. (2017). The contribution of immune infiltrates to ototoxicity and cochlear hair cell loss. Front. Cell. Neurosci. 11:106. doi: 10.3389/fncel.2017.00106

Wu, W., Yan, C., Gan, T., Chen, Z., Lu, X., Duerksen-Hughes, P. J., et al. (2010). Nuclear proteome analysis of cisplatin-treated HeLa cells. Mutat. Res. 691, 1–8. doi: 10.1016/j.mrfmmm.2010.06.002

Yamahara, K., Nakagawa, T., Ito, J., Kinoshita, K., Omori, K., and Yamamoto, N. (2017). Netrin 1 mediates protective effects exerted by insulin-like growth factor 1 on cochlear hair cells. Neuropharmacology 119, 26–39. doi: 10.1016/j.neuropharm.2017.03.032

Yamamoto, H., Omelchenko, I., Shi, X., and Nuttall, A. L. (2009). The influence of NF-κB signal-transduction pathways on the murine inner ear by acoustic overstimulation. J. Neurosci. Res. 87, 1832–1840. doi: 10.1002/jnr.22018

Yang, W., Vethanayagam, R. R., Dong, Y., Cai, Q., and Hu, B. H. (2015). Activation of the antigen presentation function of mononuclear phagocyte populations associated with the basilar membrane of the cochlea after acoustic overstimulation. Neuroscience 303, 1–15. doi: 10.1016/j.neuroscience.2015.05.081

Yin, M. J., Yamamoto, Y., and Gaynor, R. B. (1998). The anti-inflammatory agents aspirin and salicylate inhibit the activity of IκB kinase-β. Nature 396, 77–80. doi: 10.1038/23948

Yorgason, J. G., Fayad, J. N., and Kalinec, F. (2006). Understanding drug ototoxicity: molecular insights for prevention and clinical management. Expert Opin. Drug Saf. 5, 383–399. doi: 10.1517/14740338.5.3.383

Yorgason, J. G., Luxford, W., and Kalinec, F. (2011). In vitro and in vivo models of drug ototoxicity: studying the mechanisms of a clinical problem. Expert Opin. Drug Metab. Toxicol. 7, 1521–1534. doi: 10.1517/17425255.2011.614231

Yu, F., Megyesi, J., and Price, P. M. (2008). Cytoplasmic initiation of cisplatin cytotoxicity. Am. J. Physiol. Renal Physiol. 295, F44–F52. doi: 10.1152/ajprenal.00593.2007

Zanardo, R. C., Brancaleone, V., Distrutti, E., Fiorucci, S., Cirino, G., and Wallace, J. L. (2006). Hydrogen sulfide is an endogenous modulator of leukocyte-mediated inflammation. FASEB J. 20, 2118–2120. doi: 10.1096/fj.06-6270fje

Zhang, W., Dai, M., Fridberger, A., Hassan, A., Degagne, J., Neng, L., et al. (2012). Perivascular-resident macrophage-like melanocytes in the inner ear are essential for the integrity of the intrastrial fluid-blood barrier. Proc. Natl. Acad. Sci. U S A 109, 10388–10393. doi: 10.1073/pnas.1205210109

Zhang, G., Sun, L., Lu, X., Chen, Z., Duerksen-Hughes, P. J., Hu, H., et al. (2012). Cisplatin treatment leads to changes in nuclear protein and microRNA expression. Mutat. Res. 746, 66–77. doi: 10.1016/j.mrgentox.2012.03.004

Zhang, K., and Kaufman, R. J. (2008). From endoplasmic-reticulum stress to the inflammatory response. Nature 454, 455–462. doi: 10.1038/nature07203

Zhou, Y., Zheng, G., Zheng, H., Zhou, R., Zhu, X., and Zhang, Q. (2013). Primary observation of early transtympanic steroid injection in patients with delayed treatment of noise-induced hearing loss. Audiol. Neurootol. 18, 89–94. doi: 10.1159/000345208

Zhu, C., Anderson, A. C., Schubart, A., Xiong, H., Imitola, J., Khoury, S. J., et al. (2005). The Tim-3 ligand galectin-9 negatively regulates T helper type 1 immunity. Nat. Immunol. 6, 1245–1252. doi: 10.1038/ni1271

Zitvogel, L., Kepp, O., and Kroemer, G. (2010). Decoding cell death signals in inflammation and immunity. Cell 140, 798–804. doi: 10.1016/j.cell.2010.02.015

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.

The reviewer MJ and handling Editor declared their shared affiliation, and the handling Editor states that the process nevertheless met the standards of a fair and objective review.

Copyright © 2017 Kalinec, Lomberk, Urrutia and Kalinec. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or 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.







	 
	REVIEW
published: 21 November 2017
doi: 10.3389/fncel.2017.00362





[image: image]

Potential Mechanisms Underlying Inflammation-Enhanced Aminoglycoside-Induced Cochleotoxicity

Meiyan Jiang1, Farshid Taghizadeh1 and Peter S. Steyger1,2*

1Oregon Hearing Research Center, Oregon Health & Science University, Portland, OR, United States

2National Center for Rehabilitative Auditory Research, VA Portland Health Care System, Portland, OR, United States

Edited by:
Michael E. Smith, Western Kentucky University, United States

Reviewed by:
Karel Allegaert, University Hospitals Leuven, Belgium
Federico Kalinec, University of California, Los Angeles, United States

*Correspondence: Peter S. Steyger, steygerp@ohsu.edu

Received: 20 September 2017
Accepted: 03 November 2017
Published: 21 November 2017

Citation: Jiang M, Taghizadeh F and Steyger PS (2017) Potential Mechanisms Underlying Inflammation-Enhanced Aminoglycoside-Induced Cochleotoxicity. Front. Cell. Neurosci. 11:362. doi: 10.3389/fncel.2017.00362

Aminoglycoside antibiotics remain widely used for urgent clinical treatment of life-threatening infections, despite the well-recognized risk of permanent hearing loss, i.e., cochleotoxicity. Recent studies show that aminoglycoside-induced cochleotoxicity is exacerbated by bacteriogenic-induced inflammation. This implies that those with severe bacterial infections (that induce systemic inflammation), and are treated with bactericidal aminoglycosides are at greater risk of drug-induced hearing loss than previously recognized. Incorporating this novel comorbid factor into cochleotoxicity risk prediction models will better predict which individuals are more predisposed to drug-induced hearing loss. Here, we review the cellular and/or signaling mechanisms by which host-mediated inflammatory responses to infection could enhance the trafficking of systemically administered aminoglycosides into the cochlea to enhance the degree of cochleotoxicity over that in healthy preclinical models. Once verified, these mechanisms will be potential targets for novel pharmacotherapeutics that reduce the risk of drug-induced hearing loss (and acute kidney damage) without compromising the life-saving bactericidal efficacy of aminoglycosides.
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INTRODUCTION

In the United States, 12% (∼480,000) of ∼4 million live births are admitted into the neonatal intensive care unit (NICU) each year (Osterman et al., 2011). NICU patients with confirmed sepsis, or those who develop necrotizing enterocolitis, receive aminoglycosides, typically gentamicin, for 7–10 days or more (Remington, 2011; Blackwood et al., 2017). Yet, clinical use of aminoglycosides carries the risk of permanent hearing loss (cochleotoxicity) that is dose-dependent in preclinical models, and/or acute kidney injury (Forge and Schacht, 2000). The incidence of hearing loss in infants discharged from the NICU ranges between 2 and 15%, compared to 0.3% for full-term babies (Yoon et al., 2003). One factor for this differential prevalence could be cumulative dosing with intravenous administration of aminoglycosides (Garinis et al., 2017c). Another aminoglycoside, tobramycin, induces dose-dependent hearing loss in older pediatric and adult patients with cystic fibrosis that experience repeated severe respiratory infections (Al-Malky et al., 2015; Garinis et al., 2017a). The majority of adults with multi-drug resistant tuberculosis chronically treated with aminoglycosides, typically amikacin or kanamycin over many months, experience permanent hearing loss in a dose-frequency dependent manner (Sagwa et al., 2015).

Only recently have preclinical ototoxicity studies incorporated experimentally induced inflammation (mimicking clinical infections), and found enhanced cochleotoxicity over that in untreated, healthy animals (Oh et al., 2011; Hirose et al., 2014b; Koo et al., 2015). Yet, bacteriogenic induction of experimental systemic sepsis (excluding meningitis and labyrinthitis) has little direct impact on auditory function (Hirose et al., 2014b; Koo et al., 2015). This strongly indicates that systemic inflammatory responses represent a novel co-morbidity that enhances ototoxicity, alongside other better characterized factors such as age, mitochondrial polymorphisms, acoustic trauma, renal dysfunction, and co-therapeutics like loop diuretics or vancomycin (Forge and Schacht, 2000; Garinis et al., 2017b; Jiang et al., 2017). Identifying the factors associated with infection-induced inflammation that increase the risk of aminoglycoside-induced hearing loss will promote new clinical strategies to ameliorate drug-induced ototoxicity. Here, we postulate several mechanisms by which systemic inflammation could exacerbate aminoglycoside-induced cochleotoxicity.

SYSTEMIC INFLAMMATION ENHANCES AMINOGLYCOSIDE-INDUCED COCHLEOTOXICITY

Aminoglycosides are primarily administered systemically to resolve life-threatening bacterial infections that trigger systemic, host-mediated inflammatory responses that rapidly lead to mortality without medical intervention (Mahmoudi et al., 2013). Circulating aminoglycosides readily cross the cochlear blood-labyrinth barrier (BLB) to preferentially load the highly vascularized stria vascularis, and are cleared into endolymph (Figure 1). The apical membranes of cochlear hair cells are immersed in endolymph with an electrical potential of +80 mV, while the resting potential of inner and outer hair cells are –45 and –70 mV, respectively (Pickles, 2012). This high potential difference (∼135–150 mV) produces a significant electro-repulsive force to drive the cationic aminoglycosides, from endolymph across the apical membranes of hair cells into their electrically negative cytoplasm (Marcotti et al., 2005; Li and Steyger, 2011), with consequent cytotoxic effects (Hiel et al., 1993).
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FIGURE 1. Cross-section of the cochlear duct, with perilymph-filled scala vestibuli and scala tympani (pale blue) separated from the endolymphatic scala media (white) by tight junctions between adjacent cells (thicker black line) in Reissner’s membrane, the stria vascularis (light gray) and reticular lamina of the organ of Corti on the basilar membrane. Within the organ of Corti are four longitudinal rows of sensory hair cells (blue), under the tectorial membrane, and innervated by afferent and efferent fibers (blue lines). The highly vascularized stria vascularis has capillaries (pink circles) lined by tight junction-coupled endothelial cells (black lines enclosing pink circles) that form the BLB. Circulating aminoglycosides preferentially cross the BLB into the stria vascularis (1) and are cleared into endolymph (2) prior to entering hair cells across their apical membranes (3). Aminoglycosides also enter perilymph, but this trafficking route is not a major contributor to hair cell uptake in healthy guinea pigs. Diagram not to relative scale, and adapted with permission from Macmillan Publishers Ltd., Li and Steyger (2011).



Yet, until recently, most preclinical studies of aminoglycoside-induced cochleotoxicity used healthy preclinical models (Wu et al., 2001; Roy et al., 2013; Duscha et al., 2014). Systemic models of inflammation that mimic infection mediate physiological changes in the blood-brain barrier permeability (Abbott et al., 2006). Bacteriogenic induction of systemic inflammation during chronic aminoglycoside dosing increased the range of frequencies with significant permanent auditory threshold shifts (PTS; Figure 2), and extent of outer hair cell death compared to age-matched mice treated with kanamycin alone or saline (Koo et al., 2015). Bacteriogenic induction of systemic inflammation also exacerbated both combinatorial kanamycin/loop diuretic-induced, and also cisplatin-induced, cochleotoxicity (Oh et al., 2011; Hirose et al., 2014b).
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FIGURE 2. Three weeks after chronic [lipopolysaccharides (LPS) or saline] exposure with or without twice daily kanamycin dosing, ABR threshold shifts for mice treated with LPS-only (red) were not different from saline-treated mice (DPBS, gray). Kanamycin alone (700 mg/kg, twice daily; blue) induced a small but significant PTS at only 32 kHz (∗P < 0.01) compared to saline-treated mice (gray). that received LPS plus kanamycin (purple) had significant PTS at 16, 24 (∗∗P < 0.01), and 32 kHz (P < 0.05) compared to mice treated with kanamycin, saline or LPS only (∗∗P < 0.01). Mice receiving LPS plus kanamycin also had significant PTS at 12 kHz compared to mice treated with DPBS or LPS only, or LPS-only mice at 8 kHz. Error bars = SD. Figure adapted from Koo et al., 2015, with permission from Science/American Association for the Advancement of Science.



A pilot study of NICU subjects (91 subjects) revealed that those with (suspected) sepsis and gentamicin therapy for ≥5 days (18 subjects; 20%) were twice as likely to be referred on a distortion product otoacoustic emission hearing screen compared to all other subjects (Cross et al., 2015). Cystic fibrosis patients with lower lung function scores (indicative of respiratory infection and inflammation) were also more likely to experience cochleotoxicity (Pillarisetti et al., 2011; Al-Malky et al., 2015). The mitochondrial polymorphism most associated with aminoglycoside-induced hearing loss (mt1555A > G) has an incidence between 0.09 and 0.2% (Tang et al., 2002; Bitner-Glindzicz et al., 2009), two orders of magnitude less, and unlikely to statistically influence the number of referred neonates in these studies. Thus, there is an increased risk of drug-induced hearing loss in those receiving aminoglycoside therapy for bacterial infections. Furthermore, 20% of live births with confirmed infection are viral in etiology, yet these infants are empirically treated with aminoglycosides until the causative agent is identified (Remington, 2011). It will be important to determine whether virogenic-induced inflammation enhances cochlear uptake of aminoglycosides and exacerbates cochleotoxicity. To better understand how inflammation could increase cochlear uptake of aminoglycosides, we need to explore inflammatory signaling prior to discussing their potential effect on cochlear uptake mechanisms.

Bacteriogenic and Virogenic Inflammatory Signaling Cascades

Bacterial and viral penetration of blood, tissues and interstitial fluids are typically detected by Toll-like receptors (TLRs) that trigger inflammatory signaling cascades to induce an overwhelming immune response to reduce the risk of pathogenic infection. TLRs are highly conserved pattern-recognition receptors present in diverse cell types, including immune, endothelial, epithelial, and fibrocytes (Atkinson, 2008). There are currently 11 human (and 13 mammalian) TLRs that share common transmembrane domains with leucine-rich repeats that bind to an overlapping array of extracellular (or endosomal) ligands, and a cytosolic signaling domain – the Toll-IL-1 Receptor (TIR) domain (Figure 3A). Here, we briefly review the signaling cascades activated by TLR4, the most studied TLR, and also TLR3.
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FIGURE 3. (A) Overview of human TLRs activated by exogenous and endogenous ligands, such as fragmented DNA from necrotic cells; adapted by permission from Macmillan Publishers Ltd, Nature Reviews Gastroenterology and Hepatology, 2006, vol. 3, pp..390–407, Sartor (2006). (B) Schematic of TLR4 and TLR3 signaling pathways. LPS binding to membranous TLR4 activates the MyD88-dependent and MyD88-independent signaling pathways via different adaptor proteins. MyD88-dependent pathway activates IRAK-4, transforming TAK1 and TAK-binding protein 2 or 3 (TAB2/3) to stimulate downstream MAPK, and transcription and expression of pro-inflammatory cytokines (e.g., TNFα, IL-1α, IL-1β, IL-2, IL-6, IL-12). The MyD88-independent pathway activates IκB kinase (IKK) complex, releasing NF-κB to translocate to the nucleus and transcribe genes that express type 1 interferons. Viral double-stranded (dsRNA) binds TLR3 on cell or endosomal membranes and recruit the adaptor molecule TRIF. This initiates two pathways via IKKα,β and TRAF-3. IKKα,β activates NF-κB subunits which translocate to the nucleus to trigger transcription of genes encoding pro-inflammatory cytokines. Alternatively, TRIF stimulates TRAF3 to activate TBK1/IKKi and phosphorylate transcription factor IRF-3 and IRF-7. After homodimerization, IRF-3 and-IRF-7 translocate to the nucleus to transcribe type I IFNα,β. Secretion of type 1 IFNα,β leads to further transcription and expression of pro-inflammatory cytokines. Both schematics are not to scale.



TLR4 (a.k.a CD284, cluster of differentiation 284), was the first to have its specific ligand defined–lipopolysaccharides (LPS) from the cell wall of Gram-negative bacteria (Poltorak et al., 1998). TLR4 is constitutively expressed on the plasma membranes of monocytes, T cells, B cells, and dendritic cells, with induced expression in non-hematopoietic cells (Chakravarty and Herkenham, 2005). Extracellular, soluble LPS-binding protein (LBP) extracts LPS monomers from aggregates released from lyzed bacteria (Schumann et al., 1990). Bound LPS then complexes with CD14 (cluster of differentiation 14), a membrane-anchored glycoprotein, and extracellular lymphocyte antigen 96 (also known as MD2) to activate TLR4 (Shimazu et al., 1999). The complex facilitates picomolar detection of LPS, otherwise millimolar levels of LPS are required to activate TLR4 directly.

Activated TLR4 triggers one or more TIR domain-containing signaling adaptors: Myeloid Differentiation Primary Response Gene 88 (MyD88), TIR Domain-Containing Adaptor Protein (TIRAP), TIR-domain-containing adaptor inducing interferon-β (TRIF), and TRIF-related Adaptor Molecule (TRAM) that activate individual signaling cascades (Kawai and Akira, 2010; Kim and Sears, 2010; Juskewitch et al., 2012; Hamerman et al., 2016). These cascades are divided into MyD88-dependent (MyD88 and TIRAP), and MyD88-independent (TRIF and TRAM) signaling cascades (Figure 3B). The MyD88-dependent pathway signals through IL-1 receptor-associated kinase (IRAK)-4, transforming growth factor-β-activated kinase (TAK) 1, and TAK-binding protein 2 or 3 (TAB2/3) to activate mitogen-activated protein kinase (MAPK) downstream. This in turn leads to the transcription and expression of pro-inflammatory cytokines, such as TNFα, IL-1α, IL-1β, IL-6, or alternatively apoptosis (Takeuchi and Akira, 2009; Guo and Friedman, 2010). The MyD88-independent pathway activates IκB kinase (IKK) complex, releasing NF-κB for translocation to the nucleus and transcription of genes for expression of type 1 interferons (O’Neill et al., 2013). Another, complex TIR-domain-containing adaptor protein called Sterile α and HEAT (Armadillo motif; SARM) inhibits the TRIF-mediated (MyD88-independent) pathway, and attenuates LPS-mediated signaling to dampen inflammation and abrogate septic shock and multiple organ dysfunction syndrome (Aird, 2003). The time-course of plasma/serum expression profiles for individual acute phase inflammatory (API) cytokines and chemokines changes over hours and days following induction of the inflammatory response (Allan and Rothwell, 2001; Juskewitch et al., 2012).

Viral double-stranded DNA (dsDNA), mRNA, ionizing radiation or hypoxia can activate the ubiquitously expressed TLR3, located on both cell and endosomal membranes, to activate an adaptor protein called TRIF (Figure 3B) (Zarember and Godowski, 2002; Kawai and Akira, 2010). TRIF initiates two pathways via IKKα,β and TRAF-3. IKKα,β activates NF-κB subunits that translocate to the nucleus to initiate the transcription of genes for API cytokines and chemokines induced by MyD88 signaling, with differing expression profiles over time (Alexopoulou et al., 2001; Lien and Zipris, 2009; Kawai and Akira, 2010; Kishimoto, 2010). TRAF3 activates TBK1/IKKi to phosphorylate and homodimerize the transcription factors IRF-3 and IRF-7. These dimers then translocate to the nucleus to induce the expression of type I interferon-α (IFN-α [13 subtypes]) and IFN-β. After secretion, these interferons induce the expression of pro-inflammatory cytokines (Assmann et al., 2015). The IFN-α family, and IFN-β, influence a vast spectrum of biological functions, including inhibition of viral replication (Borden et al., 2007), and regulating the homeostatic differentiation of natural killer cells, dendritic cells, B cells, T cells, and osteoclasts (Farrar and Murphy, 2000). Activated IFN-β also phosphorylates the signal transducers and activators of transcription 1 (STAT1) protein (Imaizumi et al., 2016a). IFN-stimulated genes (ISGs) then induce and modulate various biological processes, especially anti-viral activities that target almost all steps in the lifecycle of a virus (Imaizumi et al., 2016a,b).

EXPERIMENTAL MODELS OF SYSTEMIC INFECTION AND COCHLEAR-MEDIATED INFLAMMATORY RESPONSES

Experimental models of infection allow researchers to identify the effect of induced inflammation on normal physiology, a rapidly growing area of research. Classic experimental models of infection use parenteral administration of LPS or polyinosinic:polycytidylic acid (polyI:C) to induce innate immune responses. LPS (a.k.a lipoglycans or endotoxin) is a potent bacteriogenic agonist for TLR4 (Nemzek et al., 2008). PolyI:C is synthetic dsRNA that primarily binds to TLR3, stimulating an innate virogenic immune response (Fortier et al., 2004). The experimental advantages of using LPS and polyI:C as immunogenic stimulants include safety, convenience, control over dose and administration of the immunological challenge, and more importantly reproducibility between individuals within the same group compared to that achieved by inoculation with live bacteria and viruses. The complex interplay between live bacteria or viruses and host immune responses to can lead to wide-ranging experimental outcomes within the same group. LPS-induced inflammation is characterized by time-dependent levels of individual cytokines that are less sustained compared to live bacterial models with polymodal avenues of immunostimulation (Hadjiminas et al., 1994; Nemzek et al., 2008).

The innate immune (inflammatory) response includes secretion of nitric oxide and bacteriotoxic enzymes by immune cells (monocytes, macrophages, neutrophils etc.) that lyze bacteria. Aminoglycosides also lyze bacteria (Martin and Beveridge, 1986; Kadurugamuwa et al., 1993). Lysis of Gram-negative bacteria releases LPS that further stimulates the TLR4-mediated immune response, heightening the systemic host-mediated inflammatory response, analogous to the Jarisch–Herxheimer reaction following penicillin treatment for syphilis (Shenep and Mogan, 1984; Kaplanski et al., 1998; Yang et al., 2010).

Initially, the inner ear was considered an immuno-privileged organ that did not participate in the systemic inflammatory responses (Fujioka et al., 2014). Of 458 articles on cochlear inflammation indexed by PubMed, more than 55% were published in the last 10 years (search conducted June 2017). It is now widely recognized that cochlear inflammation can recruit immune cells into the cochlea (Hirose et al., 2005; Miyao et al., 2008) and, also repair and resolve cochlear damage, as described elsewhere in this Research Topic (Kalinec et al., 2017; Wood and Zuo, 2017).

Experimental models of systemic inflammation were only recently incorporated into preclinical ototoxicity studies (Koo et al., 2011; Quintanilla-Dieck et al., 2013). Crucially, systemic LPS does not significantly modulate the cochlear endolymphatic potential or auditory function (Hirose et al., 2014b; Koo et al., 2015), yet altered BLB physiology that facilitated increased entry of fluorescent markers into perilymph by mechanisms that remain to be directly identified (Hirose et al., 2014a). Systemic administration of also LPS increases cochlear levels of aminoglycosides, particularly in the stria vascularis, without modulating serum levels for these drugs. Furthermore, systemic LPS increased the expression of acute phase inflammatory markers in both serum, and, surprisingly, in cochlear tissues that was not replicated in mice with hypofunctional TLR4 (Koo et al., 2015).

PolyI:C significantly enhances the secretion of thymic stromal lymphopoietin (TSLP), B lymphocyte stimulator (BLyS), IFNγ-inducible protein 10 (IP-10), and macrophage inflammatory protein 1 alpha (MIP-1α) in human inner ear endolymphatic sac fibroblasts (Yamada et al., 2017). This suggests that cells in the endolymphatic sac can also produce cytokines and chemokines in response to activated TLR3 (Yamada et al., 2017). Inoculation of cochleae with live or heat-inactivated Cytomegalovirus altered BLB permeability, and induced recruitment of inflammatory cells to the spiral ligament, with cochlear inflammation and degeneration present after 5 weeks (Keithley et al., 1989; Fukuda et al., 1992; Keithley and Harris, 1996; Li et al., 2014).

POTENTIAL MECHANISMS UNDERLYING INFLAMMATION-ENHANCED COCHLEOTOXICITY

In the stria vascularis, peri-vascular resident macrophages are thought to modulate the integrity of the strial BLB (and inversely, paracellular flux). The loss of these macrophages decreased the endolymphatic potential, elevated auditory thresholds and increased paracellular flux into the stria vascularis (Zhang et al., 2012). In other tissues, systemic inflammation is associated with decreased expression of tight junctional proteins and increased permeability (Hofer et al., 2008; Singla et al., 2011; Yun et al., 2017). Preclinical models of a disrupted BLB (loss of physical integrity) also results in loss of the endolymphatic potential, elevated auditory thresholds and increased protein expression of genes for ion homeostasis and junctional complexes (Lin and Trune, 1997; Trune, 1997; MacArthur et al., 2006; Cohen-Salmon et al., 2007; MacArthur et al., 2013). However, there is no loss of endolymphatic potential, nor elevated auditory thresholds, during systemic inflammation induced by (lower doses of) LPS that enhanced cochleotoxicity, suggesting that the BLB remained relatively intact (Hirose et al., 2014b; Koo et al., 2015).

For systemically administered aminoglycosides to reach cochlear hair cells, these drugs must first enter endothelial cells forming the BLB, established by tight junctions between adjacent endothelial cells of cochlear blood vessels. The most intense strial uptake of fluorescent gentamicin is within endothelial cells of the strial capillaries, and this uptake can be attenuated by increasing levels of unconjugated aminoglycosides, suggestive of competitive antagonism of saturable cell-regulatable mechanisms (Wang et al., 2010). Aminoglycosides can use one or more cell-regulatable transcellular trafficking routes, including endocytosis and/or permeation through ion channels (e.g., TRPV4) to enter cochlear endothelial cells that form the BLB (Koo et al., 2015).

Aminoglycosides must also be able to exit BLB endothelial cells, and then traffic through the tight junction-coupled marginal cells of the stria vascularis into endolymph (Figure 4) prior to entering hair cells across their apical membranes via the aminoglycoside-permeant mechanoelectrical transduction channel. Current flow through most ion channels is passively bi-directional, dependent on the electrophysiological characteristics in which they are situated, e.g., Kir4.1 in strial intermediate cells (Ando and Takeuchi, 1999; Marcus et al., 2002), which could facilitate trafficking of aminoglycosides in a similar manner in or out of individual cells within the stria vascularis. Below, we discuss several transmembrane mechanisms that could physiologically modulate the trafficking of the cationic, hydrophilic aminoglycosides.
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FIGURE 4. To cross the strial BLB, aminoglycosides must first enter endothelial cells (dark gray), and permeate through gap junctions into intermediate cells (I) and/or basal cells (B). Aminoglycosides could clear endothelial, intermediate and basal cells via transporters, exchangers, and/or cation channels, or by exocytosis of endosomes (not shown), into the intra-strial space. Aminoglycosides are taken up by marginal cells across their basolateral membranes, presumptively by ATPases, exchangers, and transporters (and ion channels?). Once in marginal cells, aminoglycosides clear into endolymph down the electrochemical gradient, presumptively via permeation of hemi-channels, facilitated glucose transporters (GLUT), electrogenic symporters, and at least two TRP channels, TRPV1 and TRPV4. Schematic diagram not to relative scale.



Endocytosis

Aminoglycosides are readily endocytosed by specific and non-specific mechanisms (Myrdal et al., 2005). Megalin and cubulin are apical membrane receptors that can bind to aminoglycosides to induce endocytosis and are expressed in renal and cochlear epithelia, but not in hair cells (Tauris et al., 2009; Nagai and Takano, 2014). Mice lacking megalin show reduced renal uptake of aminoglycosides and attenuated aminoglycoside-induced nephrotoxicity (Nagai et al., 2001; Schmitz et al., 2002), and may represent a partial otoprotective mechanism by sequestering aminoglycosides from endolymph (Tauris et al., 2009). However, blocking endocytosis did not reduce hair cell death in vitro (Alharazneh et al., 2011). Blocking trafficking of aminoglycoside-laden endosomes to lysosomes exacerbates hair cell death suggesting that aminoglycoside-induced cytotoxicity proceeds upstream of endosomal and lysosomal activity, which may be partially cytoprotective (Esterberg et al., 2014; Hailey et al., 2017). Although inflammation enhances cochlear uptake of aminoglycosides across the BLB of cochlear endothelial cells, it remains to be determined if inflammation modulates transcytosis of aminoglycosides, especially when LPS exposure can reduce caveolin-mediated endocytosis in lung endothelial cells (Singla et al., 2011).

Endothelial cells and macrophages readily endocytose pathogens and particulates which induce inflammatory responses that further induce endocytotic processes (Majkova et al., 2010; Utech et al., 2010). Binding of the LPS-binding proteins complex to TLR4 induces endocytosis and induction of cytokine expression, as described above. Furthermore, this ligand-receptor binding is also endocytosed with downstream production of cytokines (Tan et al., 2015). In preclinical models, treatment with antibodies to TLR2 and TLR4 attenuate the inflammatory response and promote survival of severe experimental sepsis; however, side-effects include delayed healing from infection (Lima et al., 2015; Gao et al., 2017). Etanercept, an antibody that attenuates the TNFα-mediated inflammation triggered by TLR4, can acutely maintain cochlear blood flow and preserve hearing following acoustic overstimulation that typically induces cochlear inflammation (Arpornchayanon et al., 2013), and also cisplatin-induced cochleotoxicity (Kaur et al., 2011). Investigation of off-target side-effects will be crucial to determine the efficacy and safety of these approaches.

Ion Channels

Any non-selective cation channel on the apical plasma membrane of hair cells (and supporting cells) bathed by endolymph, with a pore diameter larger than the maximum cross-sectional diameter of aminoglycosides (∼0.8–0.9 nm), is a candidate ion channel permeant to these drugs. These include the mechanoelectrical transducer (MET) channel of hair cells, and a variety of Transient Receptor Potential (TRP) channels, expressed by hair cells and supporting cells. There are seven subfamilies of TRP channels (TRPC, TRPM, TRPV, TRPA, TRPP, TRPML, and TRPN; all of which are found in mammals except for TRPN). At least four subfamilies are expressed in the cochlea, of which three subfamilies (TRPA, TRPC, TRPV) have a pore diameter larger than the maximum cross-sectional diameter of aminoglycosides, but not the fourth subfamily (TRPML). The very low concentration of calcium ions in endolymph increases the open probability of these non-selective cation channels, enhancing their permeability to aminoglycosides (Marcotti et al., 2005; Myrdal and Steyger, 2005; Karasawa et al., 2008; Banke, 2011). Furthermore, TRP channels can mediate inflammatory responses through multiple mechanisms, including interactions with other TRP channels, immunological receptors (e.g., TLR4) and signaling molecules such as pro-inflammatory cytokines (Numata et al., 2011). These are discussed below.

MET Channels

MET channels are big, multi-subunit complexes, including TMC1 and TMC2 (Kawashima et al., 2011), whose interactions are currently being unraveled, and subject to much debate. Nonetheless, their electrophysiological properties are well-characterized and many accessory components identified (Farris et al., 2006). The MET channels are permeable to a variety of aminoglycosides, including fluorescently tagged aminoglycosides (Marcotti et al., 2005; Coffin et al., 2009; Alharazneh et al., 2011; Vu et al., 2013). Genetic disruptions of essential components of the MET complex, e.g., myosin VIIa, or cadherin-23, reduce aminoglycoside uptake (Richardson et al., 1997; Vu et al., 2013). The conductance of MET channels, and therefore aminoglycoside permeation, can readily be modulated by extracellular cations, and permeant or impermeant MET channel blockers, e.g., tubocurarine, quinine (Farris et al., 2004; Coffin et al., 2009; Alharazneh et al., 2011), and are discussed elsewhere in this Research Topic (Kirkwood et al., 2017; O’Sullivan et al., 2017). The intracellular modulation of the MET channel current by inflammatory signaling (or by any other factors) remains to be determined and, if present, will have wider functional implications besides drug permeation into hair cells.

TRPA1

Transient Receptor Potential Ankyrin 1 (TRPA1) is an inflammatory, irritant, and oxidative stress sensor and has been indirectly localized to the basolateral membrane of outer hair cells (Kwan et al., 2006; Stepanyan et al., 2011). TRPA1 has a pore diameter of 1.1 nm, is dilatable to ∼1.4 nm, and is permeable to organic cations under the effect of agonists, see Tables 1 and 2 (Chen et al., 2009; Karashima et al., 2010; Banke, 2011). TRPA1 channels are required for the release of inflammatory neuropeptides and are activated by inflammatory agents released by damaged or diseased non-neuronal cells (Bautista et al., 2013). TRPA1 channels can be sensitized by inflammatory signals such as protein kinase A (PKA) and phospholipase C (PLC), which can include translocation of TRPA1 from vesicular stores to the plasma membrane (Schmidt et al., 2009). Endogenous TRPA1 agonists, such as methylglyoxal, 4-hydroxynonenal (4-HNE, a product and inducer of oxidative stress), 12-lipoxygenase-derived hepoxilin A3, 5,6-epoxyeicosatrienoic acid and reactive oxygen species (Table 2), are generated under various pathophysiological conditions activate TRPA1, contributing to peripheral neurogenic inflammation (Koivisto et al., 2014). In vitro experiments show that TRPA1 agonists, cinnamaldehyde, and 4-HNE increase outer hair cell uptake of fluorescent gentamicin (Myrdal and Steyger, 2005; Stepanyan et al., 2011). Thus, insults that induce oxidative stress in outer hair cells could potentially activate basolateral TRPA1 channels to enhance aminoglycoside uptake from the perilymphatic scala tympani, another depository of aminoglycosides in vivo (Tran Ba Huy et al., 1986; Ohlemiller et al., 1999). A cochlear expression map for TRPA1 is required to determine its potential involvement in inflammation enhanced cochlear uptake of aminoglycosides.

TABLE 1. Transient Receptor Potential (TRP) channel properties.
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TABLE 2. Regulators of TRP channels, including chemical agents, cytokines, and chemokines.
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TRPV1

The Transient Receptor Potential Vanilloid (TRPV) subfamily includes TRPV1, the first TRP channel to be identified as candidate aminoglycoside-permeant channel (Myrdal and Steyger, 2005). TRPV1 has a pore diameter of ∼1 nm (Chung et al., 2008; Jara-Oseguera et al., 2008) and can be dilated by agonists (Bautista and Julius, 2008; Moiseenkova-Bell et al., 2008). TRPV1 is activated by high temperatures (>43°C), capsaicin, and protons, see Table 2 (Caterina et al., 1997; Vellani et al., 2001). Cell lines expressing TRPV1 co-incubated with capsaicin and streptomycin undergo rapid cell death (Caterina et al., 1997), suggestive of TRPV1-facilitation of aminoglycoside-induced cytotoxicity. TRPV1 is expressed in the cuticular plate, stereocilia, and cell bodies of hair cells and selected adjacent supporting cells (Zheng et al., 2003), as well as in marginal cells of the stria vascularis (Jiang et al., 2015). Thus, TRPV1 is expressed at key locations along the strial and endolymphatic trafficking route (Figure 4).

Involvement of TRPV1 in inflammation is well documented (Davis et al., 2000). Pro-inflammatory mediators up-regulate TRPV1 expression in chronic inflammatory diseases (Engler et al., 2007; Akbar et al., 2008; Cho and Valtschanoff, 2008). Inflammation can also mobilize the translocation of TRPV1 channels from the vesicular reservoir to the plasma membrane via exocytosis (Planells-Cases et al., 2011). Sensitization and translocation of TRPV1 to plasma membrane can also be induced by pro-inflammatory mediators, nerve growth factor and ATP released from damaged cells following tissue trauma (Julius and Basbaum, 2001; Ji et al., 2002; Zhang et al., 2005). Cytokines such as IL-1β, IL-6, and TNFα increase neuronal excitability via TRPV1 (Schafers and Sorkin, 2008; Miller et al., 2009). After kanamycin challenge, TRPV1 expression is unregulated in cochlear and vestibular sensory cells and neuronal ganglia (Kitahara et al., 2005; Ishibashi et al., 2009), and both native and fluorescently tagged gentamicin can permeate TRPV1 (Jiang et al., 2015).

These data suggest that acoustic overstimulation, or systemic inflammation, that induces cochlear expression of cytokines and chemokines, could sensitize or enhance the expression of TRPV1 at key locations to facilitate trafficking of systemically administered aminoglycosides across the stria vascularis into endolymph, as well as into hair cells independently of the MET channel (Li and Steyger, 2011; Li et al., 2011, 2015). Notably, TRPV1 plays a major role in cellular inflammation during cisplatin-induced ototoxicity, as described elsewhere in this Research Topic (Sheth et al., 2017). Whether an intracellular inflammatory-TRPV1 signaling pathway in hair cells occurs during systemic inflammation and/or aminoglycoside cytotoxicity remains to be determined.

TRPV4

TRPV4 is temperature-sensitive (25–34°C), and mechanically activated by osmotic swelling of cells, as well as by chemically agonists (see Table 2), like 4α-phorbol 12,13-didecanoate (Liedtke et al., 2000; Strotmann et al., 2000; Vriens et al., 2004). TRPV4 is expressed by hair cells in the region of the cuticular plate, stereocilia, and cell bodies of hair cells, as well as marginal cells and intermediate cells in the stria vascularis; in addition, TRPV4 is permeable to fluorescently tagged gentamicin (Karasawa et al., 2008). Thus, TRPV4 is expressed at key locations along the strial trafficking route into endolymph and hair cells (Figure 4). After kanamycin challenge, the expression of TRPV4 is downregulated in the inner ear sensory cells, neuronal ganglia and stria vascularis (Kitahara et al., 2005; Ishibashi et al., 2009), suggesting that TRPV4 does not enhance cochlear uptake of aminoglycosides during insult, and may represent an otoprotective response. Thus, sepsis-enhanced cochlear uptake of aminoglycosides must overcome any decreased trafficking resulting from inflammatory down-regulated expression of individual aminoglycoside-permeant ion channels.

TRPC Channels

TRPC3 and TRPC6 are canonical TRP channels expressed by hair cells, with a large (∼6 nm diameter) inner chamber (Mio et al., 2007; Goel and Schilling, 2010; Quick et al., 2012). Endothelial cells also express TRPC6, and activation by phosphoinositides or products downstream of reactive oxygen species induce translocation from the vesicular reservoir to the plasma membrane via exocytosis (Chaudhuri et al., 2016). This results in endothelial inflammation, increased cellular permeability and disrupted barrier function (Tauseef et al., 2012). Similar translocation and activation has been reported for other members of TRP channels too. For example, TRPC4 phosphorylation by Src family tyrosine kinases (STKs) following epidermal growth factor receptor stimulation, induces exocytotic insertion of TRPC4 into the plasma membrane (Odell et al., 2005) and TRPV4 translocation happens after shear stress in primary vascular endothelial cells (Baratchi et al., 2016). Thus, the roles of these TRP channels, and their permeability to aminoglycosides and trafficking across the BLB, especially during inflammation remain to be determined.

Vasodilation

Vasodilation is a primary consequence of inflammation in order to facilitate extravasation of plasma (i.e., increased paracellular flux) into the interstitial space of tissues. However, in the tight junction-coupled blood-brain barrier and BLB, vasodilation occurs without major increases in paracellular flux. When inflammation-induced vasodilation in the BLB was abrogated in TLR4-hyporesponsive mice, aminoglycoside-uptake by the cochlea was also attenuated (Koo et al., 2015). Conversely, vasodilators like serotonin and ginkgo biloba enhance cochlear uptake of aminoglycosides and cochleotoxicity (Didier et al., 1996; Miman et al., 2002; Koo et al., 2011). Although, these vasodilators have other confounding cochlear effects, it is intriguing that downstream products of reactive oxygen species (e.g., 4-HNE, peroxidized lipids) also dilated cerebral arterioles via activation of TRPA1 (Sullivan et al., 2015). Thus, it will be important to untangle which feature of these polymodal events directly contributes to the increased strial endothelial uptake of aminoglycosides (Koo et al., 2015).

NEONATE-SPECIFIC FACTORS

Most neonates have a continuing maturation of the BLB up to 27 weeks gestational age (GA). Responses to sounds by the fetus can be first detected to 500 Hz tones at 19 weeks GA and increases in frequency range with continuing gestation to 100 to 3000 Hz by 27 weeks GA (Hepper and Shahidullah, 1994). Extrapolating from preclinical data, this suggests that the BLB is largely functionally mature in order to facilitate onset of hearing with the exquisite three-dimensional organization of cochlear fluids and endolymphatic potentials (Ehret, 1976; Yamasaki et al., 2000; Song et al., 2006). This physiological maturation is supported by the co-expression of cubulin and megalin in the apical membranes of marginal cells in the stria vascularis and Reissner’s membrane prior to onset of hearing, as for proximal tubule cells during renal morphogenesis (Christensen and Birn, 2002; Tauris et al., 2009). Neonatal murine pups <2 weeks post-natal age, prior to onset of hearing (Ehret, 1976; Yamasaki et al., 2000; Song et al., 2006), could mimic extremely immature neonates (<27 weeks GA). Neonatal murine pups readily take up fluorescent aminoglycosides compared to adult mice (Dai et al., 2006), however, the effects of this uptake prior to, or during, onset of hearing on mature auditory function remain to be determined.

Substantial evidence demonstrates diminished innate immune responses in neonates to bacterial and viral infections (Levy, 2005), and that individual immune cell types have less capacity to synthesize multiple cytokine responses to immunogenic stimuli. However, empiric data is heterogeneous, with baseline levels and varying immunogenic responses dependent on age, geographical location, race, and TLRs studied (Martino et al., 2012; Georgountzou and Papadopoulos, 2017). The maturing innate immune response during infancy and in specific chronic disease states (e.g., cystic fibrosis) will be an area of immense growth prior to understanding differential effects during developmental maturation of organ systems. Neonates in the NICU may also be exposed to one or more co-therapeutics that can potentiate aminoglycoside-induced hearing loss, including vancomycin, loop diuretics (as an anti-seizure medication), and neuromuscular blocking agents (to facilitate intubation for neonates requiring respiratory assistance), and reviewed by Garinis et al. (2017b). Each of these factors, along with aminoglycoside therapy and inflammation, may contribute to a multiple causative origin of hearing loss proposed for neonates in the NICU (Allegaert et al., 2016).

SUMMARY

In this review, we explored potential mechanisms by which systemic host-mediated inflammatory responses to immunogenic stimuli could exacerbate aminoglycoside trafficking into the cochlea to enhance aminoglycoside-induced cochleotoxicity. Systemic inflammatory signaling cascades induce cochlear expression of cytokines and chemokines that could modulate the rate of endocytosis, and/or, more likely, sensitize/upregulate the expression of selected aminoglycoside-permeant cation channels within the cochlea, particularly TRPV1. The expression of other (candidate) aminoglycoside-permeant cation channels are down-regulated (TRPV4) or remain unknown (e.g., TRPA1, TRPCs) mean that acquisition of further empirical data is needed. The altered expression and physiology of aminoglycoside-permeant channels should modulate the flux of aminoglycosides across the endothelial cells forming the BLB, through the stria vascularis and into endolymph, and thence into hair cells and supporting cells. Once verified, these mechanisms will be potential targets for novel pharmacotherapeutics that reduce the risk of drug-induced cochleotoxicity and acute kidney damage during systemic inflammation without compromising the required bactericidal efficacy of aminoglycosides.
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Inflammatory reaction plays a crucial role in the pathophysiology of acquired hearing loss such as ototoxicity and labyrinthitis. In our earlier work, we showed the pivotal role of otic fibrocytes in cochlear inflammation and the critical involvement of proinflammatory cytokines in cisplatin ototoxicity. We also demonstrated that otic fibrocytes inhibit monocyte chemoattractant protein 1 (CCL2) upregulation in response to interleukin-10 (IL-10) via heme oxygenase 1 (HMOX1) signaling, resulting in suppression of cochlear inflammation. However, it is still unclear how IL-10 affects inflammation-mediated cochlear injury. Here we aim to determine how hypochlorous acid, a model inflammation mediator affects cochlear cell viability and how IL-10 affects hypochlorous acid-mediated cochlear cell injury. NaOCl, a sodium salt of hypochlorous acid (HOCl) was found to induce cytotoxicity of HEI-OC1 cells in a dose-dependent manner. Combination of hydrogen peroxide and myeloperoxidase augmented cisplatin cytotoxicity, and this synergism was inhibited by N-Acetyl-L-cysteine and ML-171. The rat spiral ligament cell line (RSL) appeared to upregulate the antioxidant response element (ARE) activities upon exposure to IL-10. RSL cells upregulated the expression of NRF2 (an ARE ligand) and NR0B2 in response to CoPP (a HMOX1 inducer), but not to ZnPP (a HMOX1 inhibitor). Adenovirus-mediated overexpression of NR0B2 was found to suppress CCL2 upregulation. IL-10-positive cells appeared in the mouse stria vascularis 1 day after intraperitoneal injection of lipopolysaccharide (LPS). Five days after injection, IL-10-positive cells were observed in the spiral ligament, spiral limbus, spiral ganglia, and suprastrial area, but not in the stria vascularis. IL-10R1 appeared to be expressed in the mouse organ of Corti as well as HEI-OC1 cells. HEI-OC1 cells upregulated Bcl-xL expression in response to IL-10, and IL-10 was shown to attenuate NaOCl-induced cytotoxicity. In addition, HEI-OC1 cells upregulated IL-22RA upon exposure to cisplatin, and NaOCl cytotoxicity was inhibited by IL-22. Taken together, our findings suggest that hypochlorous acid is involved in cochlear injury and that IL-10 potentially reduces cochlear injury through not only inhibition of inflammation but also enhancement of cochlear cell viability. Further studies are needed to determine immunological characteristics of intracochlear IL-10-positive cells and elucidate molecular mechanisms involved in the otoprotective activity of IL-10.
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INTRODUCTION

Inflammation is a tightly controlled process because excessive inflammation potentially leads to unintended tissue injury. In the cochlea, inflammation is increasingly recognized to contribute to the pathophysiology of acquired sensorineural hearing loss (SNHL) such as ototoxicity, given that lipopolysaccharide (LPS)-induced inflammatory response aggravates cisplatin ototoxicity as well as the synergistic ototoxicity of kanamycin and furosemide (Oh et al., 2011; Hirose et al., 2014). Yet, it has not been fully understood how inflammatory reaction itself induces cochlear injury.

Pro-inflammatory cytokines such as TNF-α are known to critically mediate cisplatin ototoxicity (So et al., 2007, 2008), but the cochlear sensory cells appeared to be damaged only by the extremely high concentrations of TNF-α in animal experiments (Dinh et al., 2008; Keithley et al., 2008), indicating the involvement of multiple factors in inflammation-mediated cochlear injury. Among a number of inflammatory mediators, hypochlorous acid (HOCl) has gained attention due to the essential contribution to tissue injury (Johnson et al., 1987; Hammerschmidt and Wahn, 1997). Hypochlorous acid is a potent oxidant, released from activated phagocytes during the respiratory burst for the destruction of invading pathogens. Due to its powerful oxidative property, there is a risk of host tissue injuries when associated with excessive inflammatory reactions (Pullar et al., 2000). However, it is unclear whether hypochlorous acid is ototoxic and contributes to inflammation-mediated cochlear injury.

In our earlier work, downregulation of proinflammatory cytokines appeared to attenuate cisplatin ototoxicity (So et al., 2008), which led us to focus on the anti-inflammatory cytokine, IL-10. Otic fibrocytes were shown to inhibit monocyte chemoattractant protein-1 (CCL2) upregulation in response to IL-10 via heme oxygenase 1 (HMOX1) signaling, resulting in suppression of cochlear inflammation. However, it is unclear how IL-10 maintains HMOX1 upregulation because IL-10 paradoxically inhibits p38 MAPK that is required for HMOX1 upregulation (Kontoyiannis et al., 2001). Based on the finding showing the involvement of NRF2 (also known as NFE2L2) in HMOX1 regulation in cisplatin ototoxicity (So et al., 2006), we aim to elucidate an NRF2-mediated alternative pathway maintaining IL-10-induced HMOX1 regulation. Furthermore, NRF2 is involved in the regulation of NR0B2 (Huang et al., 2010), an orphan nuclear receptor involved in negative regulation of inflammatory reactions through inhibition of NF-κB (Yuk et al., 2011). Thus, we hypothesize that NR0B2 contributes to the anti-inflammatory effect of IL-10 on cochlear inflammation.

Besides the anti-inflammatory activity, there is accumulating evidence showing the cytoprotective activity of the IL-10 family cytokines. It has been reported that IL-10 upregulates anti-apoptotic factors such as Bcl-2 and Bcl-xL (Levy and Brouet, 1994; Stassi et al., 2000) and enhances cell viability of cortical neurons and retinal ganglion cells (Boyd et al., 2003; Sharma et al., 2011). Moreover, IL-22, which shares IL-10R2 with IL-10 for forming an active IL-22R complex, promotes the survival of hepatocytes (Radaeva et al., 2004) and even upregulates IL-10 in colon epithelial cells (Nagalakshmi et al., 2004). Moreover, IL-22 contributes to mucosal wound healing and intestinal epithelial regeneration via STAT3 signaling (Pickert et al., 2009; Lindemans et al., 2015). Based on these findings, we aim to determine cytoprotective activities of IL-10 and IL-22, inhibiting cochlear injury through promoting cochlear cell viability.

Here, we demonstrate that hypochlorous acid not only reduces cochlear cell viability but also exacerbates cisplatin ototoxicity, and that IL-10 is protective for hypochlorous acid-induced cytotoxicity. We found cochlear localization of IL-10-expressing cells and IL-10R1 expression in the organ of Corti. Moreover, it was shown that NRF2 and NR0B2 contribute to the IL-10 signaling network and that HEI-OC1 cells upregulate Bcl-xL expression in response to IL-10. This study may enable us to better understand the molecular pathogenesis involved in inflammation-mediated cochlear injury and would provide a scientific basis for the development of therapeutic tools to manage acquired SNHL.

METHODS

Reagents

Sodium hypochlorite (NaOCl), cisplatin (cis-[Pt(NH3)2(Cl)2]), protoporphyrin IX cobalt chloride (C34H32CoN4O4Cl, CoPP), protoporphyrin IX zinc(II) (C34H32N4O4Zn, ZnPP), N-Acetyl-L-cysteine, LPS, recombinant IL-10, IL-22, and myeloperoxidase were purchased from Sigma-Aldrich (St. Louis, MO). ML-171 was purchased from Tocris (Minneapolis, MN). TaqMan primers and probes for rat CCL2 (Rn00580555_m1), rat HMOX1 (Rn01536933_m1), rat NRF2 (Rn00582415_m1), rat NR0B2 (Rn00589173_m1), and rat GAPDH (4352338E) were purchased from Life Technologies (Grand Island, NY).

Animals and Immunolabeling

Young adult C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) were used. All animal experiments were approved by the Institutional Animal Care and Use Committee of University of California, Los Angeles. To induce cochlear inflammation, animals were injected i.p. with a non-septic dose (1 mg/kg) of LPS (Sigma-Aldrich) and euthanized 1 or 5 d after injection. Control animals were given with normal saline. For temporal bone sections, mouse temporal bones were dissected after decapitation. After fixation, decalcification and embedding in paraffin, serial sections (~10 μm thickness) were prepared through the mid-modiolar plane and were used for immunolabeling of IL-10 or IL-10R1. For whole mount preparation, bony otic capsules were carefully removed, and cochlear lateral wall tissues were dissected as described (Moon et al., 2007) and were further used for IL-10 immunolabeling. Cochlear lateral tissues were fixed in 4% paraformaldehyde overnight at 4°C and permeabilized in 0.5% Triton X-100 (Sigma-Aldrich) for 1 h. After immunoblocking with 10% goat serum, samples were incubated with a rat antibody against IL-10 (1:100, Santa Cruz Biotechnology, Dallas, TX) or IL-10R1 (1:200, Thermo Scientific, Waltham, MA) overnight at 4°C. After washing, sections were incubated with rhodamine-conjugated goat anti-rat IgG (1:200, Life Technologies). Mounted with anti-fade mounting media (Life Technologies), samples were viewed and photographed using a TCS SP5 confocal microscope (Leica, Buffalo Grove, IL).

Cell Culture, Cell Viability Assays, and Quantitative RT-PCR

Rat spiral ligament fibrocyte cell line (RSL) were maintained in DMEM supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (0.1 mg/ml; Life Technologies) at 37°C in a humidified atmosphere of 5% CO2 and 95% air as described (Yian et al., 2006). HEI-OC1 cells were cultured under a permissive condition (33°C, 10% CO2) in high-glucose DMEM containing 10% FBS without antibiotics as described (Kalinec et al., 2003). For cell viability, HEI-OC1 cells were exposed to cytotoxic agents such as NaOCl (1:50~1:1000), cisplatin (100 μM), hydrogen peroxide (100 μM) and myeloperoxidase (1μg/ml) for 8 or 16 h, and MTT assays were carried out using a Cell Proliferation Kit I (Roche, Indianapolis, IN), according to the manufacturer's instructions. After solubilization of formazan crystals, spectrophotometrical absorbance of samples was measured at 550 nm using a microplate reader. For quantitative RT-PCR, RSL cells were exposed to reagents such as IL-10 (50 ng/ml), CoPP (10 μM), or ZnPP (20 μM) for 6 h, and total RNA was extracted using TRIzol (Life Technologies). After cDNA was synthesized using TaqMan reverse transcription kit (Life Technologies), multiplex PCR was performed using the ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA) with gene-specific primers (FAM-conjugated probes for NRF2, NR0B2, HMOX1, and CCL2) and control primers (a VIC-conjugated probe for GAPDH). The cycle threshold (CT) values were determined according to the manufacturer's instructions. The relative quantity of mRNA was determined using the 2ΔΔCT method (Livak and Schmittgen, 2001). CT values were normalized to the internal control (GAPDH), and the results were expressed as a fold change in mRNA, with the mRNA levels in the non-treated group set as 1. For conventional PCR, primers were used as follows: mouse Bcl-xL (228 bp), 5′-TCCTGGAAGAGAATCGCTAAAC-3′ and 5′-CCCTCTCTGCTTCAGTTTCTT-3′; mouse IL-10R2 (256 bp), 5′-GGACAGGCAATGACGAAATAAC-3′ and 5′-GGGAAGGAGAACAGCAGAAA-3′; mouse IL-22RA (294 bp), 5′-CATGACCTGTTCTACCGCTTAG-3′ and 5′-AGGTGGCTTGGTGATGTATTT-3′; and 18S rRNA (200 bp), 5′-GTGGAGCGATTTGTCTGGTT-3′ and 5′-CGCTGAGCCAGTCAGTGTAG-3′. PCR products were analyzed by electrophoresis on 1.5% agarose gels, viewed after staining with GelRed Nucleic Acid Stain (Biotium, Hayward, CA) and photographed using ChemiDoc (Bio-Rad, Hercules, CA).

Adenoviral Vector, Plasmid, Transfection, and Luciferase Assays

To overexpress NR0B2, RSL cells were transfected with the adenoviral vector expressing NR0B2, kindly provided by Dr. Eun-Kyeong Jo (Chungnam National University, South Korea; Yuk et al., 2011). For luciferase assays, RSL cells were transfected with the luciferase-expressing vector with an antioxidant response element (ARE), a gift from Dr. Raekil Park (GIST, South Korea; So et al., 2006), at 60% confluence using the Transit-LT1 transfection reagent (Mirus, Madison, WI), according to the manufacturer′s instructions. The pRL-TK vector (Promega, Madison, WI) was cotransfected to normalize for transfection efficiency. Transfected cells were starved overnight in serum-free DMEM and harvested after exposure to IL-10 (50 ng/ml) for 16 and 42 h. Luciferase activity was measured using a luminometer after adding the necessary luciferase substrate (Promega). Results were expressed as a fold change in luciferase activity, taking the value of the non-treated group as 1.

Statistics

For technical and independent replicates, all experiments were carried out in triplicate and repeated twice independently. For quantitative RT-PCR analysis and luciferase assays, results were analyzed with the Student t-test and one-way ANOVA followed by the Tukey post-hoc test using R2.14.0 software for Windows (The R Foundation for Statistical Computing). A p-value < 0.05 was considered significant.

RESULTS

Hypochlorous Acid is Involved in Cochlear Injury

Hypochlorous acid, generated by myeloperoxidase-mediated peroxidation of chloride ions, is cytotoxic to various mammalian cells such as epithelial cells and red blood cells. To determine whether hypochlorous acid is cytotoxic to cochlear cells in vitro, we performed cell viability assays with HEI-OC1, an organ of Corti cell line after exposure to NaOCl, a sodium salt of hypochlorous acid, used as bleaches and deodorants. As shown in Figure 1A, NaOCl reduced cell viability of HEI-OC1 cells in a dose-dependent manner. HEI-OC1 cells were viable in a 1:1000 dilution of NaOCl whereas its 1:100 dilution showed significant cytotoxicity. Furthermore, combination of a recombinant myeloperoxidase with hydrogen peroxide was not cytotoxic to HEI-OC1 cells but appeared to potentiate cisplatin cytotoxicity (Figure 1B). However, hydrogen peroxide or myeloperoxidase alone insignificantly affect cisplatin cytotoxicity (data not shown). Then, we sought to determine an effect of antioxidants on hypochlorous acid-induced cytotoxicity. It was found that hypochlorous acid-mediated augmentation of cisplatin cytotoxicity is inhibited by N-Acetyl-L-cysteine and ML-171 (a NADPH oxidase 1 inhibitor) (Figure 1C). Taken together, it is suggested that hypochlorous acid, when it is excessively released by uncontrolled inflammatory reactions, potentially contributes to induction and exacerbation of cochlear injury.
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FIGURE 1. Hypochlorous acid contributes to cochlear injury. (A) MTT assays show that sodium hypochlorite (NaOCl) inhibits the viability of HEI-OC1 cells in a dose-dependent manner. (B) Combination of hydrogen peroxide (H2O2) and myeloperoxidase (MPO) augments cisplatin cytotoxicity to HEI-OC1 cells. (C) N-Acetyl-L-cysteine (NAC) and ML-171 inhibit the enhancement of cisplatin cytotoxicity by the combination of H2O2 and MPO. Data are mean ± SD (n = 3). *p < 0.05.



NRF2 and NR0B2 Contribute to the Inhibitory Effect of IL-10 on Chemokine Production in Otic Fibrocytes

In our prior study, otic fibrocytes were shown to play a pivotal role in cochlear inflammation (Moon et al., 2007; Oh et al., 2012). It is unclear how IL-10 maintains HMOX1 upregulation in otic fibrocytes despite the inhibition of p38 MAPK required for HMOX1 upregulation (Kontoyiannis et al., 2001). In addition to p38 MAPK, NRF2 appeared to be involved in HMOX1 regulation in HEI-OC1 cells (So et al., 2006), which is a basic leucine zipper protein involved in the regulation of antioxidant genes. Therefore, we investigated an effect of IL-10 on the ARE/NRF2 system in otic fibrocytes. Luciferase assays were conducted with a luciferase vector containing ARE. As shown in Figure 2A, RSL cells appeared to upregulate ARE activity after exposure to IL-10. CoPP (a HMOX1 inducer), not ZnPP (a HMOX1 inhibitor), was found to upregulate NRF2 expression (Figure 2B), and HMOX1 expression was upregulated by IL-10 (Figure 2C). These findings indicate an existence of the NRF2-mediated positive feedback loop in otic fibrocytes, which may be required for maintaining IL-10-induced HMOX1 upregulation, through bypassing the p38 MAPK pathway.
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FIGURE 2. Involvement of NRF2 and NR0B2 in the inhibitory effect of IL-10 on CCL2 regulation. (A) Luciferase assays show that IL-10 upregulates ARE activity in RSL cells. Quantitative RT-PCR analysis shows that RSL cells upregulate NRF2 upon exposure to CoPP (B) and HMOX1, to IL-10 (C). NR0B2 is upregulated in response to CoPP in RSL cells (D), and transfection of the adenoviral vector expressing NROB2 (Ad-Nr0b2) inhibits IL-1β-induced monocyte chemoattractant protein-1 (CCL2) upregulation (E). Ad-null: a negative control vector. Data are mean ± SD (n = 3). *p < 0.05.



In addition, we sought to determine the involvement of NR0B2 in the inhibitory effect of IL-10 on chemokine production because NR0B2, similar to IL-10 and carbon monoxide (CO) (Woo et al., 2015), suppresses inflammatory reactions through inhibition of NF-κB (Yuk et al., 2011). Quantitative RT-PCR analysis showed that RSL cells upregulate NR0B2 expression ~12-fold in response to CoPP, but ~3-fold to ZnPP (Figure 2D). Furthermore, adenoviral vector-mediated overexpression of NR0B2 was found to inhibit IL-1β-induced CCL2 upregulation in RSL cells (Figure 2E), which suggests the involvement of NR0B2 in the anti-inflammatory effect of IL-10.

Cochlear Localization of IL-10-Expressing Cells

Inner ear IL-10 expression is upregulated in experimental tympanogenic cochlear inflammation at the mRNA and protein levels (Trune et al., 2015); however, an intra-cochlear source of IL-10 still remains unclear. To determine cochlear localization of IL-10-expressing cells, immunolabeling of the mouse temporal bone sections were carried out. IL-10-positive cells first appeared in the stria vascularis on 1 d after LPS injection (Figure 3A). Consistently, surface preparation of the cochlear lateral wall showed the localization of IL-10-positive cells in the stria vascularis (Figure 3D). In addition, IL-10 was labeled in the suprastrial area and the lower part of the spiral ligament. On 5 d after injection, IL-10-positive cells were broadly found in the spiral ligament, spiral limbus and spiral ganglion (Figure 3C), but not in the stria vascularis (Figure 3B). IL-10 was not significantly labeled in the saline-injected control mice (data not shown). Altogether, these findings suggest that there are two groups of IL-10-expressing cells in the cochlea: recruited cells and resident cells, but their immunological characteristics remain to be revealed.
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FIGURE 3. Localization of IL-10-expressing cells in the mouse cochlea. (A) Immunolabeling shows appearance of IL-10-positive cells (black arrowheads) in the stria vascularis 1 d after LPS injection. IL-10 labeling is also noted in the lower part of the spiral ligament (asterisk). (B,C) On 5 d after LPS injection, IL-10-positive cells are observed in the spiral ligament (black arrow), but not in the stria vascularis. IL-10-positive cells are distributed in the spiral limbus, spiral ganglion area (#), suprastrial area and osseous spiral lamina (white block arrows). SM, scala media; ST, scala tympani; SV, scala vestibule. Scale bar: 100 μm. (D) Surface preparation showing IL-10-positive cells (white arrows) in the cochlear lateral wall tissue. IL-10 is also labeled in a capillary-like structure. Scale bar: 25 μm.



IL-10R Expression in the Organ of Corti Cells

The IL-10R complex is a tetramer composed of two subunits, IL-10R1 and IL-10R2. Previously, we have demonstrated the inducible expression of IL-10R1 and constitutive expression of IL-10R2 in otic fibrocytes (Woo et al., 2015), but it is unclear if other cochlear cells express IL-10Rs. To determine whether the organ of Corti cells express IL-10R1 enabling them to respond to IL-10, we performed immunolabeling with an anti-IL-10R1 antibody. As shown in Figure 4A, HEI-OC1 cells appeared to express IL-10R1. Moreover, IL-10R1 labeling was noted in the mouse organ of Corti cells such as inner and outer hair cells as well as pillar cells (Figures 4B–D), but further studies are needed to characterize IL-10R-expressing cells in the organ of Corti.
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FIGURE 4. Immunolabeling showing IL-10R1 expression in the HEI-OC1 cells (A) and mouse organ of Corti (B–D). Note IL-10R1 labeling in the inner and outer hair cells as well as pillar cells. TC, Tunnel of Corti; V, auditory sensory cells. Scale bar: 25 μm.



IL-10 is Protective for Cochlear Cell Injury

In addition to the anti-inflammatory function, there is substantial evidence of the cytoprotective effect of IL-10 (Boyd et al., 2003; Zhou et al., 2009), but it is unclear whether IL-10 is protective for cochlear cell injury. HEI-OC1 cells were exposed to IL-10, and RT-PCR analysis was carried out. HEI-OC1 cells appeared to express Bcl-xL higher in response to IL-10 (Figure 5A), but further quantitative analysis would be needed to show IL-10-induced Bcl-xL regulation. MTT assays showed that IL-10 enhances the viability of HEI-OC1 cells against NaOCl-induced cytotoxicity (Figure 5B), but cisplatin cytotoxicity was not affected by IL-10 (data not shown). In addition to IL-10, we sought to determine a cytoprotective activity of IL-22, a member of the IL-10 superfamily because it uses an IL-10R2 subunit for forming an active IL-22R complex. Conventional RT-PCR analysis showed cisplatin-treated HEI-OC1 cells express IL-22RA (Figure 5C). Similar to IL-10, IL-22 was found to reduce NaOCl cytotoxicity to HEI-OC1 cells (Figure 5D). Taken together, it is suggested that IL-10R2 ligands such as IL-10 and IL-22 have a protective effect on cochlear injury, mediated by regulation of anti-apoptotic factors.
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FIGURE 5. IL-10 and IL-22 are protective against NaOCl cytotoxicity to HEI-OC1 cells. (A) Conventional RT-PCR analysis showing the Bcl-xL regulation in HEI-OC1 cells upon exposure to IL-10. 18S: 18S rRNA. (B) IL-10 enhances cell viability of HEI-OC1 cells against NaOCl cytotoxicity. (C) Conventional RT-PCR analysis showing the IL-22RA expression in cisplatin-treated HEI-OC1 cells. (D) MTT assays showing a protective effect of IL-22 on HEI-OC1 cells against NaOCl cytotoxicity. Data are mean ± SD (n = 3). *p < 0.05.



DISCUSSION

Acquired SNHL is associated with postnatal cochlear injuries induced by a variety of causes including ototoxic drugs. This type of hearing loss is clinically important because it is potentially preventable and manageable if cochlear sensorineural tissues are preserved before they are irreversibly damaged. Multiple mechanisms are involved in the damage and survival of the cochlear sensorineural tissue (Wong and Ryan, 2015), and understanding those mechanisms would facilitate the development of a novel clinical tool for the management of acquired SNHL.

Tissue injury, in the absence of infection, is able to trigger inflammatory response to scavenge damaged tissues, but uncontrolled excessive inflammation rather leads to inadvertent tissue injury. Cochlear inflammation is like a double-edged sword; it is either harmful or beneficial to hosts. For instance, cochlear infiltration of macrophages is protective for the survival of spiral ganglion neurons after cochlear sensory cell death (Kaur et al., 2015). On the contrary, cochlear inflammation was found to not only mediate and but also aggravate ototoxic injury (So et al., 2007; Oh et al., 2011; Hirose et al., 2014). In this study, we showed hypochlorous acid, an inflammatory mediator released from activated phagocytes, is able to reduce the viability of cochlear cells in vitro. Further animal studies are needed to reveal how inflammatory mediators contribute to inflammation-mediated cochlear injury in a complex in vivo system.

Hypochlorous acid is a powerful oxidizing agent reacting with a wide variety of biomolecules such as proteins, nucleotides, and lipids, enabling it to kill pathogens (Pullar et al., 2000). For instance, hypochlorous acid inactivates proteins containing sulfhydryl groups, such as glutathione, by formation of disulfide bonds that result in crosslinking of proteins. Hypochlorous acid also reacts with NADH and the NH-groups of pyrimidines, leading to DNA denaturation. Reacting with lipids, hypochlorous acid induces formation of a chlorohydrin that can disrupt lipid bilayers and increase permeability. Consequently, hypochlorous acid, forming a significant cell stress, reduces the viability of various mammalian cells through apoptotic and necrotic cell death (Yap et al., 2006; Yang et al., 2012). Hypochlorous acid is known to induce Bax-dependent mitochondrial permeabilisation in chondrocytes, resulting in caspase-independent cell death (Whiteman et al., 2007). Similarly, hydrogen peroxide-induced oxidative stress appeared to lead to mitochondrial damage in cochlear sensory cells (Baker and Staecker, 2012), but it is yet to be elucidated how hypochlorous acid induces cochlear sensory cell death. Hypochlorous acid also appeared to enhance cisplatin cytotoxicity to HEI-OC1 cells, and this enhancement was inhibited by antioxidants. These findings suggest the potential involvement of hypochlorous acid-generating leukocytes. In cisplatin nephrotoxicity, there is an extensive renal infiltration of neutrophils (Tadagavadi et al., 2015), but it seems not to be apparent in cisplatin ototoxicity. This may be due to the blood-labyrinth barrier, but further studies are needed to reveal a role of leukocytes in cisplatin ototoxicity.

Otic fibrocytes, representing a heterogeneous population of cells localized in the spiral ligament and limbus, are importantly involved in normal hearing physiology as a route for potassium recycling and the formation of the mechanical anchorage for the basilar and tectorial membranes. In addition, otic fibrocytes were found to play an immunological role in the induction of cochlear inflammation and were able to suppress chemokine production in response to IL-10 (Moon et al., 2007; Oh et al., 2012; Woo et al., 2015). Similarly, circulating fibrocytes, which comprise <0.5% of blood cells, have been implicated in the pathophysiology of various inflammatory diseases through antigen presentation and secretion of inflammatory mediators (Galligan and Fish, 2013). Unlike otic fibrocytes originated from the periotic mesenchyme, circulating fibrocytes are derived from the bone marrow and are frequently transformed to activated fibroblast as observed in rheumatoid arthritis. Bone marrow cells were shown to contribute to the turnover of otic fibrocytes (Lang et al., 2006), but the involvement of circulating fibrocytes remains to be revealed.

In this study, we showed that our in vitro model of otic fibrocytes preserves the NRF2/CO-mediated feedback loop and CO-mediated NR0B2 regulatory pathway, involved in the anti-inflammatory activity of IL-10 (Figure 6). These findings suggest a therapeutic potential of CO releasers and NR0B2 inducers for the management of inflammation-mediated cochlear injury. For instance, ruthenium-based CO releasers not only suppress inflammatory responses in vitro (Sawle et al., 2005) but also ameliorate experimental acute pancreatitis (Xue and Habtezion, 2014). In addition, fenofibrate, a drug clinically used for hyperlipidemia, was found to attenuate experimental sepsis through NR0B2 upregulation (Yang et al., 2013). However, it remains to be revealed whether and how those pharmaceuticals affect inflammation-mediated cochlear injury.
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FIGURE 6. Schematic illustration showing the involvement of NRF2 and NR0B2 in the anti-inflammatory activity of IL-10 in otic fibrocytes.



IL-10 is predominantly produced by immune cells such as regulatory T cells, macrophages, and dendritic cells. For decades, the mammalian cochlea has been considered an immune-privileged organ. However, there is evidence supporting the presence of resident and recruited immune cells in the mammalian cochlea (Hirose et al., 2005; Okano et al., 2008). There are at least two types of resident macrophages in the cochlear lateral wall, including cochlear macrophages in the spiral ligament and perivascular macrophage-like melanocytes in the stria vascularis (Okano et al., 2008; Zhang et al., 2012). This study emphasized IL-10 expression in the recruited cells while our previous work showed the IL-10 expression in the isolated mouse cochlear lateral wall tissue, indicating its expression in the resident cells (Woo et al., 2015). Altogether, these findings suggest the involvement of both recruited cells and resident cells in IL-10 production in the cochlea, but further studies are necessary to elucidate their immunological characteristics.

In addition to the anti-inflammatory activity, there is accumulating evidence showing a cytoprotective effect of IL-10 on various mammalian cells such as neuronal cells (Molina-Holgado et al., 2001; Zhou et al., 2009; Lin et al., 2015). Cisplatin-induced acute renal injury also appeared to be reduced by systemic administration of IL-10 (Deng et al., 2001). Consistently, IL-10 deficiency and NRF2 depletion were shown to exacerbate experimental cisplatin nephrotoxicity (Liu et al., 2009; Tadagavadi and Reeves, 2010). In the cochlea, IL-10 has been reported to attenuate autoimmune hearing loss in experimental animals (Zhou et al., 2012). In agreement, we demonstrated the IL-10R1 expression in the organ of Corti as well as IL-10-mediated cytoprotection against hypochlorous acid-induced cytotoxicity. IL-10 also appeared to increase Bcl-xL expression, and Bcl-xL is suggested to inhibit hypochlorous acid cytotoxicity by retrotranslocation of Bax from the mitochondria into the cytosol (Edlich et al., 2011). IL-22, one of the IL-10 family cytokines also showed a meaningful cytoprotective activity, but further studies are needed to determine if combination of IL-10 and IL-22 synergistically upregulates IL-10R2/STAT3-mediated Bcl-xL expression and is effective for more potent ototoxic drugs. Moreover, animal studies are required to reveal how IL-10 affects cochlear inflammation and injury in vivo. Altogether, our results indicate the feasibility of an IL-10-based approach to manage inflammation-mediated cochlear injury.

Collectively, it is suggested that the IL-10/IL-10R axis is crucially involved in the modulation of cochlear inflammation in otic fibrocytes and the protection against inflammation-mediated cochlear injury in the organ of Corti. Understanding the complex network in IL-10 signaling would provide a new therapeutic target for the management of cochlear injury resulting in acquired SNHL.
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MicroRNAs (miRs) are small non-coding single-stranded RNAs that bind to their complimentary sequences in the 3′-untranslated regions (3′-UTRs) of the target mRNAs that prevent their translation into the corresponding proteins. Since miRs are strongly expressed in cells of inner ear and play a role in regulating their differentiation, survival and function, alterations in their expression may be involved in the pathogenesis of hearing disorders. Although increased oxidative stress and inflammation are involved in initiation and progression of hearing disorders, it is unknown whether the mechanisms of damage produced by these biochemical events on inner ear cells are mediated by altering the expression of miRs. In neurons and non-neuronal cells, reactive oxygen species (ROS) and pro-inflammatory cytokines mediate their damaging effects by altering the expression of miRs. Preliminary data indicate that a similar mechanism of damage on hair cells produced by oxidative stress may exist in this disease. Antioxidants protect against hearing disorders induced by ototoxic agents or adverse health conditions; however, it is unknown whether the protective effects of antioxidants in hearing disorders are mediated by changing the expression of miRs. Antioxidants protect mammalian cells against oxidative damage by changing the expression of miRs. Therefore, it is proposed that a similar mechanism of protection by antioxidants against stress may be found in hearing disorders. This review article discusses novel concepts: (a) alterations in the expression of miRs may be involved in the pathogenesis of hearing disorders; (b) presents evidence from neurons and glia cells to show that oxidative stress and pro-inflammatory cytokines mediate their damaging effects by altering the expression of miRs; and proposes that a similar mechanism of damage by these biochemical events may be found in hearing loss; and (c) present data to show that antioxidants protect mammalian cells against oxidative by altering the expression of miRs. A similar role of antioxidants in protecting against hearing disorders is put forward. New studies are proposed to fill the gaps in the areas listed above.
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INTRODUCTION

MicroRNAs (miRs) are evolutionarily conserved small non-coding single-stranded RNAs of approximately 22 nucleotides in length, and are present in all living organisms including humans (Lee et al., 1993; Wightman et al., 1993; Macfarlane and Murphy, 2010; Londin et al., 2015). The biogenesis of miRs is very complex and involves multiple biochemical steps. The majority of miRs are transcribed by RNA polymerase II (Pol II), while some are transcribed by RNA polymerase III (Pol III) from the non-coding region of the DNA to produce primary miRs (pri-miRs). Pri-miRs undergo a nuclear cleavage by ribonuclease III Drosa to generate precursor-miRs (pre-miRs) that migrate to the cytoplasm where they are further cleaved by ribonuclease III Dicer to ultimately form mature single-stranded miRs with the help of another protein argonaute (Ago; Hutvágner et al., 2001; Lee et al., 2003; Denli et al., 2004; Macfarlane and Murphy, 2010). Each miR binds to its complimentary sequences in the 3′-untranslated region (3′-UTR) of the mRNA, promotes degradation of the mRNA transcript, and prevents translation of the message of protein. In this manner, miRs regulate the translation of pro-apoptotic or anti-apoptotic proteins from their respective mRNAs, depending upon whether they receive damaging or protective signal.

miRs are expressed in the normal inner ear cells, and play an essential role in their development, differentiation and survival (Friedman et al., 2009; Ushakov et al., 2013). In mouse embryonic inner ears, considerable expression of miR-376a-3p, miR-376-b-3p, and miR-376-c-3p that regulate the levels of phosphoribosyl pyrophosphate synthetase 1 (PRPS 1) were found (Yan et al., 2012). The PRPS 1 protein is important for preserving hair cell function. Mutations in the gene coding for this protein are associated with a spectrum of non-syndromic and syndromic forms of hearing loss. Using inner hair cell line (HE1-OC1 cells), miR-96 and miR183 was found to regulate the levels of chloride intracellular channel 5 (CLIC5) protein. Overexpression of these miRs reduced the levels of CLIC5 (Gu et al., 2013). Expression of 157 miRs in the inner ear sensory epithelial cells, and 53 miRs were differently expressed in cochlear and vestibular cells (Elkan-Miller et al., 2011). Among these, miR135b regulates the levels of PSIP1-p75 that had multiple cellular functions including DNA repair (Pradeepa et al., 2014) and attenuates oxidative stress (Basu et al., 2012). Using embryonic inner ear cell line (UB/OC-1), it was shown that overexpression of miR-210 support differentiation from epithelial cells to sensory hair cells (Riccardi et al., 2016). There were 455 miRs common to both cochlear and vestibular sensory epithelial cells, with 30 miRs unique to the cochlea, and 44 miRs unique to the vestibule. Among these, miR675-5p with its target protein Arhgap12, a GTPase activating protein has been identified (Rudnicki et al., 2014). MiR-194 is expressed in spiral ganglia neurons of mouse inner ear where it may play a role in differentiation of neurons (Wang X. R. et al., 2010). The family of miR-183 consisting of mir-96, miR-182, and miR-183 was strongly expressed in the inner ear hair cells where they play a role in differentiation of primary sensory cells (Li et al., 2010; Zhang et al., 2015). MiR-124 regulated the fate of cells in the developing organ of Corti that contains sensory hair cells and supporting cells (Huyghe et al., 2015).

Since miRs are prominently expressed in the inner ear, it is likely that alterations in their expression may be involved in hearing disorders induced by diverse groups of ototoxic agents, such as chronic and intense noise, vibrations, gentamicin, ionizing radiation, cisplatin, large doses of aspirin, bacterial and viral infection, gene mutations and advanced age. Indeed, changes in the expression of miRs occur in hearing disorders but not understood what signals cause these changes in the expression of miRs that play a role in the pathogenesis of hearing loss. In neurodegenerative disease such as Alzheimer’s disease (AD), increased oxidative stress and products of chronic inflammation such as pro-inflammatory cytokines act as one of the signals that mediate the damaging effects of these biochemical events on the non-auditory neurons (Prasad, 2017). Since increased oxidative stress (Clerici et al., 1995; Van Campen et al., 2002; Henderson et al., 2006; Neri et al., 2006; Vlajkovic et al., 2013; Turcot et al., 2015) and inflammation (Aminpour et al., 2005; Masuda et al., 2006, 2012; Kim et al., 2008; Sziklai et al., 2009; Yamamoto et al., 2009; Verschuur et al., 2014) play a central role in the pathogenesis of hearing defects induced by the ototoxic agents, it is likely that reactive oxygen species (ROS) and pro-inflammatory cytokines may mediate their damaging effects on the hair cells by altering the expression of miRs. This possibility is supported by the fact that the damaging effects of ROS and pro-inflammatory cytokines on the non-auditory neurons are mediated by altering the expression of miRs (Prasad, 2017).

In the non-auditory cells, antioxidants in addition to donating an electron to the molecules with an unpaired electron, they may also mediate their protective effects against oxidative damage by altering the expression of miRs (Prasad, 2017). Since antioxidants reduced the risk of developing hearing defects presumably by decreasing oxidative stress (Sato, 1988; Hou et al., 2003; Kalkanis et al., 2004; Angeli et al., 2005; Husain et al., 2005; McFadden et al., 2005; Kopke et al., 2007; Savastano et al., 2007; Haase et al., 2011; Kapoor et al., 2011; Kang et al., 2013; Seidman et al., 2013; Ojano-Dirain et al., 2014; Kaya et al., 2015), it is likely that protective mechanisms of antioxidants in the auditory cells may be mediated via altering the expression of miRs.

This review article describes studies on alterations in the expression of miRs in the pathogenesis of hearing disorders. It offers evidence from the studies on the non-auditory cells (neurons and glia cells) to support the idea that oxidative stress and pro-inflammatory cytokines may mediate their damaging effects by altering the expression of miRs and proposes studies to demonstrate a similar role of these biochemical events in the auditory cells. This review article also discusses data from the non-auditory cells to show that the protective effects of antioxidants against oxidative damage are mediated in part by altering the expression of miRs. Parallel investigations are needed to look for a similar role of antioxidants in protecting against hearing disorders.

ALTERATIONS IN miRs EXPRESSION IN HEARING DISORDERS


1.   Age-related hearing loss is caused by the cochlear degeneration. Overexpression of miR-29b induced degeneration of cochlear hair cells by decreasing the levels of its target proteins. These key proteins are: (a) silent mating type information regulation 2 homolog 1 (SIRT1), a NAD+ dependent protein deacetylase, which down regulates inflammatory processes; and (b) proliferator-activated receptor-gamma coactivator 1α (PGC-1α). PGC-1α is a stimulator of mitochondrial biogenesis and a regulator of energy metabolism, whose inhibition can lead to impaired mitochondrial function and cochlear hair cell apoptosis in mice (Xue et al., 2016). This study was confirmed by the opposite experiment where inhibition of miR-29b increased the levels of SIRT1 and PGC-1α, and deceased apoptosis of cochlear hair cells (HEI-OC1 inner ear cell line).

2.   The expression of Dicer, a ribonuclease III that cleaves pre-miR to form mature miR in the cytoplasm was downregulated in the whole blood of patients with idiopathic sudden sensorineural hearing loss (SSNHL; Kim et al., 2015). Thus, the expression of miRs may also be reduced in this form of hearing loss. However, the expression of Drosha was not altered in the whole blood of these patients suggesting that the processing of miRs at the nuclear level was not affected. This suggests that in SSNHL, alterations in controlling the expression of miRs occur at the level of cytoplasm and not at the nucleus.

3.   The expression of miR-34a which causes apoptosis, increased in the cochlea of mice as function of aging, whereas the levels of SIRT1 decreased in these animals. Overexpression of miR-34a also inhibited SIRT1in the inner hair cell line (HE1-OCI). Resveratrol, an activator of SIRT1, decreased miR-34a overexpression, protected hair cells, and reduced hearing loss in mice (Xiong et al., 2015).

4.   Degeneration of the organ of Corti, the auditory hair cells that transduces mechanical stimuli to electrical signal in the inner ear, is the major cause of age-related hearing loss. The expression of miR-29 family and miR-34 family that regulate pro-apoptotic pathways was upregulated with aging. However, members of miR-181 and miR-183 responsible for proliferation and differentiation were downregulated during age-related hearing loss (Zhang et al., 2013).

5.   MiR-431, which targets the protein Eya4 is highly expressed in the spinal ganglion neurons (SGNs) of the cochlea of newborn mice, and decreases during further development. Inhibition of the cochlear Eya4 protein in miR-431 overexpressing mice led to apoptosis of SGNs and caused hearing loss (Fan et al., 2016).



MUTATION IN miR INDUCES NSHL

Point mutation in miR-96 has been associated with the progressive hearing loss in hereditary nonsyndromic hearing loss (NSHL) both in humans and mice (Friedman and Avraham, 2009; Kuhn et al., 2011). Treatment of mice with N-ethyl-N-nitrosurea (ENU) resulted in mutation in miR-96 that caused hearing loss associated with the damage to the hair cell function and differentiation (Lewis et al., 2009). The mouse model carrying mutated miR-96 is referred to as diminuendo and is considered a good model to study mechanisms of hearing loss. Mutation in miR-96 was also found in two Spanish families with autosomal dominant NSH (Soldà et al., 2012).

CHANGES IN THE EXPRESSION OF miRs IN NOISE-INDUCED HEARING LOSS


1.   Exposure to intense noise that caused damage to the cochlear hair cells, led to simultaneous decrease of miR-183 levels and corresponding enhancement of its target protein Taok1 (Tao kinase1, a serine/threonine-proten kinase1). This observation was confirmed in the cochlear organotypic culture where inhibition of miR-183 expression resulted in enhanced levels of Taok1 together with apoptosis of hair cells (Patel et al., 2013). Exposure to noise downregulated the expression of miR-176 leading to increased Taok1 levels and apoptosis of the cochlear sensory epithelial cells (Patel et al., 2013).

2.   The expression of three miRs: miR-183, miR-96 and miR-182 was decreased 28 days after exposure to noise. This was associated with reduced number of outer hair cells many of which were damaged (Zhang Z. et al., 2014).

3.   In male textile workers with noise-induced hearing loss, the plasma levels of miR-16-5p, miR-24-3p, miR-185-5p and miR-451a were upregulated in comparison to those who were exposed to noise exposure but had not developed hearing loss, whereas the plasma levels of miR-24-3p and miR-185-5p and miR-451a were downregulated in individuals exposed to noise in relative to those not exposed (Ding et al., 2016). The protein targets for these miRs were not identified. Plasma levels of these miRs could be of diagnostic value of noise exposure-induced hearing disorders as well as to noise exposure. Further studies are needed to confirm these results.



CHANGES IN THE EXPRESSION OF miRs IN KANAMYCIN-INDUCED HEARING DISORDERS

Treatment of mice with kanamycin increased the expression of miR-34a and miR-34c, and induced apoptosis in the cochlear hair cells, including stria vascularis cells, supporting cells and SGNs (Yu et al., 2010). These effects of kanamycin were associated with increased levels of calpain.

ALTERATIONS IN THE EXPRESSION OF miRs IN DAMAGED AUDITORY NERVOUS SYSTEM

Progressive degeneration of SGNs caused sensorineural hearing loss (SNHL). Overexpression of miR-204 suppressed the viability of SGNs by reducing the levels of its target transmembrane protease, serine-3 (TMPRSS3; Li et al., 2014). Therefore, reducing the expression of miR-204 may prevent the development of SNHL. Mutation in the TMPRSS3 gene also caused non-syndromic autosomal recessive deafness with bilateral hearing loss in utero or in immature mice. This disease is characterized by degeneration of the organ of Corti and cochlear hair cell loss. Reducing the expression of miR-204 may also help to decrease the development of SNHL and may constitute a therapeutic approach to non-syndromic autosomal recessive deafness.

It is not established, whether changes in the expression of specific miRs are due to alterations in the rate of their transcription, processing by Drosha in the nucleus and Dicer in the cytoplasm or their stability.

Additional studies are needed to explore the effects of different ototoxic agents on the expression of miRs and their respective target proteins in the hair cells and SGNs in culture as well as in animals. In addition, the blood levels of miRs in patients with established hearing loss, and those who have been exposed to a ototoxic agent, but have not developed hearing defects, would also be useful and could readily be investigated.

Table 1 summarizes the alterations in expression of miRs in hearing loss induced by diverse agents and adverse health conditions.

TABLE 1. Upregulated and downregulated microRNAs (miRs) in induced-hearing loss.
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OXIDATIVE STRESS REGULATES THE EXPRESSION OF miRs

As mentioned earlier in this manuscript, increased oxidative stress is important in the development of hearing defects and alterations in the expression of miRs occur in this disease. Therefore, it is likely that damaging effects of oxidative stress may be mediated by such alterations in hearing disorders. This is substantiated by the studies on auditory and non-auditory cells. These studies are briefly described here.

Auditory Cells

Although increased oxidative stress is involved in the pathogenesis of hearing disorders, only a few studies are available on the effects of this biochemical event on changes in the expression of miRs in the cochlear hair cells.


1.   Increased oxidative stress induced by tert-butylhydroperoxide (t-BHP) enhanced the expression of 24 miRs. Among these, six miRs miR-1934, miR-411, miR-717, miR-503, miR-467e and miR-699o that regulate apoptosis and proliferation of the cochlear hair cells were strongly expressed (Wang et al., 2016). ROS generated by the treatment with t-BHO increased the expression of 35 miRs and decreased the expression of 40 miRs, and inhibited the proliferation of hair cells (HE1-C1; Wang Z. et al., 2010).

2.   ROS generated by exposure to ionizing radiation enhanced the expression of miR-207 in the hair cell line (HE1-OC1). This microRNA increased radiation-induced apoptosis and DNA damage by inhibiting its target protein AKt3. This was further supported by the fact that inhibiting the levels of AKt3 mimicked the effects of miR-207 (Tan et al., 2014).

3.   In diabetic mice with high a high level of internal oxidative stress, the expression of miR34a was elevated and this inhibited the levels of SIRT1, increased HIF-1alpha, and promoted apoptosis in the hair cells (HE1-OC1). This finding indicated that downregulation of miR-34a may help in diabetic-related hearing loss (Lin et al., 2017).



Non-Auditory Cells (Neurons and Non-Neuronal Cells)

In the non auditory cells (neuronal and non-neuronal cells) oxidative stress mediates its damaging effects by altering the expression of miRs (Prasad, 2017).


1.   Treatment of human neurons in culture with hydrogen peroxide (H2O2), upregulated the levels of miR-153 which decreased Nrf2 levels by binding to its 3′-UTR mRNA leading to increased oxidative damage. This was supported by the fact that a mutation in miR-153, anti-miR-153 compound or Nrf2 cDNA devoid of 3′-UTR site protected neurons from H2O2-induced oxidative damage by activating Nrf2 (Narasimhan et al., 2014 #141). Reduction in the levels of Nrf2 would lead to reduction in the amounts of cytoprotective enzymes including antioxidant enzymes and phase-2-detoxifying enzymes leading to increased oxidative stress.

2.   Treatment of rat spinal cord neurons with H2O2 upregulated the expression of miR-146 a, miR-21 and miR-150 and this resulted in apoptosis of neurons. Silencing of only miR-21 expression diminished H2O2-induced cell death by decreasing oxidative stress (Jiao et al., 2015). Conversely, increased expression of miR-21 reduced the levels of Nrf2 by binding to its 3′-UTR mRNA site.

3.   Hyperoxia increased the expression levels of miR-185 and caused cell death in human lung epithelial cells in culture (Zhang et al., 2016). This upregulation of miR-185 inhibited histone deacetylase-4 and led to DNA damage and apoptosis. MC1586, an inhibitor of histone deacetylases, increased the expression of miR-185, and this also caused cell death (Zhang et al., 2016).

4.   Oxidative damage induces premature senescence in an aging animal model. Oxidative stress increased the expression of miR-24 and reduced the levels of DNA topoisomerase-1 (TOP1) levels. TOP1 is an enzyme regulating DNA topology, and reduction of it’s concentration led to senescence of fibroblasts (Bu et al., 2016). TOP1 is thus likely to be the target protein for miR24.



These reports indicate that ROS may be one of the signals that regulates the expression of key miRs that, by decreasing the action of their target proteins namely Nrf2, TOP1 and histone deacetylase, leads to degeneration of neurons.

Additional studies should be performed on the effects of ROS donors on the expression of miRs in cultured hair cells and SGNs, and in animals following exposure to ROS donors. In addition, the levels of markers of oxidative damage and expression of miRs could be looked for in the blood of patients with established hearing defects as well as in individuals exposed to ototoxic agents, but have not yet developed deafness.

Table 2 summarizes the effects of ROS on the expression of miRs.

TABLE 2. Reactive oxygen species (ROS) and pro-inflammatory cytokine alter the expression of miRs in neurons.
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PRO-INFLAMMATORY CYTOKINES UPREGULATE EXPRESSION OF miRs

As mentioned earlier in this manuscript, inflammation is involved in the pathogenesis of hearing defects and alterations in the expression of miRs occur in this disease. Therefore, it is likely that damaging effects of inflammation may be mediated by such alterations in hearing loss. This possibility is supported by the investigations on non-auditory cells (neurons and astroglia) showing that pro-inflammatory cytokines bring about their damaging effects in part, by altering the expression of miRs (Prasad, 2017). These studies are briefly described here.


1.   ROS and pro-inflammatory NF-κB induced by a combination of iron and aluminum sulfate) upregulated the expression of miR-125b and miR-146a in cultured human astroglial cells (Pogue et al., 2011). Phenylbutyl nitrone, an antioxidant; and curcumin, an inhibitor of NF-κB, both prevented this upregulation (Pogue et al., 2011). Treatment of human astroglial cells in culture with IL-1β, a pro-inflammatory cytokine elevated the expression of miR-146a causing cell death. These findings show that pro-inflammatory cytokines act as one of the signals that upregulate miRs.

2.   The pro-inflammatory transcriptional factor NF-κB upregulated the levels of miR-7, miR-9, miR-34a, miR-125b, miR-146a and miR-155 in cultured human neuronal-glial cells (Zhao et al., 2015). Treatment of human primary neurons in culture with TNF-α increased the expression of miR-146a and miR-155 (Lukiw et al., 2012).



These studies show that pro-inflammatory cytokines mediate their degenerative effects on neurons and glia cells at least in part by upregulating the expression of miRs. Studies similar to those proposed under the section of oxidative stress should be performed on the auditory cells exposed to pro-inflammatory cytokines.

Table 2 summarizes the effects of pro-inflammatory cytokines on the expression of miRs.

ANTIOXIDANTS ALTER THE EXPRESSION OF miRs

Antioxidants protect hair cells against oxidative damage and prevent hearing loss (Prasad, 2011). Studies on non-auditory cells revealed that the protective action of antioxidants against oxidative damage was in part mediated by altering the expression of miRs (Prasad, 2017). Thus, it is likely that antioxidants may also protect the inner ear cells against inflammatory damage by altering the expression of miRs. Investigations on the effects of antioxidants on the expression of miRs in non-auditory cells are described here.

Resveratrol-Induced Increase in the Expression of microRNAs

Treatment with resveratrol upregulated the expression of miR-328, and in consequence inhibited the production of its target protein metalloproteinase-2 (MMP-2) in osteosarcoma cells (Yang et al., 2015). Such treatment also enhanced the expression levels of miR-137, with a corresponding inhibition of its target protein, histone methyltransferease enhancer of Zest 2 polycomb repressive complex 2 subunit (EZH2) in neuroblastoma cells (Ren et al., 2015). Resveratrol treatment of cultured human colon cancer cells increased the expression of miR-663, which decreased the levels of its target proteins, program cell death protein4 (PDCD4), phosphatase and tensin homolog (PTEN) and transforming growth factor (TGF; Tili et al., 2010). In a transformed human bronchial epithelial cell line, resveratrol treatment also upregulated miR-622 resulting in inhibition of its target protein K-ras (Han et al., 2012). In the peripheral blood mononuclear cells of hypertensive male patients with type 2 diabetes, daily oral supplementation with grape seed extract rich in resveratrol for a year increased the expression of miR-21, miR-181b, miR-663, miR-30c2, miR-155 and miR-34a and thereby reduced the levels of their target pro-inflammatory cytokines C-C motif chemokine ligand 3 (CCl3), IL-1β and TNF-α (Tomé-Carneiro et al., 2013).

Resveratrol-Induced Decrease in the Expression of microRNAs

Resveratrol treatment reduced the expression levels of miR-134 and miR-124. Since cyclic-AMP response binding protein (CREB), a nuclear transcriptional factor, is one of their target proteins, their decreased expression led to production of increased levels CREB leading to enhanced synthesis of BDNF (Zhao et al., 2013). Resveratrol treatment decreased the expression of miR-21 in several cancers cells in culture (Sheth et al., 2012; Li et al., 2013; Liu et al., 2013; Zhou et al., 2014), and miR-33a and miR-122 in isolated hepatic cells (Baselga-Escudero et al., 2014). Treatment with grape seed extract deceased the expression of miR-27a which increased the levels of its target protein Forkhead box protein O1 (FOXO1; Ma et al., 2015). This protein can reduce stress response.

Isoflavone-Induced Increase in the Expression of microRNAs

Isoflavone treatment increased the expression of miR-200b, miR-200c, miR-let-7b, miR-let-7c, miR-let-7d, and miR-let-7e resulting in reduced levels of their target proteins zinc finger E-box-binding homeobox 1 (ZEB1) and vimentin in pancreatic cancer cells (Li et al., 2009). In cultured breast cancer cells, treatment with the natural compounds, such as enoxolone (or glycyrrhetinic acid), a component of licorice with anti-viral, anti-bacterial and antifungal activities, and magnolol, a component of the bark of Magnolia officinalis, upregulated the expression levels of miR-200c which inhibited its target protein ZEB1 (Hagiwara et al., 2015). These changes in the expression of miRs were associated with reduced growth of cancer cells.

Genistein-Induced Decrease in the Expression of microRNAs

Treatment of cultured pancreatic cancer cells with genistein downregulated the expression of miR-223 and miR-34a which increased the levels of their target proteins F-box and WD repeat domain-containing 7 (Fbw7) and Notch-1 and reduced growth (Xia et al., 2012; Ma et al., 2013).

Quercetin-Induced Increase in the Expression of microRNAs

The growth of breast cancer cells in culture was inhibited after treatment with quercetin. This agent also enhanced the expression of miR-146a (Tao et al., 2015). Quercetin upregulated the expression of hepatic miR-122 and miR-125b and this was associated with decreased levels of inflammatory genes (Boesch-Saadatmandi et al., 2012).

Curcumin-Induced Decrease in the Expression of microRNAs

In a human primary culture of neuronal-glia cells, curcumin treatment prevented ROS and NF-κB-induced upregulation of miR-125b and miR-146a (Pogue et al., 2011). The pro-inflammatory cytokine IL-1β increased the expression of miR-146a; however, curcumin treatment prevented IL-1β-induced upregulation of miR-146a in human primary culture of neuronal-glial cells (Li et al., 2011). This implies a reciprocal regulatory relationship between miRs and their target proteins. Increased expression of miR-146a was associated with enhanced senile plaque density and synaptic pathology in transgenic mouse models of AD (Tg2576 and 5XFAD). Curcumin suppressed the expression of miR-21 and elevated its target protein PTEN in human non-small cell lung carcinoma (Zhang W. et al., 2014).

Curcumin-Induced Increase in the Expression of microRNAs

Curcumin increased the expression of miR-22 (Sun et al., 2008) in human pancreatic cancer cells. Curcumin-induced upregulation of miR-22, and thereby reduced the level of its target protein transcriptional factor-1 (SP-1) by binding to its 3′-UTR mRNA. Silencing the expression of miR-22 enhanced the levels of SP-1. Treatment of cultured bladder cancer cells with curcumin upregulated the expression of miR-203, which reduced the levels of its target proteins protein kinase B (Akt2) and src tyrosine protein kinase (Saini et al., 2011). In breast cancer cells, treatment with curcumin upregulated the expression of miR-7, which decreased the concentration of its target protein SET8 histone lysine methyltransferase. Curcumin increased the expression of miR-181b and reduced the levels of its target protein chemokine (C-X-C Motif) ligand-1 (CXCL-1; Kronski et al., 2014). Alterations in the expression of miRs were associated with growth inhibition.

Coenzyme Q10- and N-Acetylcysteine-Induced Decrease in the Expression of microRNAs

In primary culture of umbilical vein endothelial cells, treatment with coenzyme Q10 reduced lipopolysaccharide (LPS)-induced elevation of the expression of miR-146a and corresponding reduction of its target protein IL-1receptor associated kinase-1 (ILRAL-1; Olivieri et al., 2013).

Increased oxidative stress induced by exposure to diesel fuel upregulated the expression of miR-21, miR-30e, miR-215 and miR-144 in the blood of patients with mild asthma. The upregulation of miR-144 resulted in reduction of its target protein Nrf2 and this then caused decreased levels of glutamate cysteine ligase catalytic subunit (GCLC) and NAD(P) H: quinone oxidoreduxtase-1 (NQO1). Treatment with N-acetylcysteine (NAC) attenuated this diesel fuel-induced elevation of oxidative stress and the expression of miR-144 and miR-21 (Yamamoto et al., 2013).

The studies discussed above suggest that different antioxidants affect the expression and type of miRs in a variety ways. Some antioxidants (resveratrol and curcumin) can both increase and decrease the expression of miRs, others (isoflavone and quercetin) are only reported to enhance them, while others (genistein and NAC) may only decrease them. It is interesting to note that resveratrol treatment upregulates and downregulates the expression levels of miR-21, whereas curcumin and NAC only downregulate the expression of miR-21. Upregulation of miR-21 appears to reduce the levels of pro-inflammatory cytokines, whereas its downregulation reduces the intensity of oxidative stress by enhancing Nrf2 level. The same microRNA appears to target the mRNAs for several proteins thus facilitating a decrease in both oxidative stress and inflammation.

The upregulation and downregulation of miR-21 by resveratrol involve different target proteins but the overall effect is the reduction of oxidative stress and inflammatory processes. Similarly, miR146a was upregulated by the quercetin treatment, while it was down regulated by the treatment with curcumin and coenzyme Q10. However differing target proteins lead to the amelioration of oxidant and inflammatory event in either case.

New investigations on the effect of antioxidants on changes in the expression of miRs in cultured hair cells and SGNs and in animals following treatment with ototoxic agents should be performed.

Table 3 summarizes data on the effects of antioxidants on changes in the expression of miRs in non-auditory cells.

TABLE 3. Effects of antioxidants compounds on the expression of miRs.

[image: image]

CONCLUSION

Increased oxidative stress and chronic inflammation play an important role in the initiation and progression of hearing loss induced by diverse ototoxic agents or adverse health conditions. Some studies show that the expression of miRs is altered in hearing loss. Although increased oxidative damage and inflammation are involved in the pathogenesis of hearing disorders, the relation of these biochemical events to the expression of miRs on auditory cells remains unclear. However, in case of the non-auditory cells (neurons and glia cells), ROS and pro-inflammatory cytokines mediate their degenerative effects to some extent by changing the expression of miRs in a way that allows increased production of pro-apoptotic proteins. Therefore, it is likely that a parallel mechanism of degeneration of the auditory system by these processes may be found in hearing disorders. While antioxidants protect against oxidative damage in hearing disorders, it is unknown whether they provide such protection by altering the expression of miRs. The fact that antioxidants protect the non-auditory cells against oxidative damage by altering the expression of miRs suggests that a similar mechanism of protection by antioxidants may exist in hearing disorders. New studies are suggested to fill the gaps that exist on the understanding the role of miRs in the pathogenesis of hearing disorders.
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Treatment Hair cell density (hair cell nuclei/100 jxm?)

Horizontal Posterior Superior Average
Normal 165+0.122 (N =19) 1.53+0.102 (N =3) 1.69+0.112(N=3) 162+ 0.071 (V* = 3)
Vehicle control 1.72£0311 (N=29) 1.67 +0.156 (N =2) 1.88+ 0272 (N =3) 179+ 0.153 (V* = 3)

Contralesion control 1.67 % 0.100 (V = 5) 1.61+0.184 (N =8) 1.74 +0.130 (N = 5) 1.69  0.066 (V* = 5)

Combined control 1.68+0.165 (V = 11) 1.60 + 0.160 (N = 13) 1.77 £0472 (N = 11) 1.70 £ 0.107 (V* = 11)
0.5 month 1.43+0.167 (N =3) 1.40 + 0.226 (N = 3) 13240321 (N=3) 13940231 (N=3)
1 month 134 +0.388 (N =9) 1.24 +0.146 (N =3) 1,18+ 0244 (N =3) 1.24 % 0.276" (N =3)
2 months 1.14 £ 0.066 (N = 3) 1.24+£0.121 (N=3) 117 0035 (N =2) 1.47 0,082 (V=13)
6 months 1.03 + 0.255 (N = 3) 1.06 + 0.208 (N = 4) 1.05+0.113(N=3) 104 £0.171%* (N =4)

All values are means + SD. N, number of specimens; N*, number of specimens with >2 cristae counted. Average represents hair cell density calculated when cristae from
a specimen were treated as a single epithelium. Significance values represent comparisons with combined controls. These data complement that depicted in Figure 9.
Asterisks correspond to: **p < 0.01; ***p < 0.001.
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Horizontal Posterior

Normal 0.41£0009(N =73 0.47 £0.027 N =9)
Vehicle control 035+0.086(N =3 050 +0.085 (N =3)
Contralesion control 036:+0.039(V=5) 047 £0.043(N =8)
Combined control 037 +0039 (N =11) 0.48 + 0.045 (N = 14)
0.5 month 012£0210° (W=3) 0.19+0.320" (N=3)
1 month 0.11£0.186(N =9 0.11£0.472° (N=7)
2 months 0,00 +0.000°** (V 0.00+0.000°* (N=3)
6 months 0.00+0.000°** (V 0.00+0.000°* (N=4)

Superior

0.44£0054 (N =3)
0.46£0.023(N=3)
0.46 0,084 (V
0.45  0.060 (N = 1)
0180311 W=3
0.12:+0200' (N =3)
0.00+0000** (N=2)
0.01£0015™* (N=4)

Horizontal

01940028V =3
0.19:4£0018(V =3
0200019V =5)
01940019V =11)
02040082 (V=3
01740044 (V=3
01540009 (V=3
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CALB2+ parent axon
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024+£0038(V=3)
027 £0019(N=3)
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0230011 (W =0)
021£0033 (N
0210035 (N =11)
02120021 N =0)
02040028 (N =0)
0200087 (N =2)
017 +0,084 (V= 4)

All values are means = SD. N, number of specimens. Significance values represent comparisons with combined controls. These data complement the relative densities depicted in Figure 8. Asterisks correspond to:

*p < 0.05; **p < 0.01; ***p < 0.001.
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