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Editorial on the Research Topic
 Hair cells: From molecules to function, volume II




Now that the human genome has been sequenced (International Human Genome Sequencing Consortium, 2004; Nurk et al., 2022), genetic medicine is growing rapidly (Miller, 1992) and there is no reason that hearing health should not be a part of this movement. Although the opportunities for dealing with hearing loss and deafness have never been more compelling, we must define underlying disease mechanisms and identify biomarkers for patient susceptibility. This effort requires a better characterization of the normal system and how it develops in order to provide a foundation for learning how the system can be repaired and how hearing loss can be ameliorated.

This second volume continues to expand our knowledge of hair cell structure and specifically the hair bundle at the apical end of the sensory receptor cells in the inner ear. O'Donnel and Zheng report that Camsap3, a microtubule minus-end regulator, is required to form the kinocilia. While kinocilia do not persist after development in auditory hair cells, they are retained in adult vestibular hair cells and contribute to bundle movement and mechanotransduction. Kinocilia in conditional Camsap3 knockout mice lack the central microtubule pair that characterizes the “9+2” configuration in primary cilia. The kinocilia are also shorter, which suggests that CAMSAP3 may be required for the development and maintenance of these long cytoskeletal structures on vestibular hair cells. Another paper by Liu and Zhao studied the glutaredoxin domain-containing cysteine-rich family of proteins implicated in DFNB25/101. Their previous work showed that GRXCR2 is required for localizing taperin at the base of the stereocilia. Although mice lacking GRXCR2 are deaf and their hair bundles disorganized, the phenotype was rescued by reducing taperin expression. The current report indicates that GRXCR1 is also important for stereocilia morphogenesis, but it is distributed all along the stereocilia. In contrast to GRXCR2, it does not bind taperin. Hence, the change in hair bundle morphology and the hearing loss in Grxcr1-deficient mice are not rescued by decreasing taperin expression. Qi et al. investigated complement C1q Like 1 (C1QL1), which enables signaling receptor binding activity and is involved in formation and maintenance of synapse structure (Kakegawa et al., 2015; Sigoillot et al., 2015). This gene is of interest given that C1ql1 knockout mice exhibit progressive hearing loss and OHC death. Although the number of auditory nerve fibers innervating inner and outer hair cells (IHCs, OHCs) decreases, the spiral ganglion neurons and the thickness of the myelin sheath are wildtype-like. In addition, the morphology, number, and function of IHCs are not affected in C1ql1 knockout mice consistent with preferential expression of this gene in OHCs (Li et al., 2018). Based on these results, it is suggested that C1ql1 may play a role in age-related hearing loss and/or the greater susceptibility of OHCs to various insults.

Hair cell regeneration was also addressed in this collection, with the aim of eventually recreating new, functional hair cells. In one report, a new zebrafish model was developed where the human diphtheria toxin receptor (hDTR) is expressed only in hair cells (Jimenez et al.). This approach allows for in vivo hair cell ablation in embryonic or adult zebrafish. In contrast to aminoglycoside administration or noise exposure, the injection of DT produces a synchronous destruction of all hair cells with limited effects on neighboring inner ear cells. Characterization of dose responses and the time course of regenerative responses are also documented. In the mammalian cochlea, Heuermann et al. report that regenerated hair cells in the lateral compartment of neonatal mice are innervated, but they simultaneously express markers for both outer and inner hair cells, i.e., oncomodulin (Ocm) and vesicular glutamate transporter 3 (VGlut3), respectively. It is, therefore, possible that cochlear hair cells, regenerated postnatally, may suffer from a delay or inability to differentiate into OHCs due to the alteration of signaling gradients that normally instruct such fates during development. Finally, Rudolf et al. provide evidence suggesting that the reduced proliferative capacity in mammalian utricular supporting cells may relate to the fact that circumferential F-actin bands are thicker than in their avian counterparts where hair cell regeneration is well documented. Differences in the stiffness and contractility of cytoskeletal elements that reinforce junctions between neighboring supporting cells may impact epithelial repair by reducing mechanical forces that evoke proliferation. In contrast to mice, chicken utricles remain relatively compliant, facilitating the dynamic mechanical signals produced during hair cell loss, and promoting their regeneration.

The possibility of developing effective interventions to mitigate hearing loss is supported by work from Chen et al.. Transcriptome-wide gene networks are shown to reflect shared molecular circuits and regulators in mouse models of sensorineural hearing loss due to aging, noise exposure and ototoxic drugs. The potential to use a single therapeutic approach to minimize the hearing loss associated with various etiologies would be most welcome. Mechanisms underlying aminoglycoside ototoxicity are also reviewed (Fu et al.). In addition to mitochondrial DNA mutations that increase susceptibility, over expression of NMDA receptors and the formation of free radicals also play a role. Administration of aminoglycosides increases the entry of calcium ions via NMDA receptors, ultimately resulting in neuronal cell death. Hence, glutamate-like excitotoxity can be induced by aminoglycosides. A better understanding of the underlying mechanisms will guide the development of interventions to reduce hearing loss due to ototoxic drugs, facilitating the transition from animal research to clinical practice. Lastly, given the current interest in synaptopathy, the development of more sophisticated diagnostic tools may help to categorize individuals with this malady and to better track their response to various therapeutics. Hence, the report by Bao et al. may provide a reliable metric for detecting synapse loss. Rather than measuring decreases in the Wave I ABR amplitude, they report greater reliability when quantifying curvature of the Wave I peak produced by clicks in mice pre- and post-noise exposure. If this approach can be validated in humans, it may provide an additional metric for clinical diagnoses.

Future studies are required to further elucidate the processes that guide hair cell differentiation, regeneration, and repair. The results of these endeavors will foster the development of new interventions that mitigate or prevent hearing loss and deafness.
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Aminoglycosides, a class of clinically important drugs, are widely used worldwide against gram-negative bacterial infections. However, there is growing evidence that aminoglycosides can cause hearing loss or balance problems. In this article, we mainly introduce the main mechanism of ototoxicity induced by aminoglycosides. Genetic analysis showed that the susceptibility of aminoglycosides was attributable to mutations in mtDNA, especially A1555G and C1494T mutations in 12S rRNA. In addition, the overexpression of NMDA receptors and the formation of free radicals also play an important role. Understanding the mechanism of ototoxicity induced by aminoglycosides is helpful to develop new therapeutic methods to protect hearing. In this article, the prevention methods of ototoxicity induced by aminoglycosides were introduced from the upstream and downstream aspects.

Keywords: ototoxicity, aminoglycosides, hearing loss, mechanism, prevention


INTRODUCTION

Hearing loss is the most common sensory disorder worldwide. The World Health Organization estimates that around 466 million people worldwide suffer from disabling hearing loss and that by 2050 more than 900 million people will have this condition. Disabled hearing loss is defined as a loss of more than 40 dB in the better-hearing ear of an adult and more than 30 dB in the better-hearing ear of a child. Hearing loss can affect an individual's quality of life, making it difficult to understand speech in life. And untreated hearing loss costs the world an additional $750 billion a year.

Hearing loss has both congenital and acquired caused. Congenital causes are caused by hereditary or non-hereditary factors. Acquired deafness can be caused by noise, ear infections, age, and medication. It is worth noting that ototoxic drugs are an important factor in the induction of hearing loss. Ototoxic drugs mainly affect hair cells, causing permanent damage to hearing. Because hair cells in mammals are terminally differentiated and do not have the ability to regenerate spontaneously if they die, ototoxic drugs can have serious effects on hearing (Forge et al., 1993). Ototoxic drugs mainly include aminoglycoside antibiotics, non-aminoglycoside antibiotics, antitumor drugs, and salicylate, etc. Aminoglycoside antibiotics are one of the early antibiotics used in the treatment of bacterial infections, and are widely used in the world, especially in developing countries. In this article, we introduce the mechanism of ototoxicity induced by aminoglycosides and propose some prevention strategies.



AMINOGLYCOSIDES

Some therapeutic drugs used to treat life-threatening conditions, such as aminoglycosides and antitumor drugs, can cause hearing loss and/or balance problems (Guo et al., 2019). Antibiotics are widely used in clinical practice, and more than 100 kinds of ototoxic drugs have been found. Aminoglycosides have been shown to be highly effective against gram-negative infections (Gao et al., 2017). Aminoglycosides are glycosides formed from amino sugars and aminocyclitol linked by an oxygen bridge. Aminoglycosides are bactericide that inhibit protein synthesis and have a wide antibacterial spectrum and strong antibacterial activity. They are commonly used in clinical practice. Although aminoglycosides are highly effective and relatively inexpensive, they are known to have ototoxicity and vestibular toxicity. Aminoglycosides can accumulate in the inner ear and are difficult to metabolize, leading to permanent hearing loss (Fischel-Ghodsian, 2005). The most common aminoglycoside drugs are streptomycin, gentamicin, neomycin, it's long-term use will lead to neurological tinnitus, neurological deafness, and even memory loss, hearing loss, dizziness and other conditions. The use of antibiotics (especially aminoglycoside antibiotics) has become the main cause of hearing loss in children in China, and both topical and systemic drugs can lead to hearing loss.



MECHANISM OF AMINOGLYCOSIDE OTOTOXICITY

Clinically, aminoglycoside drugs mainly enter the inner ear through systemic and topical pathways. In the systemic pathway, the drug passes through the blood-labyrinth barrier (BLB) and enters the inner ear through the stria vascularis. In topical administration, the drug can bypass the BLB into the middle ear and then through the round window into the inner ear. The drug is absorbed either by endocytosis on the apical surface (Hashino and Shero, 1995) or by transduction channels (Marcotti et al., 2005). Early genetic analysis showed that the susceptibility of aminoglycosides was related to mitochondrial DNA mutations, which inhibited the synthesis of mitochondrial proteins. However, evidence is accumulating to suggest that the overactivation of N-methyl-D-aspartate (NMDA) receptors and the production of free radicals are also important factors in the ototoxicity of aminoglycosides (Strupp and Arbusow, 2001). The mechanism of aminoglycosides-induced ototoxicity is very subtle. How does aminoglycoside cause hearing loss has been a hot research topic.


Associations Between Susceptibility to Aminoglycosides and Mitochondrial DNA Mutations

Mitochondria are energy providers and mediators of cell apoptosis, which play an important role in cell survival. Aminoglycoside susceptibility has been reported to be related to genetic background in many individuals. The mammalian mitochondria genome is maternally inherited. Interestingly, lineage analysis suggests that aminoglycosides-induced hearing loss is also maternally inherited (Prezant et al., 1993; Rydzanicz et al., 2010). It is suggested that aminoglycoside sensitivity is related to mitochondria. Mitochondria have their own genome, called mtDNA, which encodes 22 tRNAs, 13 mRNAs, and 2 rRNAs, which are important for the composition of the OXPHOS respiratory chain complex (Kokotas et al., 2007). Studies have found that when mitochondrial DNA (especially 12S rRNA) is mutated, it increases the binding to aminoglycosides, inhibits the synthesis of mitochondrial proteins and increases the formation of free radicals, which in turn affects hearing (Qian and Guan, 2009). This suggests that mitochondrial DNA mutations are associated with susceptibility to aminoglycosides.


Mitochondria

Mitochondria are closely related to cell survival. There areresponsible for the production of cellular adenosine triphosphate (ATP), which provides organisms with the energy necessary for survival, and for the regulation of important function, including apoptosis and the production of free radicals (Van Remmen and Jones, 2009). They have their own DNA called mtDNA, which codes for mitochondria proteins. MtDNA accounts for about 0.5% of the total DNA in a nucleated somatic cell (Kokotas et al., 2007). The mtDNA molecule is a double stranded, circular structure with a total length of 16,568 bp, encoding 22 tRNAs, 13mRNAs, 2rRNAs (Kokotas et al., 2007). The 13 mitochondrial proteins are involved in the formation of the OXPHOS respiratory chain complex. Once the translation defect or dysfunction of several components of OXPHOS occurs, it may affect the generation of energy, thus affecting the survival state of cells and causing a variety of diseases (Kawamata and Manfredi, 2017). Another important function of the mitochondria is to produce free radicals. Free radicals can be produced in a variety of ways, of which mitochondria are the main source. In normal metabolic processes, 1–4% of oxygen is incompletely reduced, resulting in the production of ROS (Zorov et al., 2014). In addition, the monoamine oxidase in the outer membrane of mitochondria and the α-ketoglutarate dehydrogenase complex in the matrix can also produce ROS (Starkov, 2013).

In eukaryotes, ribosomes have also been detected in mitochondria in addition to the cytoplasm. Interestingly, mammalian mitochondria ribosomes are more similar to prokaryotes 70S ribosomes (Collatz et al., 1976). According to the “endosymbiotic theory,” mitochondria are derived from bacteria, that is, after bacteria are swallowed by eukaryotes, in the long-term symbiosis process, they form mitochondria through evolution (Martin et al., 2015). According to this theory, the ancestral mitochondria (a kind of gram-negative bacteria that can carry out the tricarboxylic acid cycle and electron transfer) were swallowed by the primitive eukaryotes and formed a symbiotic relationship with the host. The mammalian mitochondrial ribosome is a 55S protein complex composed of two subunits, 28S and 39S, which has the function of translating mitochondrial mRNA encoded by mtDNA (Collatz et al., 1976). What's more, the mtDNA encodes 12S ribosomal RNA. When mitochondrial ribosomes are damaged, it will lead to impaired synthesis of mitochondrial protein, affect the generation of cellular energy, and cause damage to the survival state of cells.



Aminoglycosides Destroy Bacteria

Aminoglycosides are widely used to fight gram-negative bacterial infections. Early studies have found that aminoglycosides act on the 30S subunits of bacterial ribosomes, causing bacterial code reading errors and eventually causing bacterial death. The prokaryotic ribosomes are composed of 30S and 50S subunits, while the eukaryotic ribosomes are composed of 40S and 60S subunits (Wimberly et al., 2000). Because of the structural difference between the 70S and 80S ribosomes of bacteria, aminoglycosides kill bacteria without destroying the infected cells (Gutell et al., 1994). In recent years, more in-depth studies have found that aminoglycosides directly bind to the A site of the 16S rRNA. Interestingly, in mammalian mitochondria, the A site on the aminoglycoside binding 16S rRNA is replaced by the G site (Huth et al., 2015). This may account for the difference between the effects of aminoglycosides on mammals and bacteria.



Associations Between Mitochondrial DNA Mutations and Aminoglycosides

Mitochondria have their own genomes, encoding mitochondrial proteins. Previous studies have found that mtDNA has a higher mutation rate than nuclear DNA and accumulates in cells with age, with a mutation at least 10-fold than in nuclear DNA (Wallace et al., 1987). Moreover, mitochondrial DNA has a poorer repair mechanism than nuclear DNA. Mitochondria play a very important role in the survival of cells. When mitochondrial function is abnormal, it will cause serious physiological dysfunction. MtDNA plays an important role in maintaining mitochondrial function. MtDNA mutations might lead to both multisystem disorders, such as Leber hereditary optic neuropathy (LHON); myoclonus epilepsy associated with ragged-red fibers (MERRF); or non-syndromic deafness (Kokotas et al., 2007). Mutations in some mtDNA that encode rRNA or tRNA have been found to cause non-syndromic hearing loss. It is mainly due to the mutation of mitochondrial ribosomal small subunits, especially A1555G and C1494T are primary genetic characteristics of the mutation, and susceptible to aminoglycoside-induced hearing loss (Zhao et al., 2004; Young et al., 2005; Bravo et al., 2006).

The A1555G mutation is the most common type of mitochondrial 12S rRNA mutation in aminoglycoside-induced hearing loss (Bravo et al., 2006). The A1555G alone is not sufficient to induce a clinical phenotype, and there may be other factors that co-regulate the effects of A1555G mutations on hearing. The A1555G mutation-associated deafness penetrance may be regulated by aminoglycosides, nuclear modifiers genes, or other mtDNA mutations (Guan et al., 1996, 2000). It was reported that the homoplasmic A1555G mutation at the A site of highly conserved 12S rRNA have been associated with aminoglycoside-induced non-syndromic hearing loss in many families worldwide (Li et al., 2004; Young et al., 2005; Yuan et al., 2005). When the 1555A is mutated to G, the secondary structure of 12S rRNA more closely resembles the corresponding region of 16S rRNA in bacteria. Thus, the A1555G mutation may alter the secondary structure of 12S rRNA, leading to increased susceptibility of aminoglycosides (Kokotas et al., 2007).

The second mutation, the C1494T mutation of the mitochondrial 12S rRNA gene. Sequence analysis of mitochondria DNA from a large Chinese family of aminoglycoside-induced hearing loss revealed the C1494T mutation in the 12S rRNA gene (Zhao et al., 2004). The site of 1,494 is the corresponding site of 1,555 located at 12S rRNA highly conserved A-site (Zhao et al., 2004).

Complete mitochondrial genome sequence analysis of individuals revealed that aminoglycoside drug sensitivity was associated with several other mitochondrial DNA mutations. Mitochondrial genome mutation analysis revealed the presence of homoplasmic 12S rRNA A827G mutation in the patient's mitochondria, which is associated with hearing loss (Chaig et al., 2008). The A827G mutation may lead to tertiary or quaternary structural changes in the 12S rRNA that affect mitochondrial function, thus playing an important role in aminoglycosides-induced hearing loss (Chaig et al., 2008). The study found that when individuals with the T1095C mutation were exposed to aminoglycoside antibiotics, the number of apoptotic cells in the mutant individuals were ten-fold higher than in the control group. These results indicate the pathogenicity of the T1095C mutation, which increases the susceptibility of aminoglycoside (Muyderman et al., 2012). Furthermore, mutations such as A745G, C792T, A801G, A856G, A1027G, C1192T, C1310T and A1331G may be related to the aminoglycoside ototoxicity (Lu et al., 2010). ADDIN EN.CITE (Hong et al., 2006).




NMDA Is Involved in Ototoxicity Induced by Aminoglycosides

The N-methyl-D-aspartate (NMDA) is a glutamate receptor, which exists at the synaptic site between cochlear hair cells and the radical dendrites of spiral ganglion afferents. Aminoglycosides may mimic the effects of polyamines on NMDA receptors (Puel, 1995). The association between aminoglycosides and polyamines may explain the glutamate-like excitotoxicity induced by aminoglycosides. The overstimulation of NMDA receptors (NMDARs) increases the formation of nitric oxide (NO), resulting in oxidative stress on hair cells. In addition, some studies have shown that gentamicin treatment can increase the expression of nNOS and iNOS to induce hair cell injury (Hong et al., 2006; Jia et al., 2018). More importantly, high doses of aminoglycosides may increase the entry of calcium ions through NMDA-related channels (Bienkowski et al., 2000). Increased influx of calcium ions is the basis for formation of excitotoxicity. Excitotoxicity can be produced by a two-step mechanism: The first is acute swelling, which accompanies the destruction of postsynaptic structure, followed by a cascade of calcium ions that leads to the death of neuron (Pavlidis et al., 2014). In the experiment, after intramuscular injection of amikacin, the amplitude of DPOAE was significantly different from that of the control group (Pavlidis et al., 2014). More importantly, NMDA receptors antagonists can prevent ototoxicity caused by aminoglycosides and treat hearing loss (Basile et al., 1996; Pavlidis et al., 2014). It is interesting to note the influx of calcium through NMDARs may induce immediate transcription of early genes through mitogen-activated protein kinases (MAPK)-dependent mechanisms (Xia et al., 1996). Substrates of ERK and JNK subfamilies of MAPK, c-Fos and c-Jun, form AP-1 transcription factor complexes (Xia et al., 1996). It can be seen from the above studies that NMDA plays an important role in the ototoxicity induce by aminoglycosides, which is worth further exploration.



ROS Is Involved in Ototoxicity Induced by Aminoglycosides

It is generally accepted that ROS is involved in ototoxicity induced by aminoglycosides, and antioxidants can mitigate the effects of ototoxicity (Xie et al., 2011). Aminoglycosides have also been reported to produce free radicals in the inner ear that subsequently cause damage to sensory cells and neurons, leading to hearing loss (Rybak and Kelly, 2003). ROS is a normal product in the metabolic of organisms. It plays a role in regulating messengers in various processes such as proliferation, survival, gene expression and apoptosis, and is also a signal molecule for homeostasis adaptation under stress conditions (Finkel, 2012). Under normal circumstances, ROS are easily cleared by antioxidants in the body, such as catalase, superoxide dismutase (SOD) and glutathione, to prevent ROS from escaping and entering cells, so as to maintain homeostasis in the inner ear (Kopke et al., 1999; Bared et al., 2010). However, aging, drugs, the environment and other factors can change this balance. ROS can be generated by, NADPH oxidase and mitochondrial, peroxisomal, or microsomal pathways (Bottger and Schacht, 2013). In addition, aminoglycosides can combine with transition metals such as iron and copper to form free radicals (Schacht, 1999; Dehne et al., 2002). It has been reported that Fe II-aminoglycoside complexes can combine with phosphatidylinositol and induce the release of arachidonic acid. At the same time, arachidonic acid can form ternary complexes with iron and aminoglycosides, leading to the formation of ROS (Lesniak et al., 2005). However, it is not clear which mechanism is the main source of ROS, and the formation mechanism of ROS remains to be solved.

Aminoglycosides have both been reported to induce cell necrosis and apoptosis, but seem to be the main cause of cell apoptosis. Apoptosis is mainly regulated by the activation of caspase through internal or external pathways (Figure 1). In the internal pathway, mitochondria release apoptogenic factors into the cytoplasm to active caspase, in the external pathway, caspase is activated by ligand binding to death receptors (Rybak and Kelly, 2003). Studies have shown that aminoglycosides induce apoptosis through internal rather than external pathways. Perhaps in response to the production of ROS by aminoglycosides, the expression of anti-apoptotic Bcl-2 was decreased, and the expression of pro-apoptotic Bcl-XL was increased, and Bcl-XL was transferred into the mitochondria. This in turn leads to increased mitochondrial permeability, the release of apoptotic factors, and the possible formation of “apoptotic bodies” with Apaf1 and caspase-9. Downstream caspases are activated, such as caspase-3 and caspase-7, leading to substrate proteolysis and cell collapse. In aminoglycoside toxicity, overexpression of Bcl-2 prevents hair death and activation of caspase-9 (Cunningham et al., 2004). Meanwhile, after aminoglycoside administration, an increase in JNK components was observed, and JNK plays important role in mitochondria-mediated apoptosis. JNK can promote the release of cytochrome c. However, recent studies have shown that O2• from liver tumor cells and directly cause the release of cytochrome c through a voltage-dependent anion transport channels without damaging the mitochondrial membrane (Madesh and Hajnoczky, 2001). Therefore, ROS plays an important role in aminoglycosides-induced hearing loss.


[image: Figure 1]
FIGURE 1. Internal and external pathway that induce apoptosis. The external pathway, the ligand binds to the death receptor to active it, which in turn induces a cascade of caspase-8 and caspase-3, leading to apoptosis. The internal pathway, some death signals, such as stress, DNA damage and faulty cell signaling, can induce mitochondria to release cytochrome c, which may form apoptotic bodies, which in turn activate caspase-3 and lead to apoptosis.





PREVENTION OF OTOTOXICITY INDUCED BY AMINOGLYCOSIDE

In the course of clinical treatment, alternative drugs should be used as far as possible or to reduce ototoxicity. Patients treated with ototoxic drugs should be monitored for the prevention of ototoxicity due to medication. At present, medical personnel consider three ways to reduce the problem of drug-induced ototoxicity: development of efficacious ototoxic protective drugs; reversing ototoxicity-induced symptoms using neurotrophic grow factor; screening for genetic markers in patients at high risk of ototoxicity (for example, people who carry mutations in mtDNA such as A1555G or C1494T) (Ramma et al., 2019).

According to the mechanism of ototoxicity induced by aminoglycosides introduced previously, prevention of ototoxicity mainly includes two aspects: “upstream protection” and “downstream protection.” “Upstream prevention” refers to blocking of ROS formation or ROS scavenging, inhibition of nitric oxide synthesis, use of NMDA receptors antagonists, and increase of endogenous antioxidant enzymes. “Downstream prevention” refers to the inhibition of the downstream caspase cascade induced by ROS, as well as the inhibition of JNK cascade.


Upstream Prevention

Studies have shown that inhibiting ROS formation and ROS scavenging can reduce aminoglycoside-induced ototoxicity. Because aminoglycosides can interact with iron to produce ROS (Lesniak et al., 2005), metal chelators may be used as protectors for ototoxic drugs. The study found that deferoxamine and the iron chelators 2.2′-dipyridyl had a protective effect against gentamicin-induced hearing loss (Dehne et al., 2002). This suggests that metal chelating agents can act as protective agents. Use of antioxidants can reduce ROS levels and effectively prevent aminoglycosides-induced ototoxicity. These include coenzyme Q10 (Fetoni et al., 2012), alpha-tocopherol (Fetoni et al., 2003), D-methionine (Campbell et al., 2016). ROS can be produced in a variety of ways, and mitochondria are the main source of ROS. What's more, ROS production can attack mitochondria. Intrinsic mitochondrial cell death pathway plays an important role in the process of hair cell death induced by aminoglycosides. Therefore, therapies that control mitochondrial homeostasis may be more effective in preventing aminoglycoside-induced hearing loss. Mitochondria-targeted antioxidants are superior in reducing mitochondrial oxidative damage (Dhanasekaran et al., 2004). Mitochondria-targeted antioxidants are expected to help prevent mitochondria-related diseases (Fujimoto and Yamasoba, 2019). Recent studies have shown that SS-31 peptides may be able to achieve mitochondria-targeted drug delivery to prevent aminoglycosides from damaging hair cells (Kuang et al., 2017). Therefore, the strategy of blocking the formation of ROS induced by aminoglycosides with metal chelators and eliminating ROS with mitochondrial targeted antioxidant drugs may effectively prevent the ototoxicity induced by aminoglycosides.

In addition, the nitric oxide (NO) synthesis inhibitor was found to have a protective effect against the ototoxicity of aminoglycoside. Dexamethasone acts mainly as a glucocorticoid, not a mineralocorticoid (Himeno et al., 2002). Dexamethasone can inhibit the increase of NO synthase mRNA, inhibit NO synthesis and free radical formation to protect OHC from the ototoxic effects of aminoglycosides (Himeno et al., 2002; Park et al., 2004).

Increasing evidence suggests that aminoglycosides may mimic the effects of polyamines on NMDA receptors (Puel, 1995). Aminoglycosides play a key role in ototoxicity by activating polyamine-like NMDARs. More importantly, overactivation of NMDARs produces NO, which induces oxidative stress on hair cells. Therefore, it has been suggested that NMDA receptors antagonists may prevent aminoglycoside-induced ototoxicity. Memantine is an NMDA receptors antagonist that reduces aminoglycoside induced hearing loss (Pavlidis et al., 2014). This suggests that NMDA receptors antagonists are a strategy for the induction of ototoxicity by aminoglycosides.

Under normal circumstances, ROS can be cleared by endogenous antioxidant enzymes (Kopke et al., 1999). Therefore, it has been proposed to increase the endogenous antioxidant enzyme pathway to prevent aminoglycoside-induced ototoxicity. A study showed that M40403, a superoxide dismutase mimetic, prevented gentamicin-induced ototoxicity (McFadden et al., 2003).



Downstream Protection

Recently, an increasing number of studies have shown that the administration of aminoglycosides leads to JNK activation and apoptosis of vestibular hair cells (Figure 2). The c-Jun N-terminal kinases (JNK) is a key member of the MAPK family and plays an important role in cell apoptosis. ROS may be upstream modulators of JNK activation, which may activate kinase cascades. Systemic administration of CEP-1347 (a JNK signal inhibitor) attenuates gentamicin-induced hearing loss and hair cell damage (Ylikoski et al., 2002). Another study showed that D-JNKI-1 (A synthetic inhibitor of JNK phosphorylation) protects against aminoglycoside-induced hair cell damage and hearing loss (Eshraghi et al., 2007). Therefore, blocking c-Jun N-terminal kinase can prevent the ototoxicity induced by aminoglycosides.


[image: Figure 2]
FIGURE 2. Aminoglycoside induce activation of JNK and then induces apoptosis. Aminoglycosides enter the outer hair cells, induce the production of ROS. In response to ROS and then activate JNK, they are translocated into the nucleus and activate some genes, which in turn induce mitochondria to release cytochrome c and induce cell apoptosis.


ROS induced by aminoglycosides can cause the release of cytochrome c in mitochondria and cascade activation of caspase, leading to substrate proteolysis and cell collapse. The release of cytochrome c is mediated by B-cell lymphoma-2 (Bcl-2) family. Studies have shown that overexpression of Bcl-2 in transgenic mice can reduce hair cell loss and prevent hearing loss after aminoglycosides administration (Cunningham et al., 2004). Caspase inhibitions (DEVE and ZVAD) attenuate the ototoxicity of gentamicin by blocking the activation of caspase-3 induced by gentamicin (Wei et al., 2005). What's more, minocycline attenuate ototoxicity better than the use of caspase inhibitors alone (Wei et al., 2005). In addition to inhibiting the activation of caspase-3, Minocycline may also inhibit phosphorylation of P38 MAPK and the release of cytochrome c (Wei et al., 2005). Therefore, it may be more effective to inhibit these ototoxic-inducing pathways together.




DISCUSSION

The above protective agents are based on animal studies and have a preventive effect on ototoxicity. However, there are some limitations in animal research and there are some problems in the transition from animal research to human clinical research. On the one hand, we need to find suitable protective agents for clinical use, so that the protective agents will not affect the antimicrobial effect of aminoglycosides. Studies have shown that D-methionine does not interfere with antimicrobial effects of tobramycin (Fox et al., 2016), but it is not clear whether other protective agents have any effects on the antimicrobial activity of aminoglycosides. On the other hand, because of the obvious differences in pharmacokinetics and drug elimination between animals and humans, it is not effective to calculate drug dosage by body weight. In addition to the above protective agents, aminoglycosides with low ototoxicity such as etimicin can also be used, which can effectively reduce ototoxicity (Yao et al., 2020). At the same time, new alternative drugs can be developed to reduce ototoxicity. Recent studies have purified hospital gentamicin, and analyzed the ototoxicity and antimicrobial activity of individual C-subtypes and impurities, providing ideas for the design of future drugs (O'Sullivan et al., 2020).



CONCLUSION

Aminoglycosides, a class of clinically important drugs, are widely used worldwide against gram-negative bacterial infections. However, there is growing evidence that aminoglycosides can cause hearing loss or balance problems. In this article, we mainly introduce the main mechanism of ototoxicity induced by aminoglycosides. Genetic analysis showed that the susceptibility of aminoglycosides was attributable to mutations in mtDNA, especially A1555G and C1494T mutations in 12S rRNA. In addition, the overexpression of NMDA receptors and the formation of free radicals also play an important role. Understanding the mechanism of ototoxicity induced by aminoglycosides is helpful to develop new therapeutic methods to protect hearing. In this article, the prevention methods of ototoxicity induced by aminoglycosides were introduced from the upstream and downstream aspects. It has been shown that the use of some antioxidants and inhibitors of caspase can prevent cell apoptosis and effectively prevent aminoglycosides-induced hearing loss. In addition, the delivery of mitochondria-targeted drugs is of great significance for treatment. However, recent reports have found that autophagy may also play an important role in the induction of ototoxicity by aminoglycosides, and autophagy may be protective mechanism of hearing (He et al., 2017). Meanwhile, autophagy has been reported to play a role in hearing protection (He et al., 2020; Zhou et al., 2020; Liu et al., 2021). Autophagy may be another good way to prevent ototoxicity induced by aminoglycosides.

The mechanism of ototoxicity induced by aminoglycosides and prevention methods described above have been established from animal experiments and can be used as a potential means to prevent ototoxicity induced by aminoglycosides. We still have a lot of work to do in the transition from animal research to clinical use. The side effects brought by aminoglycosides to patients should not be ignored, and we should further develop new alternative or therapeutic drugs to treat hearing loss caused by ototoxic drugs.
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Mutations in human glutaredoxin domain-containing cysteine-rich protein 1 (GRXCR1) and its paralog GRXCR2 have been linked to hearing loss in humans. Although both GRXCR1 and GRXCR2 are required for the morphogenesis of stereocilia in cochlear hair cells, a fundamental question that remains unclear is whether GRXCR1 and GRXCR2 have similar functions in hair cells. Previously, we found that GRXCR2 is critical for the stereocilia morphogenesis by regulating taperin localization at the base of stereocilia. Reducing taperin expression level rescues the morphological defects of stereocilia and hearing loss in Grxcr2-deficient mice. So far, functions of GRXCR1 in mammalian hair cells are still unclear. Grxcr1-deficient hair cells have very thin stereocilia with less F-actin content inside, which is different from Grxcr2-deficient hair cells. In contrast to GRXCR2, which is concentrated at the base of stereocilia, GRXCR1 is diffusely distributed throughout the stereocilia. Notably, GRXCR1 interacts with GRXCR2. In Grxcr1-deficient hair cells, the expression level of GRXCR2 and taperin is reduced. Remarkably, different from that in Grxcr2-deficient mice, reducing taperin expression level does not rescue the morphological defects of stereocilia or hearing loss in Grxcr1-deficient mice. Thus, our findings suggest that GRXCR1 has different functions than GRXCR2 during the morphogenesis of stereocilia.
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INTRODUCTION

As the fourth leading cause of disability, hearing loss is affecting over 5% of the population or 430 million people in the world, estimated by World Health Organization. Sensorineural hearing loss is the most common type of hearing loss, frequently caused by the damage of inner ear hair cells, which transform the mechanical sound stimuli into electrical signals (Gillespie and Muller, 2009; Pacentine et al., 2020). Many forms of hearing loss are due to genetic mutations. By 2011, 135 loci for the monogenic forms of human deafness had been reported (Richardson et al., 2011). So far, more than 60 of the affected genes have been identified, and many of those genes are specifically expressed in hair cells (Scheffer et al., 2015). Technological refinements in positional cloning and the sequencing of the human genome have dramatically accelerated the pace to identify deafness-related genes. However, the underlying mechanisms by which these genes affect auditory perceptions are only just beginning to be elucidated.

The glutaredoxin domain-containing cysteine-rich family of genes, GRXCR1 and GRXCR2, have been identified as the mutated genes in nonsyndromic deafness DFNB25 and DFNB101, respectively (Odeh et al., 2010; Schraders et al., 2010; Imtiaz et al., 2014; Wonkam et al., 2021). Both GRXCR1 and GRXCR2 are specifically expressed in cochlear hair cells and essential for the morphogenesis of stereocilia, the mechanosensing subcellular organelles that protrude from the apical surface of hair cells (Beyer et al., 2000; Erven et al., 2002; Odeh et al., 2004, 2010; Avenarius et al., 2018; Liu et al., 2018). A previous study found that GRXCR2 is critical for the morphogenesis of stereocilia by regulating the localization of taperin at the base of stereocilia. Reducing taperin expression level rescues the morphological defects of stereocilia and partially restores the hearing in the Grxcr2 mutant (Liu et al., 2018). Although the sequences of GRXCR1 and GRXCR2 are 32% identical, it is still unknown whether GRXCR1 and GRXCR2 have similar functions in hair cells.

The central region of GRXCR1 shows some similarity with glutaredoxin proteins, enzymes that reduce disulfide bonds or catalyze reversible protein glutathionylation or deglutathionylation. A previous study found that zebrafish GRXCR1 is essential for stereocilia morphogenesis through its glutaredoxin enzyme activity (Blanco-Sanchez et al., 2018). Interestingly, a significant amount of GRXCR1 is localized in the Golgi apparatus in zebrafish (Blanco-Sanchez et al., 2018), which is different from the localization of GRXCR1 in mouse hair cells (Odeh et al., 2010). Different localization indicates that GRXCR1 might have different functions in murine hair cells. The bona fide glutaredoxin enzyme activity of murine GRXCR1 needs experimental verification.

In this study, we analyzed the localization of GRXCR1 and GRXCR2 in hair cells. We reduced taperin expression level in Grxcr1 mutant and characterized different mouse lines bearing Grxcr1 and/or taperin mutations. In addition, we purified murine GRXCR1 protein and measured the glutaredoxin activity. Our results suggest that GRXCR1 has different functions than GRXCR2 during the morphogenesis of stereocilia.



MATERIALS AND METHODS


Animal Models and Animal Care

Grxcr2−/− mouse (previously named as Grxcr2D46/D46 mouse) and taperin−/− mouse (previously named as taperinin103/in103 mouse) have been described previously (Liu et al., 2018). Grxcr1−/− mouse (also named as Grxcr1pi-2J mouse) was purchased from Jackson Laboratories, Bar Harbor, ME, USA (Odeh et al., 2010). All animal experiments were approved by Institutional Animal Care and Use Committee of Indiana University School of Medicine. Both male and female mice were used in our experiment. We did not find any sex-based differences.



Scanning Electron Microscopy

The experiments were performed as described (Zhao et al., 2016; Liu et al., 2018). In brief, inner ears from P7 pups were dissected in a fixative containing 2.5% glutaraldehyde and 4% formaldehyde. Samples were then fixed for 1 h at RT and dissected to remove the stria vascularis, Reissner’s membrane, and tectorial membrane. After being post-fixed in the same fixative overnight at 4°C, samples were fixed with 1% OsO4 for 1 h at room temperature. Then samples were serially dehydrated in ethanol, dried in a critical point drier (Autosamdri-815A, Tousimis, Rockville, MD, USA), finely dissected, and mounted on aluminum stubs. Samples were then coated by gold. Images were captured using a JEOL 7800F scanning electron microscope (Jeol, Tokyo, Japan). At least three animals representative of each experimental paradigm were analyzed.

To measure the width of the tallest row of stereocilia in inner hair cells, single hair cells were imaged at high magnification (×~20,000) using a JEOL 7800F scanning electron microscope. Then, the width of the tallest row of stereocilia at about 1/3 of the height from the top was measured using ImageJ (NIH, Bethesda, MD, USA).



Whole Mount Immunostaining

Whole mount staining was carried out as described (Zhao et al., 2016; Liu et al., 2018). In brief, organ of Corti tissue was dissected and fixed in a fixative containing 4% paraformaldehyde (PFA) for 20 min. Samples were blocked for 20 min at room temperature in a blocking buffer containing 5% bovine serum albumin (BSA), 1% goat serum, and 0.5% Triton X-100. Then, samples were incubated with primary antibodies overnight at 4°C. Samples were washed and incubated 2 h at room temperature with secondary antibodies. After mounting in ProLong® Antifade Reagents (Invitrogen, Waltham, MA, USA), stacked images were captured by deconvolution microscope (Leica) using a ×100 objective. Images were deconvoluted using blind deconvolution method.

To costain β-actin and γ-actin, cochlear whole mounts were fixed in 4% PFA for 20 min and then ice-cold methanol for 15 min. Then, samples were blocked for 20 min at room temperature in a blocking buffer containing 5% BSA, 1% goat serum, and 0.5% Triton X-100. Then, samples were incubated with a primary antibody against γ-actin (Abcam, Cambridge, UK) overnight at 4°C. Samples were then washed and incubated with secondary antibody for 2 h at room temperature. Then, samples were washed again and incubated with FITC-conjugated β-actin antibody (Abcam, Cambridge, UK) overnight at 4°C. After washing, samples were mounted and imaged.

To raise antibodies against GRXCR1, two peptides (NEQEKDQDNLLVLART and KFEEKNIALNGDYGKELDER) were covalently linked to KLH and immunized New Zealand rabbits (Thermo Fisher Scientific, Waltham, MA, USA). Affinity purification was then performed. Other primary antibodies used in this study were as follows: anti-GRXCR2 (Cat# HPA059421, Sigma, Saint Louis, MO, USA) and anti-taperin (Cat# HPA020899, Sigma, Saint Louis, MO, USA). Additional reagents were as follows: Alexa Fluor 488-phalloidin (Thermo Fisher Scientific, Waltham, MA, USA), Alexa Fluor 568-phalloidin (Thermo Fisher Scientific, Waltham, MA, USA), Alexa Fluor 647-phalloidin (Thermo Fisher Scientific, Waltham, MA, USA), Alexa Fluor 488 goat anti-rabbit (Thermo Fisher Scientific, Waltham, MA, USA), Alexa Fluor 555 goat anti-mouse (Thermo Fisher Scientific, Waltham, MA, USA), and Alexa Fluor 546 goat anti-rabbit (Thermo Fisher Scientific, Waltham, MA, USA).



Auditory Brainstem Response Measurement

Auditory brainstem responses (ABRs) of mice were recorded as described (Zhao et al., 2016; Liu et al., 2018) using TDT Bioacoustic system 3 and BioSigRZ software. In brief, mice were anesthetized using a mixture of 100 mg/kg ketamine and 10 mg/kg xylazine. Electrodes were inserted under the skin at the vertex and ipsilateral ear, while a ground was inserted under the skin near the tail. The speaker was placed 5 cm away from the mouse ear, and tone stimulus is presented 21 times per second. Band pass filtered from 300–3,000 Hz and a total of 512 responses were averaged at each frequency and level combination. The intensity of sound stimulus was started at 90 dB sound pressure level (SPL) and decreased to 10 dB SPL stepwise to a sub-threshold level. ABR thresholds were analyzed for a range of frequencies (for pure tone, 4–28 kHz). If no ABR wave was detected at maximum intensity stimulation, a nominal threshold of 90 dB was assigned.



Cell Culture

HEK293 cell line was obtained from ATCC (Manassas, VA, USA). Cells were maintained in the DMEM medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 100 U/ml penicillin, and 100 μg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown at 37°C in a 5% CO2-humidified atmosphere.



cDNA Constructions, Immunoprecipitations, and Western Blots

The coding sequence of Grxcr1 was amplified from mouse cochlear cDNA library. Expression of the constructs, immunoprecipitations, and western blots were carried out as described (Senften et al., 2006; Zhao et al., 2016; Liu et al., 2018). Immunoprecipitation experiments were carried out at least three times to verify the reproducibility of the data. The following antibodies were used for the experiments: anti-Myc (Cat# 2278S, Cell Signaling Technology, Danvers, MA, USA), anti-Myc (Cat# sc-40, Santa Cruz Biotechnology, Dallas, TX, USA), and anti-GFP (Cat# sc-9996, Santa Cruz Biotechnology, Dallas, TX, USA).



Purification of GRXCR1

Mouse Grxcr1 cDNA fused with six XHis tag at C terminus was inserted into pMAL-c5x plasmid. Escherichia coli BL21 (DE3) cells were cultured in LB containing 100 μg/ml ampicillin at 37°C. The expression of fusion protein was induced overnight with 1 mM isopropylthio-β-galactoside at room temperature. Cells were harvested and resuspended in 25 mM Tris-base (pH 7.6) and 125 mM NaCl buffer. After sonication, the lysate was centrifuged at 15,000 rpm for 30 min. The supernatant was incubated with His-bind resin, and then, protein was eluted by an elution buffer containing 250 mM imidazole. To increase the purity, the eluted protein was then incubated with amylose resin and eluted by an elution buffer containing 10 mM maltose.



Glutaredoxin Activity Assay

Glutaredoxin activity assay was performed following the published protocol (Mieyal et al., 1991a, b). In brief, the 0.9 ml reaction mixture contained 0.2 mM NADPH, 0.5 mM GSH, 0.1 M potassium phosphate buffer (pH 7.4), 0.4 U of GSSG reductase, and an aliquot of purified GRXCR1 or glutaredoxin-2 (GLRX2; Thermo Fisher Scientific, Waltham, MA, USA). The mixture was preincubated for 5 min at 30°C. After adding 0.1 ml 20 mM hydroxyethyl disulfide (HEDS) to initiate the reaction, A340 nm was measured by Synergy H1 spectrophotometer (BioTek, Winooski, VT, USA) to determine the slope of the linear portion of the time course for absorption loss (subtracted blank control). One unit of glutaredoxin activity was defined as 1 μmol of NADPH oxidized per minute under these standard assay conditions.



Quantification and Statistical Analysis

All data are mean ± standard error of the mean (SEM). Student’s two-tailed unpaired t test or two-way ANOVA were used to determine statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).




RESULTS


GRXCR1 is Essential for Stereocilia Morphogenesis

Both GRXCR1 and GRXCR2 are required for stereocilia morphogenesis and auditory perception. To investigate whether their detailed functions are similar in hair cells, we characterized the Grxcr1 null mutant (Grxcr1pi-2J, referred as Grxcr1−/− hereafter) and Grxcr2 null mice that we previously generated (Grxcr2D46/D46, referred as Grxcr2−/− hereafter). Both Grxcr1−/− and Grxcr2−/− hair bundles are severely disorganized and have lost the typical staircase organization at postnatal day 7 (P7). Hair bundle fragmentation and misorientation are frequently observed in hair cells from both mutants. Remarkably, stereocilia in Grxcr1−/− hair cells are extremely thin compared with that in the wild-type hair cells or Grxcr2−/− hair cells (Figures 1A,B), which is consistent with the previous results (Beyer et al., 2000; Erven et al., 2002; Odeh et al., 2004). Stereocilia are filled with tightly cross-linked and uniformly oriented actin filaments that provide stiffness. The very strong phalloidin staining signal in the wild-type stereocilia suggests the abundance of actin filaments inside the stereocilia. Remarkably, very low phalloidin staining signal along the disorganized stereocilia was obtained from Grxcr1−/− mice, suggesting that the F-actin content is dramatically reduced in the Grxcr1−/− hair bundles (Figure 1C). Although stereocilia are also disorganized in the Grxcr2−/− mice, there is no detectable reduction of F-actin content inside the stereocilia, revealed by phalloidin staining (Figure 1D). To further confirm this result, the amount of β-actin and γ-actin, two major actin isoforms in the stereocilia, was evaluated in Grxcr1−/− hair cells by immunostaining. Both β-actin and γ-actin are reduced in the Grxcr1−/− hair cells (Figure 1E). These results suggest that the pathophysiological changes in hair cells associated with Grxcr1 and Grxcr2 mutations are different.
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FIGURE 1. Stereocilia morphology in Grxcr1-deficient hair cells. (A) Scanning electron microscope images showing auditory epithelia of wild-type, Grxcr1−/−, and Grxcr2−/− mice at the age of P7. Stereocilia of inner hair cells (IHCs) and outer hair cells (OHCs) from Grxcr1−/− and Grxcr2−/− hair cells were disorganized. Note, stereocilia in Grxcr1−/− hair cells were extremely thin. Scale bars: left, 5 μm; right 1 μm. (B) Width of the tallest row of stereocilia of IHCs from wild-type, Grxcr1−/−, and Grxcr2−/− mice at the age of P7. All values are represented as the mean ± SEM. ***p < 0.001 by Student’s t test. (C,D) Cochlear whole mounts from Grxcr1−/− (C) and Grxcr2−/− (D) mice at P7 were stained for phalloidin to reveal stereocilia. Note the weak phalloidin staining signal in Grxcr1−/− IHCs. Scale bars: 5 μm. (E) Cochlear whole mounts from Grxcr1−/− mice at P7 were stained for β-actin and γ-actin. Scale bars: 5 μm.





GRXCR1 is Diffused Along the Stereocilia

Odeh et al. (2010) in Dr. David Kohrman’s lab found that GRXCR1 is diffused along the stereocilia in murine hair cells. In zebrafish, a significant amount of GRXCR1 is also localized in the Golgi apparatus and endoplasmic reticulum—Golgi intermediate compartment (Odeh et al., 2010; Blanco-Sanchez et al., 2018). In our previous studies, we found that exogenously expressed GRXCR1 is localized along the stereocilia without any obvious immunostaining signals in ER or Golgi structures (Liu et al., 2018). To study the localization of endogenous GRXCR1 protein in murine hair cells, we generated an antibody against GRXCR1. Immunostaining was performed using cochlear whole mounts dissected from wild-type and Grxcr1−/− mice. The immunostaining signal outlined the shape of the stereociliary bundle in the wild-type cochlea, but not in the Grxcr1-deficient cochlea (Figure 2A), suggesting that the antibody specifically recognize GRXCR1 in murine hair cells. In agreement with the findings of Odeh et al. (2010), GRXCR1 was localized along the shaft of stereocilia in hair cells (Figure 2A). Interestingly, we also noticed a stronger immunostaining signal at the base of stereocilia especially in inner hair cells, suggesting that GRXCR1 is relatively concentrated at the base of stereocilia (Figure 2A). In addition, we did not see any immunostaining signal of GRXCR1 in the cell body (Figure 2B), which is different from that in zebrafish hair cells (Blanco-Sanchez et al., 2018). Different from GRXCR1, GRXCR2 is localized at the base of stereocilia (Figure 2C).
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FIGURE 2. Localization of GRXCR1 and GRXCR2 in hair cells. (A) Costaining of P7 cochlear whole mounts with GRXCR1-antibody (green) and phalloidin (magenta). Note the absence of a signal in Grxcr1−/− inner hair cells. (B) Costaining of P7 wild-type cochlear whole mounts with GRXCR1-antibody (green) and parvalbumin-antibody (magenta) to reveal cell body of inner hair cells. Note that there is no signal of GRXCR1 in the cell body. (C) Costaining of P7 wild-type cochlear whole mounts with GRXCR2-antibody and phalloidin. Note, GRXCR2 is concentrated at the base of stereocilia. (D) GRXCR1 was expressed and purified from E. coli. (E) Glutaredoxin activity of GLRX2 and GRXCR1 was measured. Note that there is no detectable enzyme activity of GRXCR1. Scale bars: 5 μm.



In zebrafish, GRXCR1 is essential for the morphogenesis of stereocilia through its glutaredoxin activity (Blanco-Sanchez et al., 2018). Although the central region of mammalian GRXCR1 shows some similarity with glutaredoxin proteins, it lacks the typical dual cysteines essential for enzyme activity, and the putative thioredoxin fold in mammalian GRXCR1 might just act as an interface mediating the protein–protein interaction (Odeh et al., 2010). To investigate whether murine GRXCR1 has enzyme activity, GRXCR1 was expressed in E. coli and purified (Figure 2D). Catalytic properties of murine GRXCR1 were determined in parallel with and compared with human GLRX2. Consistent with previous studies, GLRX2 showed high glutaredoxin activity (Gladyshev et al., 2001); however, we did not detect any enzyme activity of murine GRXCR1 (Figure 2E), suggesting that in murine hair cells, GRXCR1 is essential for the morphogenesis of stereocilia probably via different mechanisms.



Localization of Taperin and GRXCR2 in Grxcr1-Deficient Hair Cells

A previous study found that GRXCR1 interacts with GRXCR2 when they are expressed in yeast (Avenarius, 2012). To investigate whether GRXCR1 interacts with GRXCR2 in mammalian cells, we carried out co-immunoprecipitation experiments with extracts from HEK293 cells that were transfected with Myc-tagged GRXCR2 and GFP-tagged GRXCR1. Indeed, GRXCR1-GFP was co-immunoprecipitated with Myc-GRXCR2 (Figure 3A), suggesting a heterodimeric interaction between GRXCR1 and GRXCR2.
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FIGURE 3. Localization of taperin and GRXCR2 in Grxcr1-deficient hair cells. (A) HEK293 cells were transfected with GRXCR1-GFP and Myc-GRXCR2. Immunoprecipitation was carried out with Myc-antibody. The upper row shows co-IP result and the lower rows show input proteins. (B) Cochlear whole mounts from Grxcr2−/− mice at P7 was stained for GRXCR1. (C,D) Cochlear whole mounts from Grxcr1−/− mice at P7 were stained for GRXCR2 (C) and taperin (D). Scale bars: 5 μm.



To investigate the extent to which the interaction between GRXCR1 and GRXCR2 is required for their proper localization in the stereocilia, immunohistochemistry experiments were performed. In the Grxcr2−/− hair cells, GRXCR1 was a little bit more diffusely distributed along the stereocilia (Figure 3B). In the Grxcr1−/− hair cells, GRXCR2 was diffused along the stereocilia and the intensity of immunostaining signal was reduced (Figure 3C). The intensity of taperin immunostaining signal was also reduced, and no diffusion of taperin along the stereocilia was observed in P7 Grxcr1−/− hair cells (Figure 3D). As the stereocilia in taperin−/− hair cells are fairly normal at P7 (Liu et al., 2018), the extremely thin stereocilia in Grxcr1−/− hair cells are likely not mainly caused by the reduction of taperin. Since the stereocilia are extremely thin in Grxcr1−/− hair cells, it is possible that the reduction of taperin and GRXCR2 might be secondary to the stereociliary morphogenesis defects.



Reducing Taperin Expression Could Not Rescue the Morphological Defects of Stereocilia in Grxcr1-Deficient Mice

The morphological defects of stereocilia in Grxcr2−/− mice is caused by the mislocalization of taperin, as reducing taperin expression level rescues the stereocilia morphology in Grxcr2−/−-deficient hair cells (Liu et al., 2018). The pathophysiological changes in hair cells associated with Grxcr1 and Grxcr2 mutations are different, suggesting that Grxcr1 deficiency induced the stereocilia disorganization might be through a different mechanism. GRXCR1 interacts with GRXCR2. Lack of GRXCR1 affects the localization and expression of GRXCR2 and taperin in stereocilia. To investigate whether the morphological defects in Grxcr1−/− hair cells is caused or partially caused by taperin, we crossed Grxcr1−/− mice with taperin null mice that we previously generated (taperinin103/in103, referred as taperin−/− hereafter) and then immunostaining was performed. Similar to Grxcr1−/− hair cells, Grxcr1−/−taperin+/– and Grxcr1−/−taperin−/− hair cells have disorganized stereocilia with less F-actin content inside (Figure 4A). In contrast, reducing taperin expression level rescued the morphological defects of stereocilia in Grxcr2−/− hair cells (Figure 4B).
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FIGURE 4. Analysis of stereocilia morphology by immunostaining. (A) Whole mounts from the middle region of the cochlea from wild-type, Grxcr1−/−, Grxcr1−/−taperin+/–, and Grxcr1−/−taperin−/− mice at the age of P7 were stained with taperin-antibody (green) and phalloidin (magenta). Note the disorganized stereocilia in Grxcr1−/−, Grxcr1−/−taperin+/–, and Grxcr1−/−taperin−/− mice. (B) Whole mounts from the middle region of cochlea from Grxcr2−/− and Grxcr2−/−taperin+/– mice at the age of P7 were stained with taperin-antibody and phalloidin. Note the disorganized stereocilia in Grxcr2−/− mice and well-maintained stereocilia in Grxcr2−/−taperin+/– mice. Scale bars: 5 μm.



To analyze the stereocilia morphology in more detail, we carried out additional scanning electron microscopy analyses with hair cells at P7. Similar to that in Grxcr1−/− hair cells, stereocilia in Grxcr1−/−taperin+/– and Grxcr1−/−taperin−/− hair cells are very thin and disorganized (Figure 5). These results suggest that reducing taperin expression level could not restore the morphological defects in Grxcr1−/− hair cells.
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FIGURE 5. Analysis of stereocilia morphology by scanning electron microscopy. (A,B) Whole mounts from the middle region of the cochlea from Grxcr1−/−taperin+/– (A) and Grxcr1−/−taperin−/− (B) mice at the age of P7 were analyzed by scanning electron microscopy. Note, stereocilia in Grxcr1−/−, Grxcr1−/−taperin+/–, and Grxcr1−/−taperin−/− mice were extremely thin and disorganized. Scale bars: left, 5 μm; right, 1 μm.





Reducing Taperin Expression Could Not Restore the Hearing in Grxcr1-Deficient Mice

To investigate whether reducing taperin expression could restore the hearing in Grxcr1−/− mice, we measured auditory perceptions of 6-week-old Grxcr1−/−taperin+/– and Grxcr1−/−taperin−/− mice. Similar to the Grxcr1−/− mice, Grxcr1−/−taperin+/– and Grxcr1−/−taperin−/− could not respond to the 90-dB sound stimuli, suggesting that they were profoundly deaf (Figure 6A). Recording ABRs in response to pure tones revealed that all these mice had profound hearing loss across the entire analyzed frequency spectrum (Figure 6B). These results suggest that reducing taperin expression level could not restore the hearing in the Grxcr1−/− mice. Thus, our results suggest that GRXCR1 has different functions than GRXCR2 during the morphogenesis of stereocilia.
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FIGURE 6. Analysis of hearing function by ABR. (A,B) ABR thresholds for click stimuli (A) and pure tones (B) at the age of 6 weeks. Note the profound hearing loss in Grxcr1−/−, Grxcr1−/−taperin+/–, and Grxcr1−/−taperin−/− mice across the entire frequency spectrum analyzed. p < 0.001 between wild-type and Grxcr1−/−, Grxcr1−/−taperin+/–, and Grxcr1−/−taperin−/− mice (two-way ANOVA).






DISCUSSION

GRXCR1 and GRXCR2 have more than 30% amino acid identity. Both of them are essential for the morphogenesis of stereocilia and auditory perception. However, several lines of evidence in this study suggest that they have different functions in hair cells. First, the pathophysiological changes of stereocilia associated with Grxcr1 and Grxcr2 mutations are very different. Second, although both of them are localized at the stereocilia, GRXCR1 is diffusely distributed throughout the stereocilia. Third, although we could alleviate of the auditory defects in Grxcr2−/− mice by reducing taperin expression level, using a similar strategy, we could not rescue the morphological defects of stereocilia or restore the hearing in Grxcr1−/− mice.

GRXCR1 shows some similarity with glutaredoxin proteins. In zebrafish, the glutaredoxin activity of GRXCR1 is crucial for regulating the physical interaction between Harmonin and Sans (Blanco-Sanchez et al., 2018). Consistently, Grxcr1, harmonin, and sans zebrafish mutants have very similar phenotypes with significantly thinner, fewer hair bundles and splayed stereocilia (Blanco-Sanchez et al., 2018). However, in mouse, the phenotypes of Grxcr1, harmonin, and sans-mutant hair cells are different. Grxcr1 mutant hair cells have very thin and short stereocilia, while the length and width of the tallest row of stereocilia in harmonin and sans mutant hair cells are similar to the wild-type hair cells (Lefevre et al., 2008; Corns et al., 2018), suggesting that GRXCR1 probably has different functions in mouse hair cells. In our study, we purified mouse GRXCR1 and measured its glutaredoxin activity. We did not detect any enzyme activity using purified murine GRXCR1. There is a possibility that GRXCR1 purified from bacteria might not fold properly. Thus, the bona fide glutaredoxin activity of murine GRXCR1 needs to be further verified using other experimental approaches in future. GRXCR1 also shows some similarity with THRUMIN1 from Arabidopsis thaliana (Avenarius, 2012). An in vitro study shows that THRUMIN1 binds to and bundles F-actin (Whippo et al., 2011). Interestingly, in the Grxcr1−/− hair cells, the stereocilia are extremely thin and F-actin content is reduced. The question arose whether GRXCR1 is essential for the morphogenesis of stereocilia by directly or indirectly regulating actin cytoskeleton inside the stereocilia. To test this hypothesis, further studies to investigate whether purified GRXCR1 could bind to actin and regulate actin dynamics in vitro would be informative.

Although GRXCR1 and GRXCR2 have similar amino acid sequences, only GRXCR2 binds to taperin (Liu et al., 2018). In addition, different localization patterns of these two proteins in stereocilia also suggest that they probably have different binding partners in hair cells. To extensively illustrate the functions of GRXCR1 and mechanisms of Grxcr1 deficiency-induced hearing loss, it will be of interest to screen interacting proteins of GRXCR1 and investigate the extent to which those binding partners are required for GRXCR1 functions and stereocilia morphogenesis in hair cells.
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Millions of Americans experience hearing or balance disorders due to loss of hair cells in the inner ear. The hair cells are mechanosensory receptors used in the auditory and vestibular organs of all vertebrates as well as the lateral line systems of aquatic vertebrates. In zebrafish and other non-mammalian vertebrates, hair cells turnover during homeostasis and regenerate completely after being destroyed or damaged by acoustic or chemical exposure. However, in mammals, destroying or damaging hair cells results in permanent impairments to hearing or balance. We sought an improved method for studying hair cell damage and regeneration in adult aquatic vertebrates by generating a transgenic zebrafish with the capacity for targeted and inducible hair cell ablation in vivo. This model expresses the human diphtheria toxin receptor (hDTR) gene under the control of the myo6b promoter, resulting in hDTR expressed only in hair cells. Cell ablation is achieved by an intraperitoneal injection of diphtheria toxin (DT) in adult zebrafish or DT dissolved in the water for larvae. In the lateral line of 5 days post fertilization (dpf) zebrafish, ablation of hair cells by DT treatment occurred within 2 days in a dose-dependent manner. Similarly, in adult utricles and saccules, a single intraperitoneal injection of 0.05 ng DT caused complete loss of hair cells in the utricle and saccule by 5 days post-injection. Full hair cell regeneration was observed for the lateral line and the inner ear tissues. This study introduces a new method for efficient conditional hair cell ablation in adult zebrafish inner ear sensory epithelia (utricles and saccules) and demonstrates that zebrafish hair cells will regenerate in vivo after this treatment.
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INTRODUCTION

Loss of hearing or balance can be debilitating and imposes a significant personal, societal, and economic burden upon individuals, their families, and communities. Approximately 37.5 million Americans report some degree of hearing loss with incidences increasing with age. About 33.4 million adults reported a problem during the past 12 months with balance, unsteadiness, or blurred vision after moving their head. Hearing and balance disorders are most often attributed to loss or damage to the sensory hair cells of the auditory and vestibular organs. The hair cells are mechanosensory receptors that receive signals from our environment and transmit them to the brain. These hair cells reside in the sensory epithelia of auditory and vestibular organs in all vertebrates as well as in the lateral line systems of aquatic vertebrates (Popper and Fay, 1993; Bever and Fekete, 2002; Nicolson, 2005). In zebrafish and non-mammalian vertebrates, hair cells turnover during homeostasis and regenerate completely after being damaged or destroyed by acoustic or chemical exposure, while in mammals, destroying or damaging hair cells results in permanent impairments to hearing and balance. Mammalian hair cell regeneration has been observed but in a very limited fashion in the auditory and vestibular organs of embryonic and newborn mice and mature adults (Burns et al., 2012; Golub et al., 2012; Bucks et al., 2017). Since the majority of hearing and balance disorders in humans are due to the loss or damage of hair cells, understanding how to stimulate the hair cell regeneration process in the mammalian inner ear represents a direct solution to hearing loss or vestibular problems. The zebrafish is an excellent genetic model to understand hair cell regeneration and inner ear function. Yet, the majority of zebrafish hair cell regeneration and inner ear research to date has focused on the larval lateral line due to its relatively simple structure and accessibility. Lateral line regeneration occurs through support cell proliferation and differentiation. Lateral line hair cells frequently undergo apoptosis, constant turnover, and are renewed by peripheral supporting cell division. Research on the zebrafish lateral line has identified candidate genes, pathways, and cell populations involved in hair cell regeneration at single-cell resolution (Baek et al., 2021). Less is known about the mechanisms underlying hair cell regeneration within the inner ear sensory epithelium of zebrafish. The inner ear sensory epithelium is composed of sensory hair cells organized into “orientation groups” that are surrounded by supporting cells and are innervated by fibers from the eighth cranial nerve (Popper, 2020; Popper and Hawkins, 2021). In the adult inner ear, the sensory epithelium continues to expand for the first 10 months of life and subsequently have a low but measurable turnover of hair cells (Lombarte and Popper, 1994; Higgs et al., 2002).

To uncover detailed mechanisms of hair cell regeneration in animals that possess the capacity to regenerate hearing, frequently used models for experimental hair cell destruction in adult fish include acoustic overstimulation/sound exposure (Smith et al., 2004; Schuck and Smith, 2009; Liang et al., 2012), blast wave exposure (Wang et al., 2019), and aminoglycoside antibiotics (Song et al., 1995; Uribe et al., 2013). However, sound exposure experiments achieved ≤75% hair cell ablation and only in the auditory organs while blast wave exposure elicited more serious hearing loss phenotypes, but also caused brain injury with increased cell apoptosis and decreased neurogenesis. Aminoglycoside administration using a high dose of gentamicin induced only a 15% reduction in sensory hair cell loss across the entire saccule and utricle. Adult zebrafish experiments that use aminoglycosides, laser ablation, or sound exposure to induce hair cell death show that supporting cells repopulate the inner ear within 1–7 days post hair cell death (Schuck and Smith, 2009; Liang et al., 2012; Uribe et al., 2013). Despite similarities between the lateral line and inner ear sensory epithelium, such as the shared type I- and type II-like hair cell types (Song et al., 1995), it is unclear whether the adult inner ear regeneration pathways are distinct in some way from the lateral line.

In order to investigate the mechanism of hair cell regeneration in adult auditory and vestibular organs, we sought to establish a robust new model for hearing loss and regeneration research by generating a transgenic zebrafish with the capacity for targeted and inducible hair cell ablation in vivo. The gene encoding the human diphtheria toxin receptor (hDTR) was placed downstream of the zebrafish myo6b promoter whose expression is limited to differentiated hair cells in zebrafish. Since the orthologous zebrafish receptor has a significantly lower affinity to diphtheria toxin (DT) than the human one, treatment with DT resulted in hair cell specific ablation with minimal systemic side effects. Here we show that a single, low concentration, intraperitoneal injection of DT in the Tg(myo6b:hDTR) transgenic background caused complete loss of hair cells in the adult zebrafish utricle and saccule and that over time the hair cells regenerated. We also show that DT exposure ablated larval lateral line hair cells in a dose-dependent manner. This ablation approach could also be used in other tissues where cell-specific ablation is desirable in zebrafish.



MATERIALS AND METHODS


Experimental Animals

TAB5 wild-type (WT) zebrafish were used in this study. Fish were randomly selected and represented roughly equal numbers of males and females. All animal experiments were performed under an approved Animal Study Protocol (G-01-3) and animals were handled in compliance with the NHGRI Animal Care and Use Committee’s written guidance and the Shared Zebrafish Facility User Standards and Operating Procedures.



Generation of myo6b-DTR Zebrafish

We targeted expression of the hDTR (heparin-binding epidermal growth factor precursor; proHB-EGF) to zebrafish hair cells by using the hair cell-specific myo6b promoter (Kindt et al., 2012). We generated the Tg(myo6b:hDTR) construct as follows. The full coding region of the hDTR gene (Genscript Clone ID OHu26607D) was PCR amplified with the following 5′ adaptor (attB) sequences to increase the specificity of cloning orientation (Forward primer adds attB1 site 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACCCAC TGCTTACTGGCTTA-3′ and Reverse Primer adds attB2 site and a stop codon 5′ - GGGGACCACTTTGTACAAGAAAGCTGGG TACTAACTAGAAGGCACAGTCGAGG-3′. A middle entry clone was generated by performing a BP recombination between the attB hDTR PCR product with the pDONR 221 clone. The hDTR-pDONR221 middle entry clone was verified by restriction digest and sequencing. To create a Gateway expression clone, an LR reaction was performed using a 5′ Entry myo6b clone (gift from Dr. Katie Kindt), hDTR middle entry clone, 3′ Entry PolyA clone, and destination vector pDestTol2CG2. The myo6b:hDTR construct was verified by sequencing and injected into TAB5 1-cell stage embryos with mRNA encoding the Tol2 transposase (Kawakami et al., 2000). All experimental zebrafish used in this study were heterozygous, Tg(myo6b:hDTR).



In situ Hybridization Chain Reaction

Three dpf embryos were fixed in a 4% formaldehyde solution and stored overnight in 100% methanol. Embryos were rehydrated with a series of graded 1 mL methanol/PBST washes (75, 50, and 25% methanol) for 5 min and then rinsed five times in PBST (0.1% Tween-20) for 5 min. Embryos were treated with 1 mL of proteinase K (2 mg/mL) for 10 min at room temperature followed by two washes with PBST without incubation. Embryos were then postfixed with a 4% formaldehyde solution for 20 min at room temperature. Following fixation, embryos were washed five times for 5 min with PBST. Embryos were hybridized with in situ hybridization chain reaction (HCR) probes that were purchased commercially (Molecular Instruments, Inc.) and targeted hDTR (HBEGF, NM_001945.3) and myo6b (NM_001004110.1). Detection and amplification was performed in accordance with the HCR v3.0 protocol for whole-mount zebrafish embryos and larvae (Choi et al., 2016). Embryos were mounted in 0.8% low melting agarose and imaged on a Zeiss LSM 880 confocal microscope. Maximum intensity projections of z-stacks were generated in Image J/Fiji software (Schindelin et al., 2012).



RNA Isolation From Adult Inner Ear Tissues

Saccules and utricles were dissected from adult WT and Tg(myo6b:hDTR) zebrafish and homogenized in 0.7 mL TRIzol Reagent (Thermo Fisher Scientific, United States) with a power homogenizer. RNA was isolated from aqueous phase after TRIzol/chloroform extraction and treated with DNase I. RNA was purified using the RNA Clean & Concentrator-5 (Zymo Research) and measured (Nanodrop One).



Quantitative Real-Time PCR Analysis on Adult Inner Ear Tissues

RNA was transcribed into cDNA according to manufacturer’s instructions (SuperScript III RT, Thermo Fisher Scientific, United States). Quantitative Real-Time PCR Analysis (RT-qPCR) was performed in technical replicates using 1:1 cDNA in each reaction and a primer concentration of 0.5 μM. PowerUp SYBR Green Master Mix (Thermo Fisher Scientific Cat, #4344463, United States) and self-designed primers were used (Eurofins, Luxembourg). Primers were designed by using Primer3 followed by a UCSC in silico PCR to search the zebrafish sequence database. hDTR was amplified using the forward primer 5′-GACCCTCCCACTGTATCCAC-3′ and the reverse primer 5′-GCTCCTCCTTGTTTGGTGTG-3′. myo6b was amplified using the forward primer 5′-ATTAAGAGCTATCAGGGACGC-3′ and the reverse primer 5′-GCTCATCTTCAGAACCCTCAT-3′. ef1alpha was used as a housekeeping gene and was amplified using the forward primer 5′-CGACAAGAGAACCATCGAGAAGTT-3′ and the reverse primer 5′-CCAGGCGTACTTGAAGGA-3′.



Larval Zebrafish Diphtheria Toxin Treatments

Diphtheria toxin was purchased from Sigma-Aldrich (D0564). Five dpf transgenic larvae were exposed for 3–12 h in various concentrations of DT dissolved in 1X Holtfreter’s medium, washed and then maintained in 1X Holtfreter’s for up to 3 days. Eight dpf zebrafish were treated with 8 μM YO-PRO-1 dye (Y3603, Molecular Probes, OR, United States) dissolved in 1X Holtfreter’s medium for 1 h at 28.5°C. After washing, fish were lightly anesthetized with 0.01% tricaine and placed in 96-well, glass bottomed plates for observation. Stained neuromasts in the lateral trunk region were visualized and quantified with an inverted Leica stereomicroscope using a 10X objective. For time-course experiments, larvae were returned to 1X Holtfreter’s medium for recovery.



Adult Zebrafish Diphtheria Toxin Administration

Diphtheria toxin was dissolved in 1XPBS. Six to ten month-old WT (TAB5) and transgenic adult zebrafish of mixed sex were injected one time with DT into the abdominal cavity, posterior to the pelvic girdle, using a microsyringe for nanoliter injection with a 35G beveled needle. Concentration ranges from 0.01 to 50 ng per fish were tested. Before intraperitoneal injection, fish were fasted for 24 h and then lightly anesthetized with buffered MS-222. Immediately after injection, fish recovered in fresh system water and maintained off system for up to 14 days. Tank density was limited to 25 adult zebrafish in a 6 L tank. Fish were fed and water changed once daily. Health and water quality inspections were completed twice daily. Injection experiments required approximately 150 adult zebrafish total per genotype.



Histological Methods

Adult zebrafish were euthanized using buffered MS-222. The heads were dissected and fixed in 4% formaldehyde overnight at 4°C. Inner ears were dissected as previously described in Liang and Burgess (2009).



Hair Cell Labeling

Alexa Fluor 488 phalloidin was used to visualize and quantify F-actin in stereocilia of zebrafish. Utricles and saccules were dissected and stained using Alexa Fluor 488 phalloidin as previously described in Liang and Burgess (2009)Liang and Burgess (2012). Proteins were detected in whole-mount utricles and saccules using standard immunofluorescence labeling methods.

Following overnight fixation, inner ear sensory epithelia were rinsed several times in PBTX (PBS plus 0.1% Triton X-100) and blocked for 1 h in BBTX at room temperature (PBS plus 0.5% BSA, 2% NGS, and 0.1% Triton X-100). Inner ear sensory epithelia were incubated overnight at 4°C with primary antibodies. Inner ears were washed three times for 10 min in PBTX and then incubated overnight at 4°C with secondary antibodies in BBTX. After washing three times for 10 min in PBTX, inner ear sensory epithelia were incubated for 45 min at room temperature with Alexa Flour 488 phalloidin in PBS (Thermo Fisher Scientific, #A12379, United States, 1:1,000-dilution). Following three washes in PBS for 10 min, saccules (with or without lagena) and utricles were mounted in Vectashield with DAPI. Primary and secondary antibodies used include the rabbit myosin VI and myosin VIIa antibodies (Proteus Biosciences 25-6790 and 25-6791, 1:300-dilution), rabbit cleaved Caspase-3 (Cell Signaling #9661, 1:300-dilution), Alexa Fluor 568 goat anti-rabbit IgG (1:1,000-dilution).



Cellular Imaging and Analysis

Confocal images were acquired with a Zeiss LSM 880 confocal microscope. Confocal Z stacks of the entire saccule and utricle were projected into a single image to capture all phalloidin positive cells from different planes of focus for hair cell counting. Counts of phalloidin labeled hair cell bundles were obtained from preselected 50 μm × 50 μm digital boxes along the rostral-caudal axis of the saccule or the medial-striola planes of the utricle. Normal hair cells were quantified as hair cell bundles with intact stereocilia using Image J/Fiji software (Schindelin et al., 2012). Cleaved caspase-3 positive cells were counted with Image J/Fiji software from the entire saccule and utricle whole mount.




RESULTS


Generation of myo6b:hDTR Zebrafish

To create a model that would allow for hair cell specific ablation, we utilized the human DTR gene, which has previously been used to effectively ablate hair cells in the mouse utricle (Golub et al., 2012). In order to drive expression of hDTR only in hair cells, we use the zebrafish hair cell specific promoter myo6b which is expressed in auditory, vestibular, and lateral line hair cells in zebrafish (Figure 1A; Obholzer et al., 2008; Matern et al., 2018). The construct was cloned using the Gateway System into a Tol2 transposon vector and was injected with Tol2 transposase mRNA (Kawakami et al., 2000) into zebrafish embryos at the one-cell stage to create a stable transgenic line. Single-copy F1 fish were identified by PCR. hDTR expression was verified by qRT-PCR in adult zebrafish inner ear auditory (saccule) and vestibular (utricle) sensory epithelia of stable transgenic lines carrying a single Tg(myo6b:hDTR) transgene (Figure 1B). Considering hDTR mRNA levels were robustly expressed in adult inner ear sensory epithelia heterozygous for the Tg(myo6b:hDTR) allele, we reasoned that heterozygous expression of the transgene would suffice for the hair cell ablation response to DT. Therefore, all hair cell ablation experiments were performed on animals carrying a single Tg(myo6b:hDTR) transgene in larvae and adult zebrafish. To confirm Tg(myo6b:hDTR) was expressed in hair cells, we performed HCR on WT and Tg(myo6b:hDTR) 3 dpf embryos using a probe targeting the hDTR. As expected, the hDTR fluorescent signal was present in lateral line hair cells and in the anterior macula of Tg(myo6b:hDTR) fish, but absent in WT controls. As a control, we simultaneously hybridized and detected a probe for myo6b in lateral line hair cells and in the anterior macula of the inner ear of Tg(myo6b:hDTR) and WT fish (Figures 1C,D). All hair cells can be seen expressing both genes simultaneously.
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FIGURE 1. The Tg(myo6b:hDTR) zebrafish. (A) Schematic representation of the human diphtheria toxin receptor (hDTR) construct driven by the hair cell-specific myo6b promoter and representation of the hair cell-specific ablation approach. Diphtheria toxin (DT) is internalized in cells specifically expressing the human version of the DT receptor, triggering cell death. (B) qRT-PCR analysis on untreated Tg(myo6b:hDTR) zebrafish saccule and utricle showing expression of hDTR and myo6b relative to wild-type (WT) animals. The values are represented as the mean ± SEM from three independent samples. (C) Schematic depicts a lateral view of a whole zebrafish larva with neuromasts (gray circles). The P1 neuromast examined for imaging is indicated by magenta fill. In situ HCR using probes targeting hDTR and myo6b in hair cells of a single P1 neuromast of 3 dpf WT and Tg(myo6b:hDTR) embryos is shown. Brightness and contrast adjusted 50 and 25%, respectively. Scale bar 20 μm. (D) Schematic depicts the left ear of a larval zebrafish with anterior macula indicated by magenta fill. Lateral views of inner ears are shown following HCR in situ with probes targeting hDTR and myo6b in 3 dpf WT and Tg(myo6b:hDTR) embryos. Brightness and contrast adjusted 65 and 35%, respectively. Scale bar 20 μm.




Diphtheria Toxin Induced Hair Cell Death and Regeneration in the Larval Lateral Line

Figure 2A shows the experimental regimen for the larval neuromast hair cell ablation studies. To determine whether DT was able to ablate hair cells of the lateral line of zebrafish expressing hDTR in hair cells, we performed a dose-response assay using 5 dpf larvae that were WT or heterozygous for the Tg(myo6b:hDTR) allele. We treated 5 dpf larvae with concentrations of dissolved DT ranging from 0.5 to 1.5 μg/mL and continuous exposure times ranging from 3 to 12 h. After rinsing the larvae three times in fresh medium, the number of YO-PRO-1 labeled cells in each of the four identified neuromasts (P1, P2, P3, and P4) was determined for the different exposure concentrations and timepoints following DT treatment. YO-PRO-1 labeled hair cell loss and recovery was analyzed at 0, 24, 48, and 72 h post-DT treatment. Hair cells were assessed by fluorescence microscopy and counted for approximately eight fish per group.
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FIGURE 2. Tg(myo6b:hDTR) larval zebrafish show hair cell loss and regeneration in lateral line neuromasts after in vivo DT treatment. (A) Schematic representation of the larval DT exposure treatment. (B) Wild-type (WT) and Tg(myo6b:hDTR) (hDTR) larvae were exposed to three concentrations of DT (0.5, 1, and 1.5 μg/mL) for various durations (3, 6, 8, 10, and 12 h). Neuromast viability was monitored daily by YO-PRO-1 labeling 0 to 72 h post-incubation. Shown is the quantification of YO-PRO-1 labeled hair cells. The values are represented as the mean ± SEM from eight fish. (C) Regeneration time-course showing P1–P4 over three days of recovery. Larvae were exposed to 1 μg/mL of DT for 6 h. Scale bar 100 μm.


Diphtheria toxin had no effect on YO-PRO-1 staining in WT 5 dpf zebrafish at all concentrations and durations examined (Figure 2B). However, DT reduced the number of YO-PRO-1 labeled neuromast hair cells in 5 dpf Tg(myo6b:hDTR) fish in a dose-dependent manner with no general toxicity or mortality to the larvae at any of the doses or exposure times. At the higher exposure concentrations and longer exposure times, the YO-PRO-1 staining in the neuromasts was absent (Figure 2B). We observe a delayed onset of death and cumulative effect of DT on hair cells which is likely a result of diphtheria toxin’s mechanism of action. The dose and time of exposure influenced the amount of hair cell ablation, but synchronous hair cell loss in Tg(myo6b:hDTR) continued even after withdrawal of DT. Lower doses and longer exposure times were as effective at ablating hair cells as high doses for shorter times. For example, at 3 h incubation with 1.5 μg/mL of DT (the highest concentration of toxin tested on larvae), hair cells are progressively lost until 24 h post treatment, but no significant hair cell loss is observed immediately after treatment at 0 h (Figure 2B). These data show a relationship between DT concentration, exposure time, and hair cell death.

Lateral line hair cells regenerate following acute chemical injury. In Tg(myo6b:hDTR) larvae, hair cell regeneration (defined as recovery in YO-PRO-1 labeling) was evident within 2 days post DT exposure for all concentrations and exposure durations tested (Figure 2B). At 72 h following DT exposure, the mean number of hair cells per neuromast was not significantly different from the unexposed larvae, indicating that recovery was complete at intermediate concentrations (0.5 and 1 μg/mL). Larvae exposed to DT at the highest (1.5 μg/mL) and longest duration (12 h) showed only partial hair cell regeneration by 72 h post-DT.

Figure 2C shows a representative WT zebrafish neuromast 24 h post exposure to 1 μg/mL of DT for 6 h and demonstrates individual hair cells in each of the four neuromasts (P1, P2, P3, and P4) brightly stained with YO-PRO-1. By comparison, Tg(myo6b:hDTR) larvae exposed to 1 μg/mL of DT for 6 h showed a clear reduction in the number of YO-PRO-1 labeled hair cells in all four neuromasts 24 h post exposure. Supplementary Figure 1 shows the progression of cell death from 0 to 24 h post DT treatment (A, B) and the subsequent hair cell regeneration (C).



Diphtheria Toxin Induced Hair Cell Death and Regeneration in the Adult Inner Ear

Using fluorescently-tagged phalloidin to visualize adult inner ear hair cell bundles and myosin VI/VIIa antibodies for hair cell bodies, we assessed auditory (saccule) and vestibular (utricle) hair cells in untreated adult zebrafish that were WT or heterozygous for the Tg(myo6b:hDTR) allele (Supplementary Figure 2). Fluorescent phalloidin, a highly specific F-actin stain, was used to visualize hair cells (Supplementary Figure 2, green channel). Hair cell bodies were labeled with myosin VI/VIIa (Supplementary Figure 2, red channel), which labels the cytoplasm of hair cells to confirm cell death (as opposed to hair cell bundle damage). Figure 3 illustrates the overall appearance of a phalloidin stained utricle and saccule (Figure 3B). The average hair cell densities of the untreated Tg(myo6b:hDTR) utricle and saccule macule are 85 and 161 per 2.5 mm2 area, respectively. Myosin VI/VIIa was present in the cytoplasm of all hair cells examined in untreated WT, DT treated WT, and untreated DTR fish (Supplementary Figure 2, red channel). The pattern of phalloidin and myosin VI/VIIa labeling in the adult inner ear was consistent in treated and untreated WT controls and untreated Tg(myo6b:hDTR) sensory epithelia, although there was some variability in fluorescence intensity that was not quantified (Figure 4 red channel; Supplementary Figure 2; Coffin et al., 2007). The number of hair cells per utricle and saccule did not differ significantly between these two groups and no differences were observed with respect to hair cell appearance. These observations suggested that inner ear hair cell development and maintenance were not affected in adult Tg(myo6b:hDTR) zebrafish.
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FIGURE 3. Adult Tg(myo6b:hDTR) injected fish exhibit spatial disorientation and impaired balance. (A) Injected WT fish (WT), (top) and Tg(myo6b:hDTR) (hDTR), (bottom) with 10 ng of DT 3 days-post injection. (B) Saccule and utricle from untreated (–DT) or treated (+DT) WT and Tg(myo6b:hDTR) fish. Saccule and utricle from treated (+DT) WT and Tg(myo6b:hDTR) fish were isolated 3 days post-DT. Scale bar 100 μm.
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FIGURE 4. Tg(myo6b:hDTR) adult zebrafish hair cell loss and regeneration in the inner ear after DT treatment. Saccule and utricle were isolated at specified timepoints following DT administration in Tg(myo6b:hDTR) fish. Close examination of hair cells with phalloidin (green channel) and hair cell bodies with anti-myosin VI/VIIa (red channel). Scale bar 100 μm. For qualitative purposes, brightness was increased 10% and contrast by 20% across all images.


In order to determine an appropriate dose of DT to use for downstream ablation experiments in adult zebrafish, we evaluated the effect of various concentrations of injected DT (ranging from 0.01 to 10 ng per fish) on adult fish that were WT or heterozygous for the Tg(myo6b:hDTR) allele. No to minimal defects in swimming behaviors were observed in Tg(myo6b:hDTR) fish injected with 0.01–0.05 ng of DT. At concentrations above 1 ng per fish (such as 10 ng), Tg(myo6b:hDTR) fish exhibited consistent swimming defects that come out most strongly when the water was agitated (Supplementary Video 1). The behavior of injected Tg(myo6b:hDTR) fish with 10 ng of DT consisted of somersaulting and random lateral looping (Figure 3A). Tg(myo6b:hDTR) injected fish mimic the swimming behavior of fish under microgravity conditions (Von Baumgarten et al., 1975), fish that have undergone laceration or removal of the utricle (Pfeiffer, 1964), and the sputnik and orbiter adult circler mutants with mutations affecting vestibular function (Nicolson et al., 1998). The onset of swimming defects correlated to when the hair cells in the inner ear were maximally ablated (Figure 3). Similarly, recovery in swimming behavior correlated to when the hair cells in the inner ear regenerated.

We characterized the time-course of hair cell loss and the minimum dose capable of completely ablating hair cells to help maximize animal viability and reduce excess stress. Similar to our observations in larval zebrafish treated with DT, we observed a delay and cumulative effect of DT on hair cell death in adult zebrafish. The dose of exposure influenced when hair cell loss was first observed and the time it took for hair cells to return. We determined a low DT dose of 0.05 ng per fish was sufficient for nearly complete hair cell ablation throughout the utricle, saccule and even lagena followed by hair cell recovery within a 13-day window, although we were only able to detect very subtle behavioral phenotypes at this concentration, suggesting looping behaviors may require complete loss of hair cell function to be observed.

Adult fish received a single intraperitoneal injection of 1 μL of 0.05 ng DT. Immediately following injection, fish were allowed to recover for up to 14 days in static tanks. Adult inner ears (utricle and saccule) were harvested following timepoints ranging from 0 to 13 days post injection. DT did not affect hair cells in injected WT zebrafish at any time point examined. In contrast, significant hair cell loss was observed between 4 and 5 days after DT treatment in adult Tg(myo6b:hDTR) zebrafish (Figure 4). We confirmed elimination of hair cells (as opposed to hair cell bundle damage) by co-labeling sensory epithelia with phalloidin and myosin VI/VIIa antibodies. Phalloidin staining revealed structural changes that occurred at the epithelial surface 4 and 5 days after DT treatment such as putative lesions and bundle-less cuticular plates in the region of stereociliary loss over the time course of hair cell death. The lack of phalloidin in stereocilia and bundle-less cuticular plates correlated with the absence of myosin VI/VIIa labeling (Figure 4). We conclude that complete hair cell loss is achieved 5 days post-DT treatment in adult Tg(myo6b:hDTR) zebrafish.

Hair cells re-emerged as indicated by the appearance of short phalloidin positive hair cell bundles and myosin VI/VIIa positive cell bodies by day 6 post-DT treatment. On day 7 post-DT, saccules and utricles exhibited an increase in short, immature-like bundles, and an increase in hair cell bundle density. The increase in phalloidin labeled stereocilia corresponded to an increase in myosin VI/VIIa positive cell bodies (Figure 4). The pattern of hair cell bundle density and intensity using phalloidin labeling remained consistent after day 8 in the saccule and utricle, although there was some variability in fluorescence intensity using myosin VI/VIIa labeling. Quantifying the hair cell density of randomly selected regions of the utricle and saccule, we could see that the hair cells return to control levels by 13 days post-DT (Figure 5).
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FIGURE 5. Tg(myo6b:hDTR) adult zebrafish hair cell loss and regeneration in the inner ear after DT treatment. (A) Tg(myo6b:hDTR) saccule and utricle used for quantification were isolated at specified timepoints following DT administration and hair cells were labeled with phalloidin (green channel). Scale bar 100 μm. (B) Quantification of phalloidin positive hair cell number after DT injection. Error bars demonstrate the mean ± SEM.




Hair Cell Apoptosis Is Triggered by DT Treatment in hDTR Transgenic Fish

Apoptosis results in cleavage of caspase-3. Therefore, to test whether hair cells in treated Tg(myo6b:hDTR) fish were undergoing apoptosis, we stained for cleaved caspase-3 on DT treated fish. In the utricle and saccule of DT treated Tg(myo6b:hDTR) fish, we observed cleaved caspase-3-positive cells 1 day post-DT and the number of cleaved caspase-3 positive cells significantly increased by day 2 post-DT (Figure 6). The number of cleaved caspase-3 positive cells declined on day 3 post-DT and each day thereafter examined (Figure 6B). The number of caspase positive cells did appear to be lower than the number of hair cells ablated so we conclude that at least some but maybe not all of the hair cell death is due to apoptosis and cell death is initiated as early as 24 h post DT treatment.
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FIGURE 6. Diphtheria toxin induced hair cell death is primarily due to apoptosis. (A) Saccule and utricle from WT and Tg(myo6b:hDTR) (hDTR) inner ear tissues 2 days post-DT. Hair cells are labeled with phalloidin (green channel) and cleaved caspase-3 (red channel) positive cells were detected 2 days post-DT. (B) Quantification of cleaved caspase-3 positive cells in saccule and utricle dissected on days 1–5 following DT injection. Scale bar 100 μm. For qualitative purposes, brightness and contrast increased by 20%.





DISCUSSION


Hair Cell Regeneration

Efforts have been made to manipulate a small number of factors in the mammalian inner ear to reactivate hair cell regeneration. There has been some limited success inducing hair cell differentiation in a mature mammalian auditory organ by overexpressing the Atoh1 transcription factor an inducer of hair cell fate in all vertebrates (Groves et al., 2013). However, more work is required to identify if there are other factors involved in hair cell regeneration. Our understanding and potentially rescuing hair cell regeneration in mammals requires a comprehensive investigation of how regeneration successfully occurs in other vertebrates, such as the zebrafish. A long term motivation is to investigate the transcriptomic and epigenomic regulation of zebrafish inner ear hair cell regeneration with spatio-temporal resolution. Results from these studies could shed light on the gene regulatory responses that occur as a consequence of hair cell regeneration and provide insight on how supporting cells contribute new hair cells in an adult vertebrate inner ear.



A New Model of Hair Cell Loss

We show that a stable zebrafish line expressing the hDTR in a tissue-specific fashion, can be successfully applied to the analysis of hair cell regeneration in the zebrafish adult inner ear and larval lateral line systems. Environmental exposure of larvae to DT or adult injection of DT was utilized to achieve hair cell specific ablation in zebrafish expressing hDTR under the control of the myo6b promoter. With this technique, we observed extensive, targeted cell death after a delay, which was likely due to the mechanism of action for DT. DT binds to the toxin receptor, it internalizes, and the catalytic A subunit acts as an inhibitor of protein synthesis and arrests RNA synthesis, which ultimately leads to apoptosis or cell death (Collier, 1975). A potential drawback of the system is the extreme potency of the toxin which could cause “off-site injuries” by binding to the lower affinity endogenous receptors. Studies which express diphtheria toxin A fragment (DTA) in zebrafish embryos in the retina (Kurita et al., 2003) or in the germline (Slanchev et al., 2005) resulted in undesired ablation of other cells and even death of the organism due to DT toxicity. However, we find that cell specific expression of the hDTR in hair cells using the myo6b promoter causes no morphological defects in comparison to WT fish. Moreover, DT can be administered at low enough doses to cause cell specific ablation with limited to no toxicity in other cells and no noticeable toxicity to the animal.



Comparison With Other Adult Zebrafish Models for Hair Cell Ablation

At least three additional zebrafish models have been used to ablate hair cells in the adult inner ear. Immediately following cessation of sound exposure (to 100 Hz pure tone at 179 dB re 1 μPa RMS) for 36 h results in a 75% reduction in stereocilia density of the auditory hair cells in saccules. These sound exposure experiments significantly decrease hair cells to 43% in the caudal region and 75% of the total distance from the rostral tip. Specifically, sound exposure produces hair bundle loss only in the caudal region of the saccule and then 2 days later noticeable bundle loss is seen in the central portion of the rostral region (25%) 0 and 2 days post sound exposure (Schuck and Smith, 2009). Similar to our observations using DTR-fish treated with DT, auditory hair cell regeneration was observed 2 days post sound exposure. Aminoglycoside administration using a single intraperitoneal injection of a high dose of gentamicin induced a noticeable but limited reduction in sensory hair cell loss across the entire saccule and utricle, accompanied by shifts in auditory thresholds (Uribe et al., 2013). It was not shown whether hair cells replenished following gentamicin exposure. In contrast to both acoustic and ototoxic exposure, we observed near complete hair cell loss throughout the auditory and vestibular sensory epithelia followed by regeneration of hair cells. The Tg(myo6b:hDTR) zebrafish and DT system represents an ideal method for hair cell ablation in a regeneration study as the method induces synchronous destruction of all hair cells with negligible effects on neighboring inner ear cells. Moreover, this system is mild enough to allow subsequent hair cell regeneration. It was interesting to note that while 0.05 ng DT injections ablated essentially all but a few residual hair cells, we typically did not observe significant circling behavior in those fish. It suggests to us that overt vestibular behaviors are perhaps only observable in the most severe cases of functional hair cell deficiency in zebrafish.

Most hair cell regeneration studies have been implemented using the larval lateral line systems. However, the larval lateral line system and inner ear hair cells are not identical and examination of adult inner ears could have significant differences relevant to potential therapeutic treatments. The Tg(myo6b:hDTR) fish will enable examination of adult behaviors associated with auditory dysfunction and equilibrium orientation defects. DT treated Tg(myo6b:hDTR) adult zebrafish have defects similar to those seen in human hereditary and environmentally induced forms of deafness which may serve as a model for such disorders since zebrafish are accessible to a wide range of analyses. This method could facilitate uncovering roles of specific tissues during development, homeostasis, and aging of the ear. Analysis of the recovery after cell ablation may also reveal novel cellular and molecular mechanisms underlying the regenerative processes, thus bringing insights to the field of regenerative medicine.
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Deletion of C1ql1 Causes Hearing Loss and Abnormal Auditory Nerve Fibers in the Mouse Cochlea
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Complement C1q Like 1 (C1QL1), a secreted component of C1Q-related protein, is known to play an important role in synaptic maturation, regulation, and maintenance in the central nervous system. C1ql1 is expressed in adult cochlear inner and outer hair cells (IHCs and OHCs) with preferential expression in OHCs. We generated C1ql1 null mice to examine the role of C1QL1 in the auditory periphery. C1ql1-null mice exhibited progressive hearing loss with elevated thresholds of auditory brainstem response and distortion product otoacoustic emission. Confocal microscopy showed that the number of nerve fibers innervating both IHCs and OHCs was significantly reduced. However, spiral ganglion neurons appeared to be normal under electron microscopy. IHC development and survival were not affected by deletion of C1ql1. Voltage-clamp recording and immunocytochmistry combined with confocal microscopy showed C1ql1-null IHCs showed no significant reduction of pre-synaptic proteins and synaptic vesicle release. This is in contrast to significant OHC loss in the KO mice. Our study suggests that C1ql1 is essential for development of hair cell innervation and OHC survival. But maturation of presynaptic machinery in IHCs does not depend on C1QL1.

Keywords: C1QL1, hair cells, innervation, hearing loss, mice


SIGNIFICANCE STATEMENT

• We generated a C1ql1 null mouse model and examined the role of C1QL1 in cochlear hair cells. The C1ql1-null mice had progressive loss of outer hair cells and hearing.

• We showed that the number of nerve fibers innervating both inner and outer hair cells was significantly reduced in C1ql1-null mice.

• We showed that C1ql1 is essential for development of hair cell innervation and outer hair cells survival.

• Our study suggests C1ql1 might be a deafness-related gene.



INTRODUCTION

Hair cells of all vertebrates are polarized neuroepithelial cells that serve as the sensory receptors for the acoustical, vestibular, and lateral-line organs (Beurg et al., 2006; Salvi et al., 2016). Hair cells transduce mechanical stimuli into electrical activity (Hudspeth and Corey, 1977; Marcotti et al., 2014). Inner hair cells (IHCs) and outer hair cells (OHCs) are the two types of sensory receptor cells critical for hearing in the mammalian cochlea. IHCs and OHCs are different in morphology and function (Dallos, 1992; Li et al., 2019). IHCs, innervated by type I nerve fibers, are considered to be the true sensory receptor and transmit information to the brain. OHCs, innervated by type II fibers and predominantly by efferent fibers (Thiers et al., 2008; Huang et al., 2012), serve as the effector cell that boosts input to IHCs by a receptor potential-driven somatic motility (Brownell et al., 1985; Zheng et al., 2000; Liberman et al., 2002).

Several previous studies examined cell-specific transcriptomes of adult IHCs and OHCs to identify genes that are preferentially expressed since these genes are likely involved in defining unique morphology or function of the two cell types (Liu et al., 2014; Li et al., 2018; Ranum et al., 2019). Among many genes that are preferentially expressed, C1ql1 is one of the top 10 most differentially expressed genes with 7.7 Log2 fold difference favoring OHCs (Liu et al., 2014; Li et al., 2018). C1q-like family members (C1ql1–C1ql4), all containing a specific gC1q domain and widely expressed in the brain (Iijima et al., 2010; Shimono et al., 2010), are implicated in synapse formation or elimination in the central nervous system (CNS) (Bolliger et al., 2011; Kakegawa et al., 2015; Sigoillot et al., 2015). C1QL1 can select and maintain dominant nerve fibers, induce pruning to eliminate excess nerve fibers, and this selective and pruning effect is present in both developing and adult animals (Kakegawa et al., 2015), especially in the motor neurons in cerebellum. Since C1ql1 is highly expressed in OHCs, which serve as a motor element for cochlear amplification, we speculate that C1QL1 gene may play a key role in OHC function and survival as well as establishing and maintaining innervations in hair cells.

We generated C1ql1 null mice to examine the role of C1QL1 in cochlear hair cells. We showed that C1ql1-null mice had progressive loss of OHCs and hearing. Confocal microscopy showed that the number of nerve fibers innervating both IHCs and OHCs was significantly reduced. Interestingly, no significant IHC and spiral ganglion neuron loss was observed. Voltage-clamp recording and immunocytochmistry combined with confocal microscopy showed C1ql1-null IHCs showed no significant reduction of pre-synaptic proteins and synaptic vesicle release. In contrast, significant OHC loss was observed in the KO mice. Our study suggests that C1ql1 is essential for development of hair cell innervation and OHC survival. But maturation of presynaptic machinery in IHCs does not depend on C1QL1.



MATERIALS AND METHODS


Ethics Statement

All animal experiments were performed with approval of Animal Care Committee of the Capital Medical University. All efforts were made to minimize animal suffering and the number of animals used.



Generation of C1ql1 Knockout Mice

Knockout (C1ql1 KO) mice were generated on Kunming(KM)background mice. Mouse model with C1ql1 KO was generated by CRISPR/Cas9 technique. The null mutation of mouse C1ql1 was created by homologous recombination. To determine the nucleotide sequence of mutated alleles, mouse genomic DNA was tested by the following primers: C1ql1 forward, 5′-CAGTGGCCCCAGCCAGGGAAGG-3′ and C1ql1 reverse, 5′-AGGCGCACCGCTCTGCTCGCTC-3′. Newborn mice were examined by Sanger sequencing and the sequencing sample were taken from mice tail tip tissue. Mice of both sexes aged from postnatal day 0 to 6 months were used for the study.



Auditory Brainstem Response (ABR) Measurements

Mice were tested under intraperitoneal anesthesia with ketamine (100mg/kg, Gutian Pharmaceutical Co., Ltd., Fujian, China) and xylazine (10mg/kg, Sigma-Aldrich Co. Llc., United States). An isothermal pad was used to keep body temperature of mice during audiometric testing. Needle electrodes and ground electrode were inserted subcutaneously beneath the pinna of the test ear, at the vertex and the contralateral ear, respectively. Auditory brainstem response (ABR) was recorded by Tucker-Davis Technologies (TDT) System III (Alachua, FL, United States). Both click (100 μs) and tone pips (4, 8, 12, 16, 32, and 40 kHz) were used for sound stimuli. 1024 responses were sampled and averaged at each sound level. Amplitude and latency of ABR wave I, and I–V wave interval was assessed at 90 dB SPL for each stimulus frequency. The lowest stimulus intensity that elicited a response was identified as ABR threshold, which was obtained by reducing the stimulus intensity in 10 dB SPL steps and then 5 dB steps. ABR threshold was determined by two trials to show repeatability.



Distortion Product Otoacoustic Emission (DPOAE) Measurements

Distortion product otoacoustic emission responses were recorded by TDT System III. Mice were anesthetized as mentioned above and their external auditory canals were cleaned before DPOAE test. Two primary tones (f1 and f2) were presented with an f2/f1 ratio of 1.2. The emitted acoustic signal was set at 65 dB SPL ranging from 1k to 20 kHz. Input/output functions of DPOAE were calculated for each tested frequency. The threshold of DPOAE was defined as 6 dB SPL above the noise floor.



Immunofluorescence

Mice were sacrificed by cervical dislocation and decapitated under anesthesia. Cochleae were removed and soaked in 0.01M phosphate-buffered saline (PBS) containing 4% paraformaldehyde (4% PFA/PBS) overnight at 4°C. Specimens were washed three times in PBS and subsequently treated with 10% EDTA decalcifying solution (PH = 7.2) for 12 h at room temperature (20–30°C). Then the cochlear tissues were carefully dissected under stereoscopic microscope (Nikon smz1000, Japan). Specimens were subsequently permeabilized by 0.3% Triton X-100 in 0.2 M PBS with 10% normal goat serum (ZSGB-BIO) for 2 h. Immunological histological chemistry (IHC) staining was performed using primary antibodies overnight at 4°C, followed by incubation with species-specific secondary antibodies for an additional 120 min at room temperature. Primary antibodies used were as follows: rabbit anti-C1QL1 polyclonal antibody (1:200, Bioss antibodies, bs-11045R), rabbit anti-myosin VIIa antibody (1:300, Proteus Biosciences, 25-6790), chicken anti-neurofilament 200 antibody (1:200, Chemicon, AB5539), and rat anti-myelin basic protein antibody (1:200, Millipore, MAB386). Fluorescent dye-conjugate secondary antibodies were conjugated to Alexa FluorTM 488, 568, or 647 (1:300, Invitrogen/Molecular Probes, Carlsbad, CA, catalog number: A11008, A21245, A11036, A11006, A21131, A21124, A11039, and A11041). Hair cell stereocilia were labeled with Alexa FluorTM 488 Phalloidin (Invitrogen/Molecular Probes, Carlsbad, CA, A12379). Prepared specimens were mounted on cover lip with antiblech mounting medium with DAPI (ZSGB-BIO, ZLI-9557).



Laser Confocal Microscopy

Cochlea were imaged by a high-resolution confocal microscope (TCS SP8 II; Leica Microsystems, Wetzlar, Germany) with a 63 × oil-immersion lens. Optimal excitation wavelengths were 488 nm (green), 568 nm (red), or 647 nm (far-red). DAPI was observed under an excitation wavelength of 358 nm (blue). Sequence scanning in z-axis was performed with an interval of 0.5 μm/layer from top to bottom, and the images were then superimposed.



Transmission Electron Microscopy (TEM)

For transmission electron microscopy (TEM),mice were sacrificed after anesthetized as mentioned above. The cochlear samples were removed and fixed overnight in 2.5% glutaraldehyde at 4°C. Specimens were rinsed with PBS in the next day, incubated in 1% osmium tetroxide for 2h at room temperature (20–30°C). Then specimens were dehydrated with graded acetone concentrations. Specimens were incubated in acetone mixed with Epon 812. Sections were cut at a 50nm thickness, located on copper grids, stained with uranyl acetate and lead citrate. Finally, the cochlear sections were examined in a transmission electron microscope (JEM-1400plus, JEOL, Japan). Images were captured with digital camera.



Electrophysiological Experiments

Freshly dissected organ of Corti from the apical turn of C1ql1 knockout and wildtype mice at postnatal days 15 to 30 were used for real time capacitance measurement under the voltage-clamp condition. The extracellular solution contained (in mM): NaCl 135; KCl 1.3; CaCl2 1.3; MgCl2 0.9; NaH2PO4 0.7; Glucose 5.6; Na pyruvate 2; HEPES 10, pH 7.4, 305 mOsm. An EPC10 triple amplifier controlled by pulse software Patchmaster (HEKA Elektronik, Germany) was used for recording. Patch pipettes were pulled with a micropipette Puller P-97 Flaming/Brown (Sutter Instrument, Novato, CA, United States) and coated with dental wax to minimize pipette capacitance. The resistance range of the electrode was between 4 and 5 MΩ. Patch pipettes were filled with an intracellular cesium-based solution containing (in mM): Cesium methanesulfonate 118;CsCl 10; HEPES 10; EGTA 1;TEA-Cl 10; MgATP 3 and NaGTP 0.5; pH 7.2, 310 mOsm.

Real-time capacitance measurements (Cm) were performed using the Lock-in amplifier Patchmaster software (HEKA) by applying a 1 kHz command sine wave (amplitude 20 mV) at holding potential (−80 mV) before and after the pulse experiment, Cells with a holding current exceeding 50 pA at −80 mV were excluded from analysis. The time interval between each depolarization was set at 20 seconds to allow full replenishment of the RRP. ΔCm was estimated as the difference of the mean Cm over 300 ms after the end of the depolarization (the initial 50 ms were skipped) and the mean prepulse capacitance (300 ms) dates were analyzed using IGOR Software.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7 software (GraphPad Software Inc, La Jolla, CA, United States) and IBM SPSS Statistics software. Means ± SEM (standard error of the mean) were calculated. Student’s t test was utilized to compare variables in two groups and one-way analysis of variance (ANOVA) was utilized to compare variables in multiple groups. Significant statistical differences were defined as ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.



RESULTS


Expression of C1ql1 in the Adult Cochlea and Loss of C1QL1 in Knockout Mice

C1ql1 was expressed in adult IHCs and OHCs based on RNA-seq and microarray analyses (Liu et al., 2014; Li et al., 2018). We used immunofluorescence staining to show where C1ql1 is expressed in the organ of Corti in adult wild-type mice. As shown in Figures 1F,G, positive staining is seen in the cell bodies of both hair cells (HC) and spiral ganglion cells (SGC).
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FIGURE 1. Construction of C1ql1 knockout mice. (A) Mouse C1ql1 gene located in Chr17 contains two exons, and a 4 base-pair (bp) deleted at nucleotide 34 (c.34_37delCTGG) in the exon 1 revealed C1ql1 KO mice. (B) The different bands of C1ql1 gene sequencing between C1ql1 gene WT mice and C1ql1 gene KO mice. (C) The DNA sequencing of C1ql1 showed the c.34_37delCTGG mutation in C1ql1 KO mice. (D) The c.34_37delCTGG mutation was located in the height region between species. (E) The critical domains of C1QL1, and c.34_37delCTGG mutation resulted in domain deletions. (F) C1QL1 labeled by anti-C1QL1 (green) were detected in spiral ganglion cell of C1ql1 WT mice but not in C1ql1 KO mice. Scale bar = 10 μm. (G) C1QL1 labeled by anti-C1QL1 (green) were also detected in hair cells of C1ql1 WT mice but is missing in C1ql1 KO mice. Scale bar = 10 μm. Nucleus of cells were marked with DAPI (blue) in (F,G).


C1ql1 belongs to C1q family with four known members (C1ql1, C1ql2, C1ql3 and C1ql4). These members are highly homologous and all have a signature C1Q domain (Kishore and Reid, 2000). Mouse C1ql1 gene in Chr17 contains two exons encoding 258 amino acids. We generated C1ql1 KO mice by CRISPR/Cas9 genome editing technique. DNA sequencing in C1ql1 KO mice revealed that a 4 base-pair (bp) fragment was deleted at nucleotide 34 (c.34_37delCTGG) of C1ql1 gene, which caused a frameshift mutation and a premature appearance of termination codon (p. Leu12fsX1) in exon 1 (Figures 1A–C). This mutation was located in the conserved region between species (Figure 1D), and it was predicted that the mutation could lead to truncation of the C1QL1 protein and loss of the critical C1q domain (Figure 1E). We used immunofluorescence staining to confirm that C1QL1 was deleted by using an anti-C1QL1 polyclonal antibody. As shown in Figures 1F,G, the expression of C1QL1 is no longer detectable in C1ql1 KO mice. This again confirms that C1ql1 was successfully deleted.



Mice With Defective C1ql1 Gene Have a Significant Hearing Impairment

Auditory function was evaluated by measuring ABR in C1ql1 KO mice. Age-matched wild-type littermates were used for comparison. A 20 to 40 dB elevation of ABR threshold was observed in all frequencies (4, 8, 12, 16, 32, and 40 kHz) tested in the C1ql1 KO mice in comparison to their wildtype littermates at 6 months (Figures 2A,B). The elevation in ABR thresholds of C1ql1 KO (n = 5) and wild-type mice (n = 5) were statistically significant at all frequencies tested. Thresholds were also elevated when click-evoked ABR was used for measurements (Figure 2A).
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FIGURE 2. Changes of ABR in C1ql1 KO mice. (A) Representative waves of click ABR in C1ql1 WT mice and C1ql1 KO mice. (B) Changes in threshold of ABR between C1ql1 KO mice and C1ql1 WT mice (n = 5). (C) Changes in latency of ABR wave I between C1ql1 KO mice and C1ql1 WT mice. (D) Statistical differences in click ABR thresholds between C1ql1 KO mice and C1ql1 WT mice in postnatal 1 and 6 months (n = 5). (E) Statistical differences in latency of click ABR wave I between C1ql1 KO mice and C1ql1 WT mice in postnatal 1 and 6 months (n = 5). ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.


We assessed the latency of wave I in the ABR waveforms. The latency is often used to evaluate the function of auditory nerve fibers. In C1ql1 KO mice, the latency of wave I showed significant delays compared to those of the WT mice at 6 months (Figure 2C). Our data suggest that deletion of C1ql1 led to deterioration of auditory function, in part by the abnormal signal transmission starting from cochlea. The differences in ABR threshold and latencies of wave I were detected from 1 month and to 6 months (Figures 2D,E).

We also examined outer hair cell (OHCs) function and status in the C1ql1 KO mice. Unlike IHCs, we found significantly abnormal morphology and function of OHCs in the knockout mice. We measured the magnitude of distortion product evoked otoacoustic emissions (DPOAE) to assess function of OHCs. In the wild type mice, the amplitude of DPOAE did not change before 6 months (Figure 3A). In the C1ql1 KO mice, the DPOAE magnitude was not significantly different from the wild type mice at 1 month (n = 4, t = 0.4257, p > 0.05). However, a progressive reduction of DPOAE amplitudes was observed in C1ql1 KO mice after 2 months (n = 4, t = 3.823, p < 0.01) (Figure 3B). The reduction of DPOAE magnitude was significant between the C1ql1 KO mice and wild types (n = 4, t = 4.782, p < 0.001) (Figure 3C).
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FIGURE 3. Changes of DPOAE in C1ql1 KO mice. (A,B) DPOAE in C1ql1 WT mice and C1ql1 KO mice. (C) Statistical differences in DPOAE between C1ql1 KO mice and C1ql1 WT mice in postnatal 1, 2, and 6 months at 12 kHz (n = 4). Statistical significance was defined as *P < 0.05, ** P < 0.01, and ***P < 0.001.




Absence of C1QL1 Caused Abnormal Auditory Nerve Fibers

We investigated auditory nerve fibers and spiral ganglion cells (SGCs) in the C1ql1 KO mice using immunofluorescence staining. Deletion of C1ql1 affected the morphology of both type I, type II nerve fibers and efferent fibers (Figures 4A–D). We measured the diameter and number of auditory nerve fibers between WT mice and C1ql1 KO mice when the fibers were stained with anti-NF200 antibodies. A 50 × 50 μm area was used for measuring diameter and number of type I auditory nerve fibers, type II auditory nerve fibers and efferent fibers. Figure 4 shows that the diameter of type (P = 0.0018), type II auditory nerve fibers and efferent fibers (P < 0.001) in C1ql1 KO mice (n = 10) were significantly lower than those in WT littermate (n = 10) (Figures 4E,F). We measured the number of Type I nerve fibers and the nerve fibers passing through the tunnel which include both Type II and efferent fibers to OHCs. Type I auditory nerve fibers were counted in osseous spiral lamina regions on cochlear horizontal sections. Measurements were made in the area between habenular opening and spiral ganglia. The area measured was about 20–30 mm from the habenular opening in mice (Xing et al., 2012). As shown in Figure 4J, the number of type I auditory nerve fibers in the C1ql1 KO mice (n = 5) is significantly lower than that of the WT mice (P = 0.0353, n = 5). The number of nerve fibers in the tunnel was also significantly reduced in adult C1ql1 KO mice (15.20 ± 0.6464, n = 10) compared to that of the WT mice (8.400 ± 0.4761, n = 10). The number was counted in an area of 50 × 50 μm (Figure 4G). Our results indicate that deletion of C1ql1 reduces both the type I auditory nerve fibers, type II auditory nerve fibers and efferent fibers innervating hair cells.
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FIGURE 4. Auditory nerve fibers in C1ql1 WT and C1ql1 KO mice. (A,C) Type I, type II auditory nerve fibers and efferent fibers (red, labeled by anti-NF200) in C1ql1 WT mice (A) and in C1ql1 KO mice (C). Scale bar = 10 μm. (B,D) Morphology of cochlea under basilar membrane stretched preparation technique. (B) Cochlear basilar membrane in C1ql1 WT mice. (D) Cochlear basilar membrane in C1ql1 WT mice. Cytoplasm of hair cells was marked with anti-myosin VIIa antibody (green), nucleus of cells with DAPI (blue), and auditory nerve fibers and efferent fibers with anti-NF200 (red). Scale bar = 10 μm. (E) is the statistical difference in optical density (OD) value of Type I auditory nerve fibers and (F) is the statistical difference in OD value of Type II auditory nerve fibers and efferent fibers between C1ql1 KO mice and C1ql1 WT mice. (G) Is the statistical difference in number of Type II auditory nerve fibers and efferent fibers between C1ql1 KO mice and C1ql1 WT mice. (H) Morphology of cochlea under cochlear horizontal sections. Scale bar = 25 μm. (I) Amplification of osseous spiral lamina (OSL) regions in cochlea. Scale bar = 10 μm. The arrow points to habenular opening in (H,I). (J) Statistical difference in number of Type I auditory nerve fibers between C1ql1 KO mice and C1ql1 WT mice. Measurements were made in the area about 20–30 mm from the habenular opening. The measured areas in C1ql1 WT mice and C1ql1 KO mice were showed in (K,L), respectively. Scale bar = 5 μm. ∗P < 0.001 and ∗∗∗P < 0.001.




Deletion of C1ql1 Did Not Affect Morphology of Myelin Basic Protein (MBP) and SGC

Further, we explored whether deficiency of C1QL1 protein affected spiral ganglion and auditory nerve myelin. To answer this question, we performed immunofluorescence staining and transmission electron microscopy. The ultrastructure of the SGCs of C1ql1 KO mice looked similar to those of the wild type mice (Figures 5A–F). The number of SGNs of C1ql1 KO mice was also not statically different from that of the wild-type mice (Figure 5G). We measured the thickness of the myelin sheath of the auditory nerve from the electron micrograph. The mean thickness of myelin sheath was 0.426 ± 0.060 μm in WT mice and 0.459 ± 0.056 μm in KO mice (Figures 5H,I). No significant difference was seen between the WT (n = 10) and KO mice (P = 0.22, n = 10). Our result suggests that loss of C1QL1 did not affect morphology of spiral ganglion and nerve myelin.
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FIGURE 5. Subcellular structures of auditory nerve and SGCs in C1ql1 WT and C1ql1 KO mice. (A–C) The subcellular structures of auditory nerve and SGCs in C1ql1 WT mice. (B) Inside the white box in (A) are auditory nerve (white arrow) and SGCs (black arrow), which are shown magnified. (C) Is a further magnification and mitochondria with normal morphology (black arrow) in SGC. (D–F) The subcellular structures of auditory nerve and SGCs in C1ql1 KO mice. (E) Inside the white box in (D) are auditory nerve (white arrow) and SGCs (black arrow), which are shown magnified. (F) is a further magnification and mitochondria with normal morphology (black arrow) in SGC. (G) Immunofluorescence staining shows normal myelin sheath in the ending of auditory nerve fibers (left), in the middle part of auditory nerve fibers (middle), and in SGSs (right) of C1ql1 WT mice and C1ql1 KO mice, respectively. Myelin sheath was marked with anti-MBP antibody (green) and auditory nerve fibers with anti-NF200 (red). Scale bar = 10 μm. (H) Transmission electron microscopy shows myelin sheath of auditory nerve fibers in C1ql1 WT mice and C1ql1 KO mice. (I) Measured on electron micrographs, no significant difference was seen between the C1ql1 WT mice group (n = 10) and C1ql1 KO mice group (n = 10). Unpaired t-test, P = 0.22.




Loss of C1QL1 Did Not Affect Morphology, Number, and Function of Cochlear Inner Hair Cells

To determine if loss of C1QL1 affect inner hair cell (IHC) morphology, survival and function, immunofluorescence, transmission electron microscopy, and patch clamp techniques were used. The IHCs of the C1ql1 KO mice have normal gross morphology, such as complete cell body and normal-looking stereocilia bundles (Figure 6). We counted the number of IHCs in the wild type and C1ql1 KO mice in cochlea. No significant IHC loss was seen in the KO mice (P = 0.27, n = 5). To determine if C1QL1 is necessary for the formation of ribbon synapses and neurotransmitter release, voltage-dependent Ca++ current and change in membrane capacitance associated with release of neurotransmitter (endocytosis) were measured. The magnitude of voltage-dependent Ca++ current and membrane capacitance change were similar to those seem in wildtype IHCs (n = 3, p > 0.05) (Figure 7). Our results suggest the deficiency of C1QL1 did not affect the morphology, survival and synaptic transmission of IHCs.


[image: image]

FIGURE 6. Morphology of cochlear inner hair cells in C1ql1 WT mice and C1ql1 KO mice. (A,B) The stereocilia in apex turn, middle turn and base turn of inner hair cells (green, labeled by phalloidin) in C1ql1 WT mice and C1ql1 KO mice. Scale bar = 2.5 μm. (C) The normal gross morphology of IHCs in C1ql1 WT mice. (D) The gross morphology of IHCs in C1ql1 KO mice. Cytoplasm of inner hair cells was marked with anti-myosin VIIa antibody (red) and nucleus of cells with DAPI (blue). Scale bar = 10 μm. (E–I) Subcellular structures of inner hair cells in C1ql1 KO mice, normal mitochondria, Golgi apparatus, and endoplasmic reticulum were showed, respectively. Scale bar = 2.5 μm (E). (J) Count of OHCs in C1ql1 WT mice and C1ql1 KO mice in postnatal 1 and 6 months.
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FIGURE 7. Function of cochlear inner hair cells in C1ql1 WT mice and C1ql1 KO mice. (A) The wave of potential changes in IHCs of C1ql1 WT mice and C1ql1 KO mice. (B) The IHCs in C1ql1 KO mice also had normal biophysical properties. Ca++ current of IHCs seemed to be quite normal in C1ql1 KO mice compare to WT mice. (C) Integral Ca++ current as a function of depolarization duration (in milliseconds). (D) Change in membrane capacitance as a function of depolarization duration (in milliseconds).




Loss of C1QL1 Leads to Progressive Loss of Outer Hair Cells

We examined the morphology of OHCs by immunostaining and by transmission electron microscopy. Consistent with the results of DPOAE test, we found loss of OHCs in C1ql1 KO mice after 2 months (Figures 8A′–C′). More OHC loss was observed at 6 months (Figures 8A′–C″). In contrast, no obvious loss of OHCs was seen in wild-type mice at the same age (Figures 8A″′–C″′). Interestingly, although remaining OHCs appeared to be normal with normal looking stereocilia bundles under light microscope, scanning electron microscopy showed more phagosomes in the cytoplasm of OHCs in C1ql1 KO mice than in WT mice (Figures 8D–F). Besides, many mitochondria showed some signs of swallowing (Figures 8G,H).
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FIGURE 8. Morphology of cochlear outer hair cells in C1ql1 WT mice and C1ql1 KO mice. (A–C) Outer hair cells showed by immunofluorescence staining in C1ql1 KO mice (postnatal 30 and 60 days, and 6 months, respectively) and in C1ql1 WT mice (postnatal 6 months, as control group). Scale bar = 10 μm. (A–A″′) The nucleus (blue, labeled by DAPI) of outer hair cells in groups aforementioned. (B–B″′) The apoptotic signal (green, labeled by caspase 9) of outer hair cells in groups aforementioned. (C–C″′) The stereocilia of outer hair cells (green, labeled by phalloidin) in groups aforementioned. (D) Subcellular structures of outer hair cells in mice. Scale bar = 5 μm. (E,F) Much more mitochondria have been observed being swallowed by phagosomes in C1ql1 KO mice than C1ql1 WT mice. (G,H) Mitochondria in C1ql1 WT mice and C1ql1 KO mice. (I,J) Prestin in C1ql1 WT mice and C1ql1 KO mice. Scale bar = 10 μm. (K) Count of OHCs in C1ql1 WT mice and C1ql1 KO mice in postnatal 1 and 6 months. ∗∗∗P < 0.001.




DISCUSSION

C1ql1, widely expressed in brain, is an important gene associated with maturation, regulation and maintenance of synapses in nervous system (Bérubé et al., 1999; Hunsberger et al., 2005; Glanzer et al., 2007; Iijima et al., 2010). C1ql1 is expressed in the central auditory pathways such as the ventral cochlear nucleus, lateral thalamus and trapezoid nuclei (Iijima et al., 2010). In the adult mouse cochlea, cell type-specific transcriptome analysis showed that C1ql1 is expressed in IHCs, OHCs, pillar cells, and Deiters’ cells with differential expression in OHCs (Liu et al., 2018). But its function in hair cells remained unclear. Using loss of function approach in the mouse model, we showed that C1ql1 was necessary for development and maintenance of innervations in IHCs and OHCs. Loss of C1QL1 also led to accelerated OHC loss. Taken together, our study suggests that C1ql1 is indispensable to maintain normal auditory function.

We first used immunostaining to show that C1QL1 was expressed in hair cells. The protein expression is consistent with C1ql1 expression detected in RNA-seq analysis (Liu et al., 2014; Li et al., 2018). Furthermore, we also detected its expression in the cytoplasm of spiral ganglion cells. This is also consistent with a previous study which showed that C1ql1 is expressed in the mouse cochlear spiral ganglion neurons (Lu et al., 2011). We observed progressive hearing loss in C1ql1 null mice. The hearing loss is likely caused by reduction of afferent innervation to IHCs and loss of OHCs. This was reflected by the elevation of ABR threshold, increased latency of ABR wave I, elevation of DPOAE threshold and loss of OHCs. Interestingly, loss of function of C1QL1 apparently did not impact the development and survival of IHCs as IHCs appeared to be normal with no obvious loss at 1 and 6 months. Apparently, C1QL1 is also not essential for the development of ribbon synapses as calcium current and neurotransmitter release recorded from C1ql1-null IHCs were not different from those of wildtype IHCs. It is interesting that reduction in afferent innervation to IHCs did not affect formation of presynaptic structure despite of the fact that the number of afferent fibers were reduced. The fact that IHCs and presynaptic structures develop normally suggest that that functional development of IHCs does not depend on influence of innervation or C1QL1. This is consistent with some previous studies which showed that morphological and physiological development of hair cells is autonomous (He, 1997; He et al., 2001).

Although C1ql1-null mice displayed loss of innervation in both IHCs and OHCs, it is unclear why C1QL1 is necessary and how it interacts with nerve terminals for synaptogenesis. Since presynaptic structures in hair cells remained normal, it is likely that C1QL1 may guide outgrowth of afferent and efferent fibers to hair cells. Previous studies have shown that the signaling pathway formed by the secreted protein C1QL1 and the adhesion-GPCR BAI3 (brain angiogenesis inhibitor 3) regulates the development of proper excitatory connectivity on cerebellar Purkinje cells (Sigoillot et al., 2015). C1QL1 controls climbing fiber synaptogenesis and territory on Purkinje cells and C1QL1’s modulation of Purkinje cell spinogenesis is BAI3-dependent. RNA-seq analysis shows that Bai3 (Baiap3) is expressed in both IHCs and OHCs (Li et al., 2018) as well as in spiral ganglion neurons (Lu et al., 2011).

We observed reduction of fibers innervating OHCs in C1ql1 KO mice. It is not clear if the reduction was only limited to type II fibers or if type II and efferent fibers to OHCs were both affected. Most nerve fibers crossing the tunnel are efferent fibers from MOC (Maison et al., 2016; Webber et al., 2021). We did not label these fibers using specific markers. However, a recent study showed that conditional deletion of C1ql1 only in OHCs reduced OHC afferent synapse maintenance (Biswas et al., 2021). We evaluated OHC function in C1ql1 KO mice by measuring DPOAE. We observed a gradual decrease of DPOAE magnitude starting from 8 weeks after birth, which was correlated with the beginning of loss/degeneration of OHCs. Thus, our study suggests that long-term survival of OHCs depends on C1QL1 function. This is consistent with the fact that C1ql1 is highly expressed in adult OHCs (Liu et al., 2014; Li et al., 2018). The cause of OHC loss is unknown. But it is unlikely due to reduction of afferent and/or efferent innervation as previous studies showed that denervation of efferent innervation did not impact hair cell survival. We note that a recent study showed that OHC-specific deletion of C1ql1 did not reveal a compelling auditory phenotype (Biswas et al., 2021). We would like to point out that this is different from our study where C1ql1 was unquietly deleted in hair cells and neurons. The auditory phenotype we observed was due to loss of innervations in IHCs and OHCs as well as loss of OHCs.

Loss of function due to mutations or deletion of many genes can lead to hearing loss with different auditory phenotypes. For example, mutations of Tmc1 can lead to profound hearing loss due to loss of mechanotranduction in both IHCs and OHCs (Marcotti et al., 2006). Loss of Slc26a5 can lead to loss of OHC motility and cochlear amplification (Liberman et al., 2002; Dallos et al., 2008). Loss of genes related to hair cell development can lead abnormal development of hair cells, resulting in hearing loss. Unless loss of function only affects IHC or neurons which is often manifested as auditory neuropath, the phenotype observed in loss of function of most genes is often mixed, as both IHCs and OHCs are affected. Deletion of Slc26a5 also leads to unexpected IHC loss (Liberman et al., 2002; Dallos et al., 2008). The phenotype observed in C1ql1 KO mice is due to loss of neuronal transmission (reflected by reduction in ABR threshold and increased latency in ABR wave I) and loss of OHC function (reflected by reduction in DPOAE magnitude).

Mutations or deficiencies affecting approximately 123 genes have been linked to inherited non-syndromic hearing loss in humans. There have been no reports of hearing loss due to mutations of C1ql1. It remains to be determined if C1ql1 is a deafness-related gene. Since deletion of this gene can cause hearing loss, C1ql1 mutations perhaps should be considered and screened in future genetic testing.
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The sound-evoked electrical compound potential known as auditory brainstem response (ABR) represents the firing of a heterogenous population of auditory neurons in response to sound stimuli, and is often used for clinical diagnosis based on wave amplitude and latency. However, recent ABR applications to detect human cochlear synaptopathy have led to inconsistent results, mainly due to the high variability of ABR wave-1 amplitude. Here, rather than focusing on the amplitude of ABR wave 1, we evaluated the use of ABR wave curvature to detect cochlear synaptic loss. We first compared four curvature quantification methods using simulated ABR waves, and identified that the cubic spline method using five data points produced the most accurate quantification. We next evaluated this quantification method with ABR data from an established mouse model with cochlear synaptopathy. The data clearly demonstrated that curvature measurement is more sensitive and consistent in identifying cochlear synaptic loss in mice compared to the amplitude and latency measurements. We further tested this curvature method in a different mouse model presenting with otitis media. The change in curvature profile due to middle ear infection in otitis media is different from the profile of mice with cochlear synaptopathy. Thus, our study suggests that curvature quantification can be used to address the current ABR variability issue, and may lead to additional applications in the clinic diagnosis of hearing disorders.

Keywords: cochlear synaptopathy, hidden hearing loss, noise-induced hearing loss, otitis media, Down syndrome


HIGHLIGHTS


-We developed a new method to detect cochlear synaptopathy using curvature quantification.

-We identified that the cubic spline method applied to five data points produces the most accurate curvature quantification of ABR waves.

-We demonstrated better detection ability using this curvature method than the currently accepted amplitude method.





INTRODUCTION

In neurodegenerative diseases, synaptic loss often occurs before obvious functional changes. Loss of synapses in Alzheimer’s disease starts years before symptoms appear, which contributes to mild cognitive impairment (John and Reddy, 2021). A similar early synaptic loss occurs in both the peripheral and central auditory systems (for recent reviews, Bharadwaj et al., 2019; Ibrahim and Llano, 2019; Kujawa and Liberman, 2019). If synaptic loss could be diagnosed by non-invasive detection tools, risk factors favoring degenerative mechanisms could be identified in earlier stages, and the loss of the ability to manage daily living activities could be delayed (for reviews, Mukherjea et al., 2011; Henstridge et al., 2016; Spankovich and Yerraguntla, 2019). The seminal discovery of cochlear synaptopathy was initially made in CBA/CaJ mice following moderate noise exposure (Kujawa and Liberman, 2009). They showed, using a precise quantification of synaptic loss by means of immunocytochemistry, the loss of up to half of the synapses between inner hair cells (IHCs) and spiral ganglion neurons (SGNs), despite full recovery of hearing thresholds as measured by auditory brainstem response (ABR). Subsequent detailed analyses identified noise conditions that led to a significant permanent decrease in the supra-threshold growth of ABR wave I amplitude, despite a full recovery of distortion product otoacoustic emission (DPOAE) amplitudes (Furman et al., 2013; Fernandez et al., 2020). The DPOAE measurement is important because it eliminates possible confounding effects on the ABR wave I from damage to outer hair cells (OHCs).

Currently, there are no validated non-invasive clinical tools or battery of test to detect cochlear synaptopathy in humans (Bramhall et al., 2019). Pure-tone audiometry is still the primary tool for detecting hearing loss. However, clinicians often find that patients within normal audiometric thresholds complain of difficulty hearing in noise and other auditory perceptual anomalies (Plack et al., 2016). Hidden hearing loss (HHL) is used to describe this condition (Schaette and McAlpine, 2011). Although behavioral tests may be possible to detect cochlear deafferentation (e.g., Lobarinas et al., 2020), an ABR based detection method could be ideal for detecting auditory dysfunction because it is already used in clinical settings and a decreased ABR wave-I amplitude is associated with cochlear synaptopathy in animal studies (Kobel et al., 2017). In humans there are five prominent ABR waves that are labeled wave I, II, III, IV, and V, with the wave I and II have been correlated with auditory nerve function of the distal and more proximal portions, respectively (for review, Hall and Rupp, 1997). Five similar waves can be observed in animal models (Waves 1–5). Based on previous animal studies, HHL could be due to cochlear synaptopathy of SGNs with predominantly low spontaneous rate (SR) and high thresholds, which likely leads to no detectable changes in audiometric thresholds (Furman et al., 2013). Recent data from CBA/CaJ mice further confirmed this noise-induced synaptic loss, but demonstrated a synaptic loss of both low- and high-SR SGNs (Suthakar and Liberman, 2021). In spite of this emerging evidence of cochlear synaptopathy in rodents, primates (Valero et al., 2017) and post-mortem human tissues (Wu et al., 2019), functional determination of this synaptic loss in humans is not conclusive (e.g., Fulbright et al., 2017; Grinn et al., 2017; Prendergast et al., 2019). By comparing participant groups exposed to either low or high amounts of noise, a correlation between ABR or electrocochleography (ECochG) wave I amplitude and estimated noise exposure has been found in some studies but not in others (Stamper and Johnson, 2015a; Liberman et al., 2016; Bramhall et al., 2017; Guest et al., 2018). Most importantly, even if there is a consistent correlation from the population data, for clinical use, we still need a sensitive detection method for individual diagnosis. Failure of consistent detection with these methods is mainly due to high variability in wave-I amplitude. The high variability in human ABR/ECochG wave I in population studies is due to a number of factors, such as head size, sex, and genetic heterogeneity (Stamper and Johnson, 2015b; Bharadwaj et al., 2019). This variability can be reduced by using longitudinal studies of individual subjects, similar to preclinical studies (Kujawa and Liberman, 2009). However, for individual diagnosis, random electrical noise such as brain and muscle electrical activities can still lead to high variability in ABR wave-I amplitude across repeated measurements. In addition, the ABR wave-I amplitude is not sensitive to the loss of low-SR SGN fibers, due to the delayed and broad first-spike latency distribution of low-SR fibers (Bourien et al., 2014).

Besides wave amplitude, the shape of ABR/ECochG waves may provide additional information regarding synaptic loss of SGNs. Wave I comes from the summed response of a mixed population of SGN fibers. Due to the effects of the averaging process used with ABR/ECochG, the shape of the wave I averaged response is dependent on the conduction velocity and fiber diameter of the contributing neurons, which vary depending on each fiber’s type and location in the cochlea (e.g., Liberman, 1982). High-SR and low-threshold SGN fibers have shorter first-spike latencies than SGN fibers with low-SR and high-threshold fibers (Heil and Irvine, 1997). Compared with high-SR and low-threshold SGNs, low-SR and high-threshold fibers have larger dynamic firing ranges, longer first-spike latencies, and slower conduction velocities (Liberman, 1978; Heil and Irvine, 1997). Subsequently, different SGN fibers may contribute to different parts of ABR wave I shape. Thus, one possible solution to the high variability issue of wave I amplitude is to quantify the shape characteristics of the wave using curvature instead of their amplitudes. Here, we first compared four curvature quantification methods using simulated ABR waves, and identified that the cubic spline method using five data points produced the most accurate quantification. We next evaluated this quantification method with ABR data from an established mouse model of cochlear synaptopathy. Our curvature measurement can quantify curvature changes of three areas of ABR wave 1: the right curve, the peak, and the left curve. This method is much more sensitive and consistent in identifying cochlear synaptic loss in mice than the amplitude and latency measurements. We further tested this curvature method in a different mouse model of conductive hearing loss, and found a different curvature profile for early hearing loss due to middle ear infection in mice with otitis media. This suggests that this curvature method is sensitive to detect cochlear deafferentation, and it is promising to detect other types of hearing loss based on its different curvature profiles.



MATERIALS AND METHODS


Ethics Statement

All mouse studies were approved by the Institutional Animal Care and Use Committee of Northeast Ohio Medical University (NEOMED) in accordance with the National Institutes of Health guidelines.



Animals

The animal data were collected from 4-month-old CBA/CaJ mice (n = 58, 31 males) and 8–9-week-old Ts65Dn mice (n = 12, 6 males) obtained from the Jackson Laboratory (Bar Harbor, ME, United States). For CBA/CaJ mice, after initial ABR and DPOAE threshold testing was conducted to ensure normal hearing, mice were randomly assigned to one of two groups: a control group without noise exposure, and a 96-dB group exposed to a band of noise (8–16 kHz) at 96 dB SPL for 2 h. Mice were then held for 2 weeks post exposure before repeating ABR and DPOAE threshold testing, as well as ABR click testing. For the Ts65Dn mice, similar ABR threshold, ABR click, and DPOAE threshold testing were conducted, as well as tympanometric measurements to assess for otitis media.



Noise Exposures

A free-field noise exposure was used whereby each mouse was unrestrained in a sub-divided cage within a foam-lined, double-walled, sound-isolated room (Industrial Acoustics, North Aurora, IL, United States). The band of noise (8–16 kHz) was generated with custom LabVIEW software, and routed through a power amplifier (Crown CDi1000) to a loudspeaker (Selenium D3500Ti-Nd, JBL, Northridge, CA, United States). Before each exposure, noise levels were calibrated to 96 dB SPL, and during the exposure, the noise level was continually monitored at the center of the cage using a B&K 4153 1/4-inch microphone connected to an amplifier (1–100,000 Hz; Bruel & Kjaer Nexus Amplifier).



Auditory Physiologic Tests

Similar to our previous studies (e.g., Bao et al., 2004, 2013), mice were anesthetized with a solution of ketamine and xylazine (80/15 mg/kg, i.p.) and positioned dorsally in a custom head holder. Mouse body temperature was maintained at 37.5 ± 1.0°C using an isothermal pad. DPOAEs were measured using an ER10B+ microphone/pre-amplifier (Etymotic Research) and processed with a TDT RZ6/BioSigRZ system (Tucker-Davis Technologies). DPOAEs were elicited with two pure tones, f1 and f2, using an f2/f1 ratio of 1.2, where F2 = 20 kHz, with emissions collected for levels from 90 to 0 dB SPL in 5 dB steps. One hundred sweeps were presented at each test frequency. Input/output functions of DPOAE were quantified and the threshold of DPOAE was defined as the level at which a response could be noted at least 5 dB SPL above the noise floor.

For all ABR testing, three electrodes were placed subdermally behind the test ear (active), the vertex (reference), and the base of the tail (ground). Evoked potentials were collected using a Tucker Davis Technology (TDT) RZ6 processor and BioSigRZ software. Thresholds were obtained by presenting tone bursts at 5, 10, 20, and 40 kHz from 90 dB SPL descending in 5 dB steps to 0 dB SPL or 10 dB below threshold. Tones were 5 ms in duration, 0.5 ms rise/fall, with a repetition rate of 17.1/s, with potentials averaged over 512 repetitions. Threshold was defined as the level where any ABR wave could be identified. ABR responses were also obtained using click stimuli with an initial onset of 0.1 ms presented at 70 and 90 dB peSPL. Clicks were 0.1 ms in duration, of alternating polarity with a repetition rate of 1.9/s. Evoked potentials were averaged over 1024 repetitions and band-pass filtered (100–3,000 Hz).



Curvature Quantification

For the data collected from the click sound stimulation, a computational workflow implemented in Python was used to process the ABR data (Figure 1): peak amplitude from trough (A), peak amplitude from baseline (AB), peak latency (L), peak curvature (pC), left curvature (lC), and right curvature (rC). For curvature calculations, four methods were considered (Stoer and Bulirsch, 1992): non-linear least squares (NLLS), Lagrange polynomials (LGP), numerical differentiation (ND), and cubic spline (CS). For a particular data point from an ABR wave, (x, y), the curvature of this point is defined as
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FIGURE 1. Quantification of six ABR wave-I features. (A) One human ABR sample with five waves. The gray lines were used to label the wave I, which is used for the next panel. (B) The human ABR wave 1 was commonly analyzed by measurements of latency (L) and amplitude. The amplitude was quantified either by the peak to the baseline (AB) or the peak to the trough (A). (C) The same human ABR sample with five waves with the gray lines to label the area for curvature analysis in panel (D). (D) Three curvature quantifications for the shape of ABR wave I.


where the numerical differentiation method finds the partial derivatives based on n data points around (x, y). When y is considered as a function of x, y = f(x), the above formula is simplified to
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Statistical Analysis

Following feature quantification, statistical analyses were performed using R1 to determine the significance of the difference in curvature, amplitude and latency changes between pre- and post-noise exposures (for CBA/CaJ mice) and that between normal and mice with otitis media (for Ts65Dn mice). For detecting possible changes of ABR wave-1, we quantified a total of six features (Figure 1). ABR wave-I amplitude was measured in two ways: from the baseline (AB) or from the next trough (A). Its latency was measured from the sound stimulation onset to the wave-I peak (L) (Figures 1A,B). Its peak (pC), left (lC), and right curvature (rC) were also quantified (Figure 1D). Since two ABR data collections (pre- and post-noise exposure) were made for each CBA/CaJ mouse, a paired t-test was applied to evaluate the mean difference in quantified features between the pre- and post-noise exposure. In the detection of hearing loss in otitis media mice, two separate groups of mice (control vs. otitis media) were analyzed and a two-sample t-test was used. For all the differential analyses, a significance level of 0.05 was considered.




RESULTS


Comparison Among Four Curvature Quantification Methods

To identify the best curvature quantification method for ABR waves, we first compared the four curvature quantification methods with three simulated ABR waves (Figures 2A–C). The three simulated curves were considered for the following characteristics observed in ABR waves: (1) symmetric and non-symmetric shapes, and (2) sampling rate of 24,414.0625 Hz to mimic our ABR recording system (Tucker-Davis Technologies, United States). To cover all possible wave changes around wave peaks, curvature quantification was performed for three, five, or seven points. The quantification accuracy was based on the percent absolute error of the calculated curvature value and the results are summarized in a heatmap (Figures 2D–F). For the first simulated ABR curve, the accuracy for all four measurements was the same except for the ND method with 3 data points (Figure 2D). For the other two simulated waves, the CS method with five data points produced either equal to or the most accurate results than the other curvature quantification methods. Based on these simulation results, we subsequently chose the CS approach.
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FIGURE 2. Comparison of four curvature measurements with simulated ABR waves. (A–C) Three simulated ABR waves. The five red dots at the peak illustrated how the peak curvature was quantified with five data points. (D–F) Three heatmaps were used to summarize the quantification accuracy among four quantification methods.




Development of Mouse Model for Noise-Induced Cochlear Synaptopathy

Based on previous detailed studies of cochlear synaptopathy in the same mouse strain (e.g., Fernandez et al., 2020; Suthakar and Liberman, 2021), we assigned CBA/CaJ mice to one of two groups: control or noise-exposed (96 dB SPL for 2 h). Hearing function of the mice was quantified by both ABR and DPOAE methods before and after the noise exposure to detect temporary threshold shift (TTS; 1 day after noise exposure) and permanent threshold shift (PTS; 2 weeks after noise exposure). Three-factor ANOVAs, with frequency and time as within-subjects effects, revealed a group difference for both ABR threshold [F(12, 432) = 30.7130; p = 2.0787E-43] and DPOAE threshold [F(12, 417) = 33.6826; p = 8.4233E-46]. For control mice (n = 19; 10 males) without noise exposure, no significant TTS or PTS were observed. In contrast, for noise-exposed mice (n = 25, 13 males), post-hoc analyses revealed TTS at 10 kHz (p = 0.0009, ABR threshold; p = 0.0058, DPOAE threshold), 20 kHz (p = 7.271E-21, ABR threshold; p = 8.8521E-32, DPOAE threshold), and 40 kHz (p = 7.2229E-52, ABR threshold; p = 1.7373E-52, DPOAE threshold). The 2-week thresholds of the noise-exposed mice were not significantly different from the pre-exposure thresholds, indicating that none sustained PTS. Thus, mice from the 96-dB noise group had TTS, but no PTS.

In mouse models, it is established that cochlear synaptopathy is highly correlated with reduced ABR wave-1 amplitudes at supra-threshold levels once OHC functions have recovered following noise exposure (Furman et al., 2013; Fernandez et al., 2015, 2020). We subsequently quantified ABR wave-1 and DPOAE amplitude in the same two mouse groups (Figure 3). A significant decrease in ABR wave-1 amplitude with suprathreshold sound stimulation was not found in the control group (Figure 3A), but was found in the noise-exposed group 2 weeks post noise exposure (Figure 3C). Three-factor ANOVAs (group x time x level), with time and stimulus level as within-subjects effects, indicated a significant reduction of ABR wave-1 amplitude at 20 kHz 2 weeks post exposure [F(26, 1034) = 3.9049; p = 1.1221E-9]. Bonferroni’s multiple comparisons test at each sound intensity/time combination revealed a significant difference at 80 dB SPL (p = 0.0233), 85 dB SPL (p = 1.196E-9) and 90 dB SPL (p = 7.4444E-16), while no significant changes in DPOAE amplitude were found for either the control (Figure 3B) or the noise-exposed group (Figure 3D). Thus, the noise-exposed group showed a typical phenotype of cochlear synaptopathy.
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FIGURE 3. A decrease of ABR Wave-1 supra-threshold amplitudes only in the noise-exposed group. ABR and DPOAE at 20 kHz were tested for both the control and noise-exposed mice before (Baseline) and 2-week after the noise exposure. (A) No changes of ABR amplitudes between the baseline and post 2-week measurement in the control mice. (B) No change of DPOAE amplitudes in the control mice. (C) A significant decrease of ABR amplitudes between the baseline and post 2-week measurement for the noise-exposed mice. (D) No change of DPOAE amplitudes in the noise-exposed mice. * p < 0.05. *** p < 0.01. Data shown are the means ± 1 SEM.




Comparison of Curvature and Amplitude Quantification

To determine which features of ABR wave-1 are strongly associated with cochlear synaptopathy, we compared six quantitative features from ABR data collected with 70 or 90 dB SPL sound stimulation from the same mice pre-noise exposure and 2 weeks post-noise exposure (Figure 4). No obvious changes in latency were observed for either group of mice (Figures 5A,B first panel). Both amplitude measurements (A and AB) showed similar results, thus, we only present results for the peak-to-trough amplitude (A). At 70 dB SPL (Figure 4A), for the control group, no obvious changes in these six features were observed between the baseline and 2-week post exposure data, as expected. In contrast, for the noise-exposed group, the amplitude measurement (A) showed a decreased amplitude with a small amount of overlap between pre- and post-exposure data points (the second panel). In contrast, a decreased peak curvature was observed for every noise-exposed mouse with no overlap between pre- and post-noise exposure data (the third pane). A trend of decreased curvature post-exposure was also observed for both the left (lC; the fourth panel) and right sides (rC; the fifth panel) of ABR wave-1. At 90 dB SPL (Figure 4B), no differences in these features were observed for the control group. In contrast, for the noise-exposed group, a decreased ABR amplitude (A) was observed with an overlap between pre- and post-exposure, while the pC for the same wave was clearly decreased for every noise-exposed mouse post-exposure. A similar but less consistent trend of curvature decrease was also found for both lC and right rC measures. The same data were statistically analyzed. With 70 dB SPL stimulation (Table 1), for the noise-exposed group, the difference in amplitude (A) was significant between pre- and post-noise exposure (p = 0.0008), while the pC quantification provided a better separation between pre- and post-noise exposure (p < 0.0001). We also found a significant difference for the noise-exposed group in right curvature (rC) between pre- and post-noise exposure (p = 0.0153). With 90 dB SPL stimulation (Table 2), for the noise-exposed group, a significant difference in amplitude (A) was noted between pre- and post-noise exposure (p = 0.0096), while an even more significant difference in the pC measurements between pre- and post-noise exposure was observed (p = 0.0002). In short, at both sound intensities, the curvature measurements were more sensitive than the amplitude measurements in detecting cochlear synaptic loss.
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FIGURE 4. Comparison of five ABR features between control mice and noise-exposed mice. (A) For the ABR wave 1 evoked by 70 dB SPL, a decreased of ABR amplitude, peak and right curvature quantifications were found only for mice post noise exposure at 96 dB SPL. (B) For the ABR wave 1 evoked by 90 dB SPL, decreases of ABR amplitude, peak, and left curvature quantifications were found only for mice post noise exposure at 96 dB SPL.
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FIGURE 5. Comparison of five ABR features between control mice and mice with otitis media. (A) For the ABR wave 1 evoked by 70 dB SPL, compared to control mice, a decrease of ABR amplitude, peak and left curvature were found for mice with otitis media. (B) For the ABR wave 1 evoked by 90 dB SPL, decreases of ABR amplitude and right curvature were found for mice with otitis media.



TABLE 1. Result of the paired t-test for the difference between pre- and post-noise exposure at the 70 dB SPL.
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TABLE 2. Result of the paired t-test for the difference between pre- and post-noise exposure at the 90 dB SPL.
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Curvature Quantification in Detecting Hearing Loss of Otitis Media

In order to determine if these observed curvature profiles were specific to cochlear synaptopathy, we repeated the same method in a mouse model of otitis media. Since about 70% of mice with Down syndrome from the Ts65Dn transgenic mouse model develop otitis media at 3 months old (Han et al., 2009), we performed similar ABR and DPOAE threshold tests on Ts65Dn mice at 8–9 weeks old. Among 12 mice tested, six had normal ABR and DPOAE thresholds and tympanograms within the range of normal, and the remainder presented with acute otitis media (AOM). DPOAE thresholds for all AOM mice were below the noise floor and five of the six had elevated ABR thresholds. A statistically significant difference was only found for ABR thresholds (p = 0.004) between the control and AOM mice (Table 3). Interestingly, quantitative analysis of their ABR wave-1 click responses showed a pattern different from normal for mice with acute otitis media (Figure 5). With 70 dB SPL stimulation (Table 4), there were significant differences between the control and AOM mice in amplitude (A; p = 0.0037), pC (p = 0.0143), and lC (p = 0.0332), while with 90 dB SPL stimulation, significant differences were only observed for amplitude (A; p = 0.0052) and rC (p = 0.0032), Thus, the curvature profile for otitis media, which is mainly due to middle ear dysfunction, was different from the curvature profile for cochlear synaptopathy.


TABLE 3. Tympanometry, DPOAE and ABR data of Ts65Dn transgenic mice.
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TABLE 4. Result of the two-sample t-test for the difference in feature measurements between control and otitis media groups.

[image: Table 4]



DISCUSSION

To address the current failure of detecting cochlear synaptopathy by ABR/ECochG methods, we developed a new method to quantify possible changes in ABR/ECochG wave-1. Instead of relying on amplitude measurements, we focused on curvature measurements, and identified that the cubic spline method calculated with five data points as the most accurate method for assessing changes of ABR wave 1. Using a well-established mouse model of cochlear synaptopathy, we demonstrated that these curvature measurements are more sensitive and consistent in identifying individual mice with cochlear synaptic loss compared to amplitude measurements.

Our findings have directly addressed the high variability of ABR/ECochG wave-I amplitude, which is a major current obstacle in applying ABR/ECochG methods for human diagnosis. Although curvature quantification is well established in other fields, no studies of its application are reported for ABR/ECochG data analysis. Potential advantages of our new approach are: (1) less influenced by background noise compared to more traditional wave peak amplitude analyses, and (2) potentially more sensitive to cochlear synaptic loss of low-SR SGN fibers. Both of these advantages may be the reasons underlying our finding that the curvature method is much more sensitive than the amplitude method. In addition, the change of curvature profiles are different between the mouse model with cochlear synaptopathy and the mouse model with otitis media. Early hearing loss of otitis media is due to the middle ear infection without a significant damage to the cochlea (Trune and Zheng, 2009). Its significant curvature changes are that pC and lC to sound clicks at 70 dB SPL, and only rC to sound clicks at 90 dB SPL. In the mouse model with noise-induced cochlear synaptopathy, pC values are reduced to sound clicks to both 70 and 90 dB SPL, and the rC value is reduced only at 70 dB SPL. Since the major difference between these two animal models is a different cause of hearing loss: synaptic damages vs. middle ear infection, different curvature profiles of ABR wave 1 is most likely associated with these two causes, respectively. However, it would be better to validate by other models of hearing loss. For example, we have found that early hearing loss in cisplatin-induced hearing is associated with mitochondrial loss in SGNs only (Chen et al., 2021), and it would be interesting to apply the same method to identify curvature profiles in this model. In addition, most of noise-induced hearing loss in humans is less likely to cause purely syanptopathy, and may include other cochlear damages such as loss of OHCs (e.g., Fernandez et al., 2020); noise exposure can also create early damage to the extreme base of the cochlea which may influence mass-stiffness properties of the basilar membrane. All these damages may cause possible changes of ABR wave-1 shape. Additional studies are needed to validate our method in these models.

There are several limitations of our study. Due to central neural plasticity (Gold and Bajo, 2014; Lewis et al., 2015), we are aware that cochlear synaptopathy could lead to central plasticity changes, which would result in curvature changes of other ABR waves. In the future, it is worth to carry out a multi-metric approach to the curvature quantification of all major ABR/ECochG waves that reflect activity in both peripheral and central auditory areas (McClaskey et al., 2020). An intrinsic technical issue with this approach would be the reliable identification of multiple functional features associated with cochlear synaptopathy via subjective analyses of ABR/ECochG waveform tracings. Recently, machine learning has been developed as an effective statistical technique for identifying multiple features associated with complex phenomena and has been successfully applied in auditory research (e.g., Bramhall et al., 2018). Thus, machine learning may be tested to identify key features in ABR/ECochG waveforms. The other major weakness is a lack of human validation study. It is our general strategy to improve ABR/ECochG data collection and analysis first in well-established animal models, and then validate them in future human studies.
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Sensorineural hearing loss (SNHL) is referred to as the most common type of hearing loss and typically occurs when the inner ear or the auditory nerve is damaged. Aging, noise exposure, and ototoxic drugs represent three main causes of SNHL, leading to substantial similarities in pathophysiological characteristics of cochlear degeneration. Although the common molecular mechanisms are widely assumed to underlie these similarities, its validity lacks systematic examination. To address this question, we generated three SNHL mouse models from aging, noise exposure, and cisplatin ototoxicity, respectively. Through constructing gene co-expression networks for the cochlear transcriptome data across different hearing-damaged stages, the three models are found to significantly correlate with each other in multiple gene co-expression modules that implicate distinct biological functions, including apoptosis, immune, inflammation, and ion transport. Bioinformatics analyses reveal several potential hub regulators, such as IL1B and CCL2, both of which are verified to contribute to apoptosis accompanied by the increase of (ROS) in in vitro model system. Our findings disentangle the shared molecular circuits across different types of SNHL, providing potential targets for the broad effective therapeutic agents in SNHL.

Keywords: sensorineural hearing loss, aging, noise exposure, ototoxic drugs, common molecular mechanisms, co-expression network


INTRODUCTION

Sensorineural hearing loss (SNHL) refers to a type of hearing loss resulting from the structurally and functionally damaged inner ear and vestibulocochlear nerve, mainly including cochlear hair cells (HCs), stria vascularis (SV), and spiral ganglion neurons (SGNs) (Liberman and Kujawa, 2017). Compared to other kinds of hearing loss, SNHL is usually permanent and accounts for approximately 90% of reported hearing loss cases (Li et al., 2017). Sudden SNHL affects 5 to 27 per 100,000 people each year, with approximately 66,000 new annual cases in the United States (Alexander and Harris, 2013). Among various causes of SNHL, aging, noise exposure, and ototoxic drugs are widely believed to play predominant roles (Liberman and Kujawa, 2017; Wang and Puel, 2018). Worldwide, more than half of the population aged over 60 years suffer the age-related hearing loss (Gates and Mills, 2005) and ∼16% of the adults with hearing loss are attributed to occupational noise (Nelson et al., 2005). Ototoxicity is well-established toxicity associated with therapeutic agents for causing cochlear impairment and the prevalence of ototoxicity-induced hearing loss ranges from 4 to 90% in patients who have received the therapies with potential ototoxicity (Landier, 2016).

The three types of SNHL above display highly similar pathophysiological characteristics of the damaged or degenerated HCs, SV, and SGNs (Wang et al., 2007; Ding et al., 2012; Breglio et al., 2017; Keithley, 2020), suggesting shared biological mechanisms underlying the SNHL. Although most studies focus on one or two causative factors of SNHL, it is accessible to generalize the shared biological involvements by the clues from those independent studies (Yang et al., 2015; Cheng et al., 2019; Su et al., 2020; Maeda et al., 2021; Taukulis et al., 2021). For example, several biological processes have been suggested to influence apoptosis in cochleae affected by SNHL, such as mitochondrial dysfunction, oxidative stress, inflammation, and additional immunological reaction (Wang and Puel, 2018; Zhang et al., 2021), while autophagy may regulate the survival of HCs and SGNs in such inner ears affected by SNHL (Guo et al., 2021; He et al., 2021). Nevertheless, the validity of the shared biological processes, as well as the jointly involved genes, among different types of SNHL lacks systematic examination.

To address this question, we here created three SNHL mouse models based on aging, noise exposure, and cisplatin ototoxicity, and constructed their cochlear transcriptional co-expression networks during the generation of SNHL models. By identifying the modules with similar gene expression trajectories among different types of SNHL, we assessed the shared biological functions and signaling pathways among the genes involved in these modules, and experimentally confirmed the contributions of hub genes to mechanisms underlying phenotypic changes of SNHL.



RESULTS


Generation of Three Sensorineural Hearing Loss Mouse Models Based on Aging, Noise Exposure, and Ototoxicity

To systematically investigate the shared molecular circuits involved in SNHL, we generated three SNHL models in C57BL/6 mice strain from aging, noise exposure, and cisplatin ototoxicity, respectively (Figure 1A). The C57BL/6 mice present the hearing sensitivity reduction ∼6-month old and nearly complete deafness ∼18-month old, thus usually being regarded as an animal model of early-onset age-related hearing loss (Hequembourg and Liberman, 2001). Two-month-old C57BL/6 mice were used to generate other two SNHL models by being exposed to 120 decibel sound pressure level (dB SPL) noises for 2 h (Maeda et al., 2017), and by being intraperitoneally injected a single dose of cisplatin (10 mg/kg) and furosemide (200 mg/kg) (Wang et al., 2004; Li et al., 2011). Furosemide, as a potent loop diuretic, is often used to reduce the nephrotoxicity caused by cisplatin and enhance the entry of ototoxic drugs into the cochleae (Santoso et al., 2003; Ding et al., 2012).


[image: image]

FIGURE 1. Representative phenotypic transformation in the three types of SNHL mouse models. (A) Flowchart of the overall approach to SNHL mouse models. 2 months, 8 months, and 12 months for the aging SNHL model are the actual ages of the mice, while one hour, 24 h, one day, and 3 days are the times after the respective intervention for the 2-month-old mice. (B) ABR audiogram in the three types of SNHL mouse models. ABR thresholds of wild type mice at 8 months (8Mon, n = 5, dashed-line in blue), 12 months (12Mon, n = 5, solid-line in blue), 1 hour post noise exposure (1HPN, n = 5, dashed-line in orange), 24 h post noise exposure (24HPN, n = 5, solid-line in orange), 1 day post cisplatin injection (1DPC, n = 4, dashed-line in purple), 3 days post cisplatin injection (3DPC, n = 5, solid-line in purple) show severe hearing loss, compared with wild type mice at 2 months (2Mon, n = 12, dashed-line in black). (C–F) Representative confocal microscopy images from whole-mount cochleae. The ears of aging and treatments with noise exposure and cisplatin injection exhibited substantial loss of hair cells compared with control ears. Scale bars, 100 μm. (G–L) Quantification of survival OHCs and IHCs in the three types of SNHL mouse models. The three types of SNHL mouse models are present in columns with different colors. n in the columns shows the numbers of cochleae used for the quantification. All data are shown as Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. P values are from two-tailed Student’s t-tests.


To verify the successful establishment of the three SNHL models, we measured auditory brainstem responses (ABR) and examined the status of cochlear hair cells in the mice at 8- and 12-month age (8Mon and 12Mon), one- and 24-hour post noise exposure (1HPN and 24HPN), as well as one- and 3-day post cisplatin injection (1DPC and 3DPC), respectively (Figure 1A). Compared with the controls of 2-month-old (2Mon) C57BL/6 mice without any treatment, the ABR thresholds increased in 8Mon, 1HPN, and 1DPC mice, especially in 12Mon, 24HPN, and 3DPC mice at all examined frequencies (4, 8, 16, 24, and 32 kHz) and the broadband click stimulus (Figure 1B). Myosin VIIa (MYO7A), a cochlear hair-cell-specific marker, was used to stain the whole-mount cochleae of the three SNHL models (Figures 1C–F), indicating that the numbers of MYO7A-positive out hair cells (OHCs) significantly decreased in 8Mon, 1HPN, and 1DPC mice, and further in 12Mon, 24HPN, and 3DPC mice when compared with the controls (P < 0.05, two-tailed Student’ t tests; Figures 1G–I). It is notable that more damaged OHCs were observed at the basal region than at the apex when exposed to the excessive intense noises even with relatively low frequencies (120 dB SPL, 4-24 kHz), which may result from the more susceptibility of OHCs at the basal region as shown in the previous studies (Sanz et al., 2015; Miao et al., 2021). In addition, similar to OHCs, the inner hair cells (IHCs) were also generally lost during aging and after the treatments with noise exposure and cisplatin (Figures 1J–L). These similar phenotypic alterations of the reduced hearing sensitivity and the damaged cochlear hair cells suggest the successful establishment of the SNHL mouse models based on aging, noise exposure, and cisplatin ototoxicity.



Transcriptome-Wide Gene Co-expression Networks Reflect Shared Molecular Circuits Among Different Sensorineural Hearing Loss Models

We reasoned that transcriptomic data of cochleae from different types of SNHL would inform our understanding of their shared molecular circuits, and thus examined gene expression dynamics during generating SNHL by sequencing cochleae transcriptomes across 2Mon, 8Mon, 12Mon, 1HPN, 24HPN, 1DPC, and 3DPC mice. To ensure the reliability of the data, at least three biological replicates were designed for each sample. We generated a total of 202.3 Gb clean data for cochlear transcriptomes across 27 samples from the above three types of SNHL models (Supplementary Table 1). The global relationships among these cochlear transcriptomes were explored through the principal components analysis (PCA). As expected, the samples from the same SNHL model tended to cluster together, suggesting strong commonalities and repeatability of transcriptomic data within each of the three SNHL mouse models (Figure 2A). We next performed signed weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 2008) for a total of 17,040 genes with available expression data across 27 samples and identified 22 co-expression modules labeled with colors and numbers (Figure 2B and Supplementary Table 2). The genes within each of these co-expression modules are expected to exhibit highly similar expression patterns during the generation of three types of SNHL models (Langfelder and Horvath, 2008). We investigated each module’s trajectory along with the stages of generating SNHL models by calculating the module eigengene (ME) (Supplementary Figure 2). The ME is the first principal component of a module and reflects the general expression pattern of the genes within the module (Langfelder and Horvath, 2008). We then calculated the Pearson correlation coefficients (R) of ME values for each module between the three types of SNHL above and identified three modules with larger averaged R values (> 0.92) than other modules (Figure 2C and Supplementary Table 3), including two up-regulated modules (M4 and M13) and one down-regulated module (M7). Consequently, the closely aligned gene co-expression patterns between the aging-, noise-, and cisplatin-induced SNHL were suggested in these three modules. Further, we, respectively, assessed biological functions among the genes within each of the three modules by enrichment for Gene Ontology (GO) annotation terms (Supplementary Tables 4–6). Top5 GO terms included immune system process and inflammatory response in M4, apoptotic process in M13, and transport and ion transport in M7 (Figure 2D), suggesting that the co-up-regulated genes involved in immune systems, inflammatory responses, and apoptotic process, as well as the co-down-regulated genes involved in transport and ion transport play critical roles on the occurrence of SNHL.
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FIGURE 2. Co-expression network analysis. (A) Principal component analysis of cochlear RNA-seq samples in the triad of SNHL. The data revealed that the same SNHL model cochlear samples (represented by colors and labeled numerically) tended to cluster together. (B) Network analysis dendrogram showing modules based on the co-expression genes throughout the three types of SNHL mouse models. The colors below give information on module assessment. (C) Co-expression trajectory in the highlighted co-regulated modules, including two up-regulated modules (M4 and M13) and one down-regulated module (M7). Trajectories of the three types of SNHL mouse models were plotted by different colors. The fit line represents locally weighted scatterplot smoothing. n shows the numbers of the genes in each module. (D) Top 5 enriched GO terms of the highlighted co-regulated modules. The reports of –log10 (FDR) present relative enrichment in each module, with the red line at FDR = 0.05.




Shared Signaling Pathways Associated With Sensorineural Hearing Loss

Although the immune system process, inflammatory response, and apoptotic process were enriched in two distinct up-regulated modules M4 and M13 (Figure 2D), these functionally different biological processes can be interactively aroused through some signaling pathways (Mak and Yeh, 2002; Simon, 2003; Fox et al., 2010). We thus hypothesized that shared signaling pathways or molecular regulatory relationships could link the genes within the two up-regulated modules. We first performed Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis for the genes within M4 and M13. Of the top 5 enriched pathways, NF-kappa B signaling pathway, TNF signaling pathway, and Jak-STAT signaling pathway were found to implicate in immune, inflammatory, and apoptotic processes (Figure 3A and Supplementary Table 7). We next conducted the protein-protein interaction (PPI) analysis for the co-up-regulated genes within M4 and M13 to provide an independent line of interrogation for the centric profiles. We calculated the degree and the closeness centrality for each node, which are commonly used as centrality measures (Vital-Lopez et al., 2012), and examined their relationships for all nodes to identify hub genes in the network. The top 15 genes in the PPI network were highlighted, which directly interacted with 298 (41.5%) co-up-regulated genes and involved in 840 (22.9%) PPIs (Figure 3B). Notably, we found that 9 of the top 15 genes were involved in the NF-kappa B signaling pathway, TNF signaling pathway, and Jak-STAT signaling pathway, including TNFRSF1A, IL1B, CCL2, MYD88, TRAF6, STAT3, EP300, SOCS3, and AKT1 (Figure 3C). Interestingly, nearly all of these genes (7/9) were associated with the biological functions of immune system process, inflammatory response, and apoptotic process that were determined by the GO enrichment analysis for M4 and M13 (Figure 3C).
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FIGURE 3. Signaling pathway enrichment and PPI analysis for the co-regulators. (A) Top 5 enriched KEGG pathways within M4 and M13. The reports of -log10 (FDR) present relative enrichment with the red line at FDR = 0.05. (B) PPI network analysis within M4 and M13. The top 15 highlighted genes are plotted in red. (C) Top 15 highlighted some representative genes of M4 and M13 that implicated in a cross-linked pathway composited with the enriched signaling pathways based on KEGG Mapper. The top 15 genes in PPI are marked in red circles and the genes implicated in immune system process, inflammatory response, and apoptotic process are plotted by different colors. (D) Top 5 enriched KEGG pathways within M7. The reports of –log10 (FDR) present relative enrichment with the red line at FDR = 0.05. (E) PPI network analysis within M7. The top 15 highlighted genes are plotted in red. (F) Top 15 highlighted genes of M7 that implicated in oxidative phosphorylation based on KEGG Mapper. The top 15 genes in PPI are marked in red circles and the genes implicated in transport and ion transport are plotted by different colors.


Similarly, we performed the KEGG enrichment analysis for the genes within the down-regulated M7 and found that oxidative phosphorylation was the most notable KEGG term (Figure 3D and Supplementary Table 8). The top 15 genes in the PPI network constructed using the co-down-regulated genes in M7 were also highlighted (Figure 3E), which directly interacted with 61 (26.2%) co-down-regulated genes and involved 187 (43.2%) PPIs. Among the top 15, 12 genes were involved in mitochondria-related ATP production through oxidative phosphorylation, including NDUFS1, NDUFS5, NDUFA5, NDUFA9, NDUFA11, NDUFAB1, NDUFB5, SDHA, UQCRC2, COX4I2, ATP5B, and ATP5J (Figure 3F). Likewise, nearly all of these genes (11/12) were associated with the biological functions of transport and ion transport that were determined by the GO enrichment analysis for M7 (Figure 3F).



Experimental Verification for Potential Contributions of IL1B and CCL2 to Sensorineural Hearing Loss

Among the top 15 genes in the PPI network of the up-regulated modules M4 and M13, the pro-inflammatory cytokine IL1B and chemokine CCL2 were found to serve as the connecting links between the TNF signaling pathway, NF-kappa B signaling pathway, and Jak-STAT signaling pathway (Figure 3C). Moreover, several previous studies show the increased expression of IL1B and CCL2 after noise exposure, suggesting their crucial roles in generating noise-induced SNHL (Vethanayagam et al., 2016; Zhang et al., 2019; Wang et al., 2020). We next tested whether IL1B and CCL2 also contribute to aging- and ototoxicity-induced SNHL using an in vitro model system.

The quantitative real-time polymerase chain reaction (qRT-PCR) was used to verify that both IL1B and CCL2 were significantly up-regulated in the cochleae during creating different types of SNHL mouse models (Supplementary Figures 3A,B), as observed in the transcriptome-wide analyses. Next, we applied the house ear institute-organ of Corti 1 (HEI-OC1) cells as an in vitro model system for the aging- and ototoxicity-induced SNHL. The HEI-OC1 cells express several cochlear hair-cell-specific markers, such as myosin VIIa, prestin, Atoh1, BDNF, calbindin, and calmodulin, and thus are widely used for investigating the molecular mechanisms of the death or survival of cochlear hair cells (Kalinec et al., 2003, 2016).

Because D-galactose (D-gal) can increase oxidative stress, mitochondrial damage, and apoptosis, which accelerates tissue senescence, the treatment of HEI-OC1 cells with D-gal can largely mimic the alterations of cochlear hair cells during aging (Zhong et al., 2011; Du et al., 2012; He et al., 2020). The D-gal treatment decreased the viability of HEI-OC1 cells in concentration- and time-dependent manners (Supplementary Figures 4A,B), revealing that the half-lethal dose of D-gal was 75 mg/ml for 24 h, which was selected for generating the in vitro model of aged cochlear hair cells. As observed in the cochleae of aging-induced SNHL mice, both IL1B and CCL2 were expressed significantly more in the HEI-OC1 cells treated with D-gal than without D-gal treatment (Figure 4A). When the expression of IL1B and CCL2 was inhibited, the cell viability significantly increased (Figure 4B); when IL1B and CCL2 were overexpressed, the cell viability significantly decreased (Figures 4C,D).
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FIGURE 4. Experimental verification for contributions of IL1B and CCL2 to SNHL. (A) In the aging in vitro model (treated with D-gal; shown in blue columns), the expression of IL1B and CCL2 increased but decreased when shRNA-IL1B and shRNA-CCL2 were transfected. (B) The inhibited expression of IL1B and CCL2 enhanced the cell viability in the aging in vitro model. (C) Both IL1B and CCL2 overexpression could be elicited after pEX3-IL1B and pEX3-CCL2 transfections and (D) this further decreased the cell viability in the aging in vitro model. (E) In the ototoxicity in vitro model (treated with cisplatin; shown in purple columns), the expression of IL1B and CCL2 increased but decreased when shRNA-IL1B and shRNA-CCL2 were transfected. (F) The inhibited expression of IL1B and CCL2 enhanced the cell viability in the aging in vitro model. (G) Both IL1B and CCL2 overexpression could be elicited after pEX3-IL1B and pEX3-CCL2 transfections and (H) this further decreased the cell viability in the ototoxicity in vitro model. (I) Representative cellular distribution with different ROS levels and (J) the quantification in IL1B and CCL2 modulation groups in the aging in vitro model. (K) Representative cellular distribution with different ROS levels and (L) the quantification in IL1B and CCL2 modulation groups in the ototoxicity in vitro model. In the two in vitro models, the levels of intracellular ROS decreased when IL1B or CCL2 were inhibited and increased when IL1B or CCL2 were overexpressed. The gene expression levels were measured by quantitative real-time PCR for each column (n = 3). The cell viability was measured by the cell proliferation assay kit for each column (n = 6). ROS evaluation was measured by the DCFH-DA kit using the Flow Cytometer for each column (n = 3). All the columns are present with Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. P values are from two-tailed Student’s t-tests.


Similarly, we used the HEI-OC1 cells for testing the roles of IL1B and CCL2 in generating ototoxicity-induced SNHL. The treatment with cisplatin also decreased the cell viability of HEI-OC1 cells in concentration- and time-dependent manners (Supplementary Figures 4C,D). The half-lethal dose of cisplatin (50 μM for 48 h) was used for generating the in vitro model of cisplatin-induced SNHL. Both IL1B and CCL2 were expressed significantly more in the HEI-OC1 cells treated with cisplatin than without cisplatin treatment (Figure 4E). The inhibition of the expression of IL1B and CCL2 increased the cell viability, but the overexpression of the IL1B and CCL2 decreased the cell viability (Figures 4F–H). Notably, no cell viability changes were observed when IL1B and CCL2 were inhibited and overexpressed in HEI-OC1 cells without any treatments (Supplementary Figures 5A,B). These highly consistent results from the in vitro systems of cochlear hair cells strongly support the crucial roles of IL1B and CCL2 in generating the aging- and ototoxicity-induced SNHL.

The expression and activation of IL1B and CCL2 have been reported to closely relate to the production of reactive oxygen species (ROS) (Li et al., 2014; Ansari et al., 2018). ROS can trigger and modulate inflammation and immune responses, and excessive cellular ROS production causes oxidative stress and mitochondrial abnormalities that contribute to the degenerative responsiveness to aging, intense noise, and ototoxic drugs in the auditory system (Someya and Prolla, 2010; Yu et al., 2014; Jing et al., 2015). To test whether the roles of IL1B and CCL2 in generating SNHL are mediated by regulating ROS production, we examined ROS levels in HEI-OC1 cells with different expressions of IL1B and CCL2. The ROS levels were indeed significantly higher in HEI-OC1 cells treated with D-gal than without any treatments (Figures 4I,J). Moreover, the ROS levels significantly decreased when the expression of IL1B and CCL2 was inhibited and increased when the expression of IL1B and CCL2 was enhanced (Figures 4I,J). And the similar results were presented in the cisplatin treatment groups (Figures 4K,L). These results suggest a general causal link between ROS production and different types of SNHL, and that both IL1B and CCL2 contribute to the production of ROS in different SNHL mouse models.




DISCUSSION

Prior work has documented several biological processes and genes underlying cell death in the cochleae of SNHL, including mitochondrial dysfunction, oxidative stress, inflammation, immune system (Wang and Puel, 2018; Zhang et al., 2021). Most of the studies, however, focused on one or two of the three most causative factors of SNHL, i.e., aging, noise exposure, and ototoxic drugs. In this study, we generated three SNHL mouse models derived from aging, noise exposure, and cisplatin ototoxicity, constructed gene co-expression modules of the cochlear transcriptomes during creating SNHL models and systematically validated the crucial roles of NF-kappa B signaling pathway, Jak-STAT signaling pathway, TNF signaling pathway, and Oxidative phosphorylation in generating SNHL. The in vitro experiments demonstrated that the overexpression of IL1B and CCL2 in SNHL increased ROS production, likely leading to apoptosis in the cochleae of SNHL. Together, these findings clarify the shared molecular circuits and genes underlying different types of SNHL.

Besides IL1B and CCL2, several additional co-regulators were found to be involved in the SNHL-shared inflammatory and immune responses through TNF signaling pathway, NF-kappa B signaling pathway, and Jak-STAT signaling pathway, including TNFRSF1A, TRAF6, MYD88, AKT1, STAT3, EP300, and SOCS3 (Figure 3C). Some of these genes have been identified to be up-regulated in the cochleae of a particular kind of SNHL. For example, the expression levels of MYD88, AKT1, and SOCS3 increase after noise exposure (Gratton et al., 2011; Chen et al., 2015; Zhang et al., 2019), and exposure of cochlear explants to the ototoxic drug gentamicin leads to the increased TNFRSF1A expression (Bas et al., 2012). Interestingly, some of these regulators are suggested to be recognized as potential targets for ameliorating SNHL. The treatment with IL-1 blockade improves the hearing of 91% of Muckle-Wells-syndrome patients (Kuemmerle-Deschner et al., 2015). Avenanthramide-C reduces IL1B and TNF-α expression and provides significant protection against noise- and drug-induced SNHL (Umugire et al., 2019). Capsaicin protects against cisplatin-induced SNHL by changing the STAT3/STAT1 expression ratio (Bhatta et al., 2019). Our findings extend the current understanding of the shared biological processes and hub genes in SNHL and provide the elevated probability of discovering the most effective therapeutic and preventive targets across different types of SNHL.

In addition to the shared molecular circuits and regulators, we also identified some prime modules with specific co-expression patterns for each of the three SNHL mouse models. For instance, M6 reflected a down-regulated gene co-expression pattern for the aging-induced SNHL model compared to the noise- and ototoxicity-induced SNHL models. Among the top 5 enriched GO terms for the genes within M6, there were four involved in the regulation of gene transcription (Supplementary Figure 6A and Supplementary Table 9). M11 and M14, respectively, displayed down- and up-regulated co-expression patterns for the noise-induced SNHL model. Despite no significantly enriched GO terms for the genes within M11, the enriched GO terms for M14 included angiogenesis and steroid metabolic (Supplementary Figure 6B and Supplementary Table 10). M16 and M21 both presented down-regulated co-expression patterns for the cisplatin-induced SNHL model; the notable GO terms included cell adhesion, immune system process, cell cycle, and cell division (Supplementary Figure 6C and Supplementary Table 11). These functional involvements have been shown implications for the normal functioning of cochleae more or less (Malgrange et al., 2015; Wang et al., 2019); however, more research is needed before their causal roles in generating SNHL from specific factors is known for certain.

Although we acknowledge that the stages in the three types of SNHL selected for comparison may be artificial, the approaches for shared molecular circuits are reinforced. Our analyses systematically provide evidence for existing the shared molecular circuits in different types of SNHL and highlight the importance of future investigation for the shared molecular circuits in SNHL. Regardless, our analyses suggest some common potential targets of the most effective therapeutic agents for preventing or ameliorating aging-, noise-, and ototoxicity-induced SNHL.



MATERIALS AND METHODS


Animals

C57BL/6 mice were obtained from the Kunming Institute of Zoology Southwest SPF Animal Center. All animal experiments were performed under Animal Use Protocols approved by the Kunming Institute of Zoology Animal Care and Ethics Committee, CAS.



Acoustic Overexposure

Two-month-old mice were continuously exposed to broadband noises (4-24 kHz) at 120 -121 decibel Sound Pressure Level (dB SPL) for 2 h in a small cylindrical cage (706.5 cm2 × 15 cm.). The noise was delivered by a loudspeaker (HG10044XT; Weijie-Electric, Guangzhou, CN) at a distance of 20 cm above the bottom of the cage. Calibration of noise to target SPL was performed immediately before each noise exposure session to ensure that the SPL varied by < 1 dB across the cage.



Cisplatin Treatment

Two-month-old mice were treated with co-administration of furosemide and cisplatin. All the treatments were performed by intraperitoneal injection. The 200 mg/kg of furosemide (Hongbao, CN) treatment was administered one hour before being intraperitoneally injected with 10 mg/kg of cisplatin (P4394, Sigma- Aldrich). Mice were daily performed by intraperitoneal injection with 1 ml of normal saline for the following 3 days.



Auditory Brainstem Response Measurement

The anesthetized animals with an intraperitoneal injection of sodium pentobarbital (90 mg/kg) were placed on an anti-vibration table in a soundproof room. The recording electrode (a subdermal needle) was inserted at the skull vertex and the reference electrode was placed on a 1-2 mm incision ventroposterior to the external pinna. During ABR recordings, the animal’s body temperature was maintained at 37.5°C by a heating pad. Click or tone burst sounds (4, 8, 16, 24, and 32 kHz) with 5 ms duration were delivered from 10 to 90 dB SPL with 5 dB interval at a rate of 10 per second by a calibrated MF1 speaker (TuckerDavis Technologies, Alachua, FL) which was placed ∼2 cm in front of the animal. After being amplified, filtered (100-1000 Hz), and averaged (256 times) by an RZ6 Processor (TuckerDavis Technologies Alachua, FL), the ABR signals were recorded using BioSigRZ software (TuckerDavis Technologies, Alachua, FL). The minimum sound intensity that could elicit a detectable response was defined as the ABR threshold. If no detectable ABR waveforms, the ABR thresholds were arbitrarily defined as 95 dB SPL for statistical analysis.



Cochlear Pathology

After mice were killed with CO2 inhalation, the cochleae were collected and fixed in 4% paraformaldehyde (PFA) at 4°C overnight and decalcified in 10% ethylene diamine tetraacetic acid (EDTA) solution at room temperature for several days. Then, the cochleae were divided into pieces for whole-mount immunofluorescence. After being infiltrated with 0.3% Triton X-100 (Sigma-Aldrich) for 20 min and blocked with 10% goat serum for one hour, the tissues were applied with rabbit anti-MYO7A (1:500; Proteus BioSciences) at 4°C overnight. After three rinses with PBS, the tissues were incubated in goat anti-rabbit Alexa Fluor 568 (1:2000; Invitrogen) for one hour at room temperature. The samples were mounted in an antifading mountant medium (Cat.#. S2110, Solarbio) after three rinses with PBS. With maximum intensity projections of z-stacks, the confocal images of cochlear hair cells were taken by a microscope (Nikon A1) using a 10 × lens. The numbers of MYO7A-positive cells along 500 μm in each section were counted for statistical analysis. The composite images showing the whole cochlea were constructed by using Adobe Photoshop CC 2019 and Adobe Illustrator CC 2019.



Collection of Cochlear Total RNA

The cochleae were harvested from controls (2-month-old mice), aging-induced SNHL (8-month-old and 12-month-old mice), noise-induced SNHL (2-month-old mice after being exposed to noise for one hour and for 24 h), and cisplatin-induced SNHL (2-month-old mice after being injected with cisplatin for one day and for three days). An individual’s bilateral cochleae were collected as a biological replicate. To ensure the reliability and repeatability of our data, at least three replicates were required. After removing the vestibule organ in a Petri dish filled with ice-cold sample protector for RNA/DNA (Cat.#. 9750, TaKaRa), we extracted the total RNA from the remaining cochleae using QIAzol Lysis Reagent (Qiagen Science). The quality and integrity of the purified total RNA with the RNeasy Plus Universal Mini Kit (Cat.#. 73404, Qiagen Science) were examined using Agilent 2100 Bioanalyzer.



Transcriptome Sequencing and Analysis

Total RNA was qualified and quantified using a NanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, United States). Approximately 1 μg of total RNA was used to construct cDNA libraries according to the manufacturer’s recommendations. All the libraries were sequenced on the MGISEQ2000 platform (BGI-Shenzhen, China) in a paired-end form with 150 bp. The low-quality reads were filtered out using the program of the fastq-quality-filter (from Fastx-Toolkit 0.0.13) with the parameters of -Q 33 -q 20 -p 80. A total of ∼202.3 Gb clean data was obtained and averaged 7.49 Gb high-quality clean reads for 27 samples (Supplementary Table 1). The clean reads were mapped onto the mouse genome (version GRCm38) using Tophat 2.1.0 (Kim et al., 2013) with the parameter of –read-mismatches 2. And then, the expected fragments per kilobase of transcript per million fragments (FPKM) of each gene was calculated using cufflinks 2.02 (Trapnell et al., 2010) with the parameter –max-multiread-fraction 0.75 as its expression level. The raw sequence data reported have been deposited both in the Genome Sequence Archive in National Genomics Data Center, China (CRA005119)1 and in the Gene Expression Omnibus in National Center for Biotechnology Information (GSE196870)2.



Weighted Gene Co-expression Network Analysis

The R package of signed weighted gene co-expression network analysis (WGCNA) was used to construct gene co-expression networks (Langfelder and Horvath, 2008). If a gene has > 0.5 FPKM values in less than half of 27 samples, it will be discarded. Finally, a total of 17,040 genes were retained and their FPKM values were logarithmically transformed [log2(FPKM + 1)] to generate an integrated expression matrix for constructing co-expression networks with WGCNA. Based on the best soft threshold (power = 15; Supplementary Figure 1), a total of 22 co-expression modules across all samples were identified (labeled by color and numerically, Supplementary Table 2).



Module Assignment for Shared Molecular Regulation

We investigated each module’s trajectory following the stages of SNHL models by calculating the module eigengene (ME), which is the first principal component of a module and reflects the general expression pattern of the genes within the module (Supplementary Figure 2). To determine the shared molecular regulation across the three types of SNHL, we calculated the Pearson correlation coefficients (R) of ME values for each module between the three types of SNHL induced by aging, noise exposure, and cisplatin injection, respectively (Supplementary Table 3). The modules with R > 0.85 in any two of the three types of SNHL were considered as closely aligned gene co-expression patterns for shared molecular regulation.



Functional and Pathway Enrichment Analyses and Constructing Protein-Protein Interaction (PPI) Networks

The mouse Gene Ontology (GO) annotations and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways downloaded from DAVID Bioinformatics Resources 6.8 (david.ncifcrf.gov) were used to assign functional categories to one-to-one orthologous genes. Using all mouse genes as the background, we applied an in-house Fisher’s exact test program to perform the statistical analysis. The obtained P values were corrected by the false discovery rate (FDR). The maps of the related KEGG pathways were obtained from its official website3. We constructed the PPI network using STRING version 11.04. The number of degrees and the closeness centrality value for each gene involved in the networks were calculated by the software Cytoscape 3.8.0 (Shannon et al., 2003).



Cell Culture

The HEI-OC1 cells (Sigma-Aldrich, St. Louis, MO) were cultured in Dulbecco’s Modified Eagle’s Medium (Gibco, Thermo Fisher) containing 10% fetal bovine serum (Gibco, Thermo Fisher) without antibiotics at 33°C and 5% CO2. Cells were seeded in a 10 cm plate at a density of 5.0 × 105 cells or a 96-well plate at a density of 1.0 × 104 cells per well and incubated overnight for the next experiments.



Quantitative Real-Time PCR

For Quantitative Real-Time PCR (qRT-PCR), the cochleae of two mice were pooled together to extract total RNA for the SNHL mouse models; the HEI-OC1 cells in a 10 cm plate were collected to extract total RNA for the in vitro experiments. The extracted total RNA was reverse transcribed into cDNA using a PrimeScript RT reagent kit with gDNA Eraser (Cat.#. RR047A, Takara, JP). The qRT-PCR assays were performed with GoTaq qPCR Master Mix (Cat.#. A6001, Promega, United States) using Quant-studio 12K Flex (AB Life Technologies), following the conditions: 95°C, 10 min; 95°C, 15 s; 60°C, 1 min; for 40 cycles; 95°C, 15 s; 60°C, 1 min; 95°C 15 s. qRT-PCR data were calculated with the 2–ΔΔCt method and GAPDH was used as an endogenous reference control. Primer sequences used in this study were as follows: IL1B: Forward 5′- GAGTGTGGATCCCAAGCA AT-3′, Reverse 5′- ACGGAT TCCATGGTGAAGTC-3′; CCL2: Forward 5′- TTA AAAACCTGGATCGGAACCAA-3′, Reverse 5′- GCATTAGCT TCAGATTTACGGGT-3′; GAPDH: Forward 5′- ACCACCAT GGAGAAGGCC-3′, Reverse 5′- ATTGCTGACAATCTTGAGT GAGT-3′.



Short Hairpin RNA and Plasmid cDNA Transfection

The HEI-OC1 cells in a 10 cm plate were transfected with 10 μg shRNA plasmid or cDNA plasmid in 45 μl of the Lipofectamine 3000, 30 μl P3000, 750 μl Opti-MEM, and 10 ml complete growth medium. The HEI-OC1 cells in a 96-well plate were transfected with 0.2 μg shRNA plasmid or cDNA plasmid in 0.3 μl of the Lipofectamine 3000, 0.2 μl P3000, 10 μl Opti-MEM, and 100 μl complete growth medium. The respective empty plasmid vectors were transfected as controls. After 48 h of transfection, the compound medium was removed and replaced by a complete growth medium with D-galactose or cisplatin. The shRNA-IL1B and shRNA-CCL2 plasmids (GenePharma, CN) were designed to knock down the expression of target genes. The cDNA plasmids of pEX3-IL1B and pEX3-CCL2 (GenePharma, CN) were designed to enhance the gene expression. The target sequence of shRNA is as follows: IL1B: 5′-GGACCCATATGAGCTGAAAGC-3′; CCL2: 5′-CACCAGCAAGATGATCCCAAT-3′.



Assessment of Cell Viability

The HEI-OC1 cells in a 96-well plate were used for assessing cell viability with Celltiter 96 AQueous One Solution Cell Proliferation Assay (G3581, Promega). After transfection, the cells were treated with cisplatin (P4394, Sigma-Aldrich) or D-galactose (Coolaber, CN) at the indicated concentrations and the designed concentration for indicated periods. After the treatment with drugs, 10 μl compound was added for 2 h. Then, the optical density (OD) values were measured at 450 nm by a Hybrid reader (Synergy H1). The positive control underwent the same procedure without cell-seeding. The averaged OD in negative control cells was taken as 100% of viability. The relative viability was calculated as (OD experiment - OD positive)/(OD negative – OD positive) × 100. The negative control was the HEI-OC1 cells without any treatment.



Measurement of Reactive Oxygen Species Levels

The cellular Reactive Oxygen Species (ROS) levels were measured by 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA; GK3611, Genview, CN) staining according to the manufacturer’s instructions. The HEI-OC1 cells were incubated with 10 μM DCFH-DA in DMEM for one hour and then washed twice with DMEM. The cells were collected to measure the ROS fluorescent signal intensity by flow cytometry (LSR Fortessa, Becton Dickinson, United States). Flow cytometry analyses were performed with extinction at 502 nm and emission at 530 nm (10,000 cells per sample) and then evaluated with the software FlowJo V10.
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Stiffening of Circumferential F-Actin Bands Correlates With Regenerative Failure and May Act as a Biomechanical Brake in the Mammalian Inner Ear
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The loss of inner ear hair cells causes permanent hearing and balance deficits in humans and other mammals, but non-mammals recover after supporting cells (SCs) divide and replace hair cells. The proliferative capacity of mammalian SCs declines as exceptionally thick circumferential F-actin bands develop at their adherens junctions. We hypothesized that the reinforced junctions were limiting regenerative responses of mammalian SCs by impeding changes in cell shape and epithelial tension. Using micropipette aspiration and atomic force microscopy, we measured mechanical properties of utricles from mice and chickens. Our data show that the epithelial surface of the mouse utricle stiffens significantly during postnatal maturation. This stiffening correlates with and is dependent on the postnatal accumulation of F-actin and the cross-linker Alpha-Actinin-4 at SC-SC junctions. In chicken utricles, where SCs lack junctional reinforcement, the epithelial surface remains compliant. There, SCs undergo oriented cell divisions and their apical surfaces progressively elongate throughout development, consistent with anisotropic intraepithelial tension. In chicken utricles, inhibition of actomyosin contractility led to drastic SC shape change and epithelial buckling, but neither occurred in mouse utricles. These findings suggest that species differences in the capacity for hair cell regeneration may be attributable in part to the differences in the stiffness and contractility of the actin cytoskeletal elements that reinforce adherens junctions and participate in regulation of the cell cycle.

Keywords: hair cell, utricle, regeneration, F-actin (filamentous actin), epithelial mechanics, alpha actinin 4, atomic force microscopy – AFM, micropipette aspiration (MPA)


INTRODUCTION

Permanent hearing loss affects more than 400 million people worldwide, and studies indicate that vestibular dysfunctions affect roughly one third of adults (Agrawal et al., 2009; World Health Organization [WHO], 2018). The loss of sensory hair cells (HCs) in the inner ear is a major irreversible cause of these sensory deficits. HCs are vulnerable to loud sound, ototoxic drugs, and aging, and are not effectively replaced in humans and other mammals (Nadol, 1993). In contrast, HC loss in fish, amphibians, and birds causes neighboring supporting cells (SCs) to divide and produce progeny that can differentiate into replacement HCs, and in some cases convert directly into HCs (Corwin and Cotanche, 1988; Baird et al., 1996). What accounts for the difference in regenerative capacity has remained unclear.

Studies of epithelial repair have shown that mechanical forces arising from cell loss propagate through cell-cell junctions, increasing tension in the cortical cytoskeletons and changing the shapes of neighboring cells, which activates mechanosensitive signaling molecules such as YAP/TAZ and leads to cell proliferation (Rauskolb et al., 2014; Benham-Pyle et al., 2015). Past research has shown that the intercellular junctions of SCs in the chicken utricle contain little or no E-cadherin and are associated with thin circumferential “belts” of F-actin as are epithelial cells in general. In contrast, utricular SCs in mice and humans develop E-cadherin-rich junctions that are bracketed by exceptionally wide and thick regions of circumferential F-actin (Burns et al., 2008; Burns and Corwin, 2013). Throughout this article we use the term “F-actin bands” as a more appropriate descriptor for the exceptionally robust structures in mouse SCs. The growth of the circumferential F-actin bands in SCs of the mouse utricle strongly correlates to declines in the capacity for the cells to change shape (R = −0.989) and proliferate (R = −0.975) in culture (Burns et al., 2008; Collado et al., 2011b). HC loss and SC shape change also have been found to activate YAP in SCs of the chicken utricle, but lead to little or no nuclear accumulation in the mouse utricle (Rudolf et al., 2020; Borse et al., 2021). Those findings suggested that the thin F-actin belts in non-mammalian SCs might more readily permit shape changes and proliferation, whereas the thick F-actin bands in mammalian SCs could restrict or slow deformations, thereby reducing signals that can evoke proliferative responses.

To test our hypothesis that the thick F-actin bands limit deformation of mammalian SCs, we measured stiffness of the epithelial surface in utricles from mice and chickens of various ages using atomic force microscopy (AFM) and micropipette aspiration. The measurements revealed that the mouse utricular epithelium stiffens postnatally, particularly at SC junctions. F-actin and the cross-linker Alpha-Actinin-4 substantially contribute to the measured stiffness. In stark contrast, chicken utricles remained relatively compliant. Analysis of cell shape revealed that the apical domains of chicken SCs elongate and align throughout development. Inhibition of myosin II contractility led to dramatic expansion of chicken SC surfaces, but it did not affect the size and regular shapes of mouse SCs. The results indicate that the exceptionally thick and cross-linked circumferential F-actin bands stiffen mammalian SCs and appear likely to limit the mechanical signals produced during cell loss, whereas the compliant SCs in birds exhibit collective mechanical behavior that is favorable for epithelial repair.



MATERIALS AND METHODS


Animals and Dissection of Vestibular Organs

All animals were handled in accordance with protocols approved by the Animal Care and Use Committee at the University of Virginia (protocol 18350718) and NIH guidelines for animal use (protocol 1254-18). Utricles from embryonic day 16 (E16), postnatal day zero (P0), or adult (>6 week old) mice were used with staging of embryos according to The Atlas of Mouse Development (Kaufman, 1992). Swiss Webster mice were obtained from Charles River Laboratories. Transgenic mice that express a γ-actin and green fluorescent protein fusion (γ-actin–GFP) were generated in the laboratory of Dr. Andrew Matus (Fischer et al., 1998). Mice with whole-body knockout of Alpha-Actinin-4 (Actn4 KO) were generated in the laboratory of Dr. Martin Pollak (Kos et al., 2003). Fertilized White Leghorn (W-36) eggs were obtained from Hy-Line and incubated at 37°C in a humidified chamber with rocking until E18, after which eggs were incubated without rocking. Embryos were staged according to morphometric features (Hamburger and Hamilton, 1951). Animals of either sex were used for all experiments.

For tissue harvest, labyrinths were dissected from temporal bones in ice-cold, HEPES-buffered DMEM/F-12 (Thermo Fisher Scientific), utricles were isolated, and the roof and the otoconia were mechanically removed.



Generation of Actn4 Conditional Knockout Mice

To generate Actn4flox/flox mice, frozen sperm from Actn4TM 1a(EUCOMM)Wtsi mice (Mouse Genome Informatics ID: 4441842) were obtained from the European Mouse Mutant Archive (EMMA) (EM:05964). The Actn4TM 1a(EUCOMM)Wtsi mice harbor a loxP site downstream of Actn4 exon 5 at position 28615171 of chromosome 7 (Build GRCm39), as well as an L1L2_gt1 cassette upstream of exon 5 at position 28614391, which contains an FRT-flanked lacZ/neomycin sequence followed by a loxP site. The Genetically Engineered Murine Model core at the University of Virginia performed in vitro fertilization to rederive the line, as previously described (Takeo and Nakagata, 2011). The conditional knockout line was then generated per the EMMA protocol. Briefly, FLP germline deleter mice were crossed with the Actn4TM 1a(EUCOMM)Wtsi mice to excise the FRT-flanked lacZ/neomycin sequence, producing mice with an allele of Actn4 in which the critical exon 5 is floxed. The resulting Actn4flox/flox mice were crossed to 129(Cg)-Foxg1TM 1(cre)Skm/J mice (Foxg1-Cre, Jackson Laboratory stock 004337) which express Cre recombinase in the embryonic forebrain and otic vesicle (Hébert and McConnell, 2000), producing Actn4flox/flox;Foxg1-Cre (Actn4 cKO) mice. Actn4flox/flox mice were genotyped using the following primers: 5′-AACTCAGGATGGAGTTGGGC-3′ (common forward), 5′-TGGATGTGGGTGATCTTTGC-3′ (wild type reverse), and 5′-TCGTGGTATCGTTATGCGCC-3′ (floxed reverse). An amplicon measuring 455 bp signifies a wild type allele of Actn4, and an amplicon of 184 bp signifies a floxed allele. Foxg1-Cre mice were genotyped using the following primers: 5′-AGAACCTGAAGATGTTCGCG-3′ (Cre forward) and 5′-GGCTATACGTAACAGGGTGT-3′ (Cre reverse). An amplicon measuring 328 bp signifies the presence of a Cre allele.



Organ Culture

Utricles dissected from mice and chickens under aseptic conditions were transferred to glass-bottom dishes (Mat-Tek) or Willco dishes (Willco Wells) coated with Cell-Tak (1 μL air-dried onto the glass; BD Biosciences #354240) and adhered with the stromal side down. Utricles were cultured in DMEM/F-12 + HEPES with 1% fetal bovine serum (FBS; Invitrogen) and 10 μg/ml Ciprofloxacin (Bayer) at 37°C and 5% CO2. In some experiments, cytochalasin D (Sigma-Aldrich), blebbistatin (Calbiochem), or streptomycin sulfate (Sigma) were added to the culture medium at the concentrations and durations indicated below.



Micropipette Aspiration

To measure the mechanical stability of sensory epithelia from chickens and mice of various ages, we adapted micropipette aspiration to quantify tissue-level resistance to deformation in utricles. This technique enables direct observation of deformation lengths produced by a calibrated suction, and can be applied in length scales ranging from single cells (Hochmuth, 2000) to whole embryos (Porazinski et al., 2015). Two types of micropipettes were fabricated from borosilicate glass tubes on a Sutter Instruments puller: “stabilizing pipettes” were scored with a tile and broken to a clean edge of 50–100 μm internal diameter, and “aspiration pipettes” were scored with a tile and broken to a clean edge of 22.5 μm internal diameter (which spans ∼5 HCs). The tip of the aspiration micropipette was dipped in Sigmacote (Sigma SL2) and allowed to dry before use in order to minimize adhesion to debris.

On the day of tissue harvest, utricles for micropipette aspiration measurement were cultured atop 0.08 μm Nucleopore filters (Whatman) at the meniscus of the culture medium. On the following day, utricles were transferred to a glass-bottom POCR chamber (Zeiss) containing DMEM/F12 + HEPES supplemented with 5% FBS, and the utricle was adhered to the Cell-Tak-coated glass with the stromal side down. Under an upright microscope with a heated stage set to 37°C, the utricle was visualized with a 2× objective and partially lifted from the glass using fine forceps, with one edge remaining adhered to the glass. The “stabilizing” pipette of 50–100 μm internal diameter was positioned via a micromanipulator into contact with the stromal side of the utricle and held the macular surface parallel to the optical axis (Figure 1A). The second, “aspiration” micropipette of 22.5 μm internal diameter was used for micropipette aspiration measurements of the apical surface. Water-filled tubing connected each micropipette to an open-barreled syringe (water reservoir) that was raised or lowered to control suction and serve as a manometer. A 60×, 0.9 NA water immersion objective and differential interference contrast were used to visualize the utricle’s apical surface and the tip of the micropipette.
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FIGURE 1. Micropipette aspiration and AFM measurements reveal that the apical surface of utricles from mature mice are significantly more resistant to deformation than those of newborn mice and chickens. (A) Low magnification image of a mouse utricle prior to micropipette aspiration. A stabilizing pipette ∼50–100 μm in diameter (left) was used to apply light suction on the “stromal side” to maintain the utricle in place. Another pipette 22.5 μm (∼5 cell apices) in diameter (right) was used to apply a defined negative pressure to the epithelial surface of the utricle. (B) The negative pressure was ramped from 0 cm H2O to –30 cm H2O over a span of 10 s, and then maintained at –30 cm H2O for an additional 10 s. The deformation length of the apical surface was after the full 20 s “pull” was recorded. (C,C’) High magnification images of the apical surface of a P0 mouse utricle during application of negative pressure, producing a deformation of length LP. (D) Plot of mean deformation length of utricles from mice and chickens of various ages. Error bars denote 95% confidence intervals. Dots represent an average of at least three measurements from a single utricle. P-values are listed from unpaired t-tests or ANOVA. (E) Plot of elastic moduli as measured by micropipette aspiration of the utricular epithelial surface, as calculated from the deformation lengths in (D). Error bars denote 95% confidence intervals, and each dot represents one utricle. P-values are listed from unpaired t-tests or ANOVA. (F) Boxplot in logarithmic scale of elastic moduli as measured by AFM of the utricular epithelial surface. Each dot represents the average elastic modulus obtained from an eight-point line scan. P-values are indicated from Mann-Whitney tests.


To perform a measurement, the meniscus of the water reservoir was initially held at the same height as the utricle, so that no suction pressure would be present upon contact. Then, a micromanipulator was used to bring the aspiration pipette into light contact with the sensory epithelium’s apical surface. The water reservoir was then lowered to apply a ramped negative pressure, resulting in deformation of the apical surface that could be visualized with differential interference contrast video microscopy (Figures 1B,C; Supplementary Movie 1). Specifically, the water reservoir was lowered at a rate of 3 cm/s for 10 s (equivalent to a negative pressure ramp of 3 cm H2O/s or ∼300 Pa/s), and then held with the meniscus 30 cm below the height of the utricle (equivalent to a negative pressure of 30 cm H2O or ∼3 kPa) for an additional 10 s. As the utricle’s apical surface deformed during that process, images of the deformation were acquired at 1 s increments using a SPOT Idea CMOS camera. After the 20 s acquisition, the final deformation length was measured in a blinded fashion using FIJI software (Schindelin et al., 2012). Each utricle was measured at least three times, and the individual measurements from each utricle were averaged to generate a single value of deformation length, which was considered a single independent observation for statistical analysis.

Elastic Young’s modulus (E; Pa) was calculated using a simple continuum model that treats the tissue as a homogeneous, incompressible, linear-elastic half space (Theret et al., 1988; González-Bermúdez et al., 2019):
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In this equation, the applied pressure gradient ΔP was 30 cm H2O (2942 Pa), the pipette wall thickness parameter φp was set to 2.1, the pipette inner radius Rp was 11.25 μm, and Lp was the measured deformation length (μm). The average deformation length was used to calculate one value of E per utricle, which was considered a single independent observation for statistical analysis.



Atomic Force Microscopy

Atomic force microscopy (AFM) measurements were conducted for utricular sensory epithelia of CD-1 mice (Charles River Laboratories) and embryonic Delaware chickens (B & E eggs, PA). To comply with the language of the animal protocol at the NIH, utricles were harvested exclusively from embryonic and not post-hatch chickens. Eggs were incubated at 37.5°C in an automatic rocking incubator (Brinsea), and all embryos were terminated prior to hatching at E21. Utricles were freshly dissected as above and mounted on glass-bottom dishes (HBST-5040, Willco Wells) precoated with 2 μl of Cell-Tak (Corning) and immersed in Leibovitz media (L-15, 21083-027, Life Technologies). AFM measurements were obtained on a Bioscope Catalyst AFM system (Bruker) mounted on an inverted Axiovert 200M microscope (Zeiss) equipped with a confocal laser scanning microscope (510 Meta, Zeiss) and a 40× objective lens (0.95 NA, Plan-Apochromat, Zeiss). Explants were maintained at 37°C using a Bruker heated stage. For tissue-level measurements, line scans of eight points spaced between 500 nm and 1 μm apart were obtained from the apical surface of the sensory epithelium. We used soft silicon nitride Bruker MLCT AFM probes with nominal tip radius of 20 nm. The MLCT cantilevers were precalibrated by using the AFM built-in thermal method, yielding spring constants between 0.07 and 0.12 N/m. For some experiments, sheets of utricular sensory epithelium were obtained by incubating the utricles in 0.5% thermolysin at 37°C for 15 min, and mechanically separating the epithelium from the underlying stroma. PeakForce Tapping (PFT) Quantitative Imaging mode was used for high-resolution measurements, as has been performed previously for living inner ear tissues (Theret et al., 1988; Cartagena-Rivera et al., 2019; González-Bermúdez et al., 2019; Katsuno et al., 2019). The AFM probe specially designed for live cell imaging (PFQNM-LC, Bruker) has a tip height of 17 μm, controlled tip radius of 65 nm, and opening angle of 15°. The cantilevers (Bruker, PFQNM-LC-A-CAL) were precalibrated right after manufacturing by Bruker using a laser Doppler vibrometer. We confirmed the precalibration by Bruker using the AFM built-in thermal tuning method, and the obtained spring constant range of the cantilevers was between 0.06 and 0.08 N/m. For PFT-AFM imaging, we used a driving frequency of 500 Hz and drive amplitudes of 500 to 650 nm. The scan speed used was 0.5 Hz. The PeakForce feedback was set between 800 pN and 1.2 nN. The elastic Young’s modulus (stiffness) calculations for both AFM modalities used in this study were performed using NanoScope Analysis software (Bruker). The elastic Young’s modulus (E) was computed by fitting each force-distance curve with the Sneddon’s contact mechanics model for indenting an infinite isotropic elastic half-space with a conical indenter:
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In this equation, F is the applied force, α is the tip half-opening angle, and δ is the sample mean indentation. A single value of E was obtained for each line scan by averaging the eight values that comprised each line scan. One line scan was considered an independent replicate for statistical analysis.



Immunohistochemistry

Utricles were fixed in 4% paraformaldehyde for 1 h at room temperature or Shandon Glyo-Fixx overnight at 4°C. After washing in PBS with 0.1% Triton X-100 (PBST), utricles were blocked in 10% normal goat serum (Vector) in PBST for 2 h at room temperature. Primary antibodies were incubated with 2% normal goat serum at 4°C overnight. After washing in PBST, secondary antibodies were added in 2% normal goat serum and incubated for 2 h at room temperature. Where indicated below, AlexaFluor-conjugated phalloidin (1:100) and Hoechst 33452 (1:500) were incubated along with secondary antibodies to detect actin and nuclei. After washing in PBST, samples were mounted in Prolong Diamond and imaged using a Zeiss 880 confocal microscope or a Zeiss Axiovert 200M widefield microscope. Primary antibodies used included: Rabbit anti-Calretinin (Millipore Sigma AB5054, 1:200), mouse anti-N-cadherin (BD Biosciences 610920, 1:200), rabbit anti-ZO-1 (Thermo Fisher Scientific 40-2200, 1:200), rabbit anti-Chick Occludin (generous gift from Shoichiro Tsukita, 1:200), mouse anti-Spectrin (Millipore MAB1622, 1:200), rabbit anti-phospho-Histone H3 (Ser10) (Millipore 06-570, 1:400), rabbit anti-Cingulin (Zymed 36-4401, 1:200), and rabbit anti-Filamin A (Abcam ab51217, 1:200).



RNA Extraction and Quantitative PCR

To extract RNA, 10 mouse utricles or 2–4 chicken utricles were harvested, pooled, and dissolved in 500 μL TRI-reagent (Molecular Research Center). RNA was precipitated using 2 μL of polyacryl carrier (Molecular Research Center) per the manufacturer’s protocol, and cDNA was generated with a High-Capacity RNA-to-cDNA kit (Applied Biosystems). Quantitative PCR was performed using SensiMix SYBR Green and Fluorescein kit (Quantace) on a MyIQ/iCycler (Bio-Rad). Two technical replicates were used for each run. The Miner algorithm was used to analyze gene expression (Zhao and Fernald, 2005). For mouse utricles, Ppia (also known as Cyclophilin A) served as an endogenous reference gene (forward primer, CAGTGCTCAGAGCTCGAAAGT; reverse primer, GTGTTCTTCGACATCACGGC), and Actn4 was the target gene (forward primer, TCCACTTACAGACATCGTGAACACA; reverse primer, GCATGGTAGAAGCTGGACACATAT). For chicken utricles, ACTB served as an endogenous reference gene (forward primer, CCGGCTCTGACTGACCGCGT; reverse primer, GGCATCGTCCCCGGCGAAAC), and ACTN4 was the target gene (forward primer, ACGGAGCGCCATGGTGGATT; reverse primer, AGCAGCAGGTCTCGGTCCCA). Three biological replicates were acquired for mouse samples, and two biological replicates were acquired for chicken samples. An unpaired t-test was used for statistical comparison of gene expression between different ages.



Measurement of Macular Area

After performing micropipette aspiration measurements, utricles of adult control and Actn4 cKO mice were labeled with phalloidin and imaged on a Zeiss 880 confocal microscope. Maximum intensity projections were generated in FIJI, and outlines of the utricular maculae were hand-drawn by using stereociliary bundles to determine the macular border. The macular areas of the left and right utricles were averaged together to produce one value of macular area per mouse, which was considered an independent biological replicate for statistical analysis.



Transmission Electron Microscopy

Transmission electron microscopy (TEM) images of the apical junctional region of utricles from Actn4 KO mice were obtained as previously described (Burns et al., 2008). Briefly, mice were euthanized as above, and within 3 min a fixative solution composed of 3% glutaraldehyde in 0.15 M sodium cacodylate buffer at pH 7.4 was injected into the superior semicircular canal to replace the endolymph. The labyrinth was then isolated and fixed overnight at 4°C. Then the utricle was dissected in 0.15 M cacodylate buffer and post-fixed in 1% osmium-tetroxide. The tissue was dehydrated in a graded ethanol series and infiltrated with Epon 812 (Electron Microscopy Sciences, Hatfield, PA, United States). Thin sections were cut in the plane parallel to the epithelial surface with a diamond knife. Sections were collected on copper grids and stained 5 min with lead citrate, 15 min with uranyl acetate, and 5 min with lead citrate. A JEOL 1230 transmission electron microscope was used for imaging.



Cell Shape Measurements

Supporting cell apical junctions were visualized by immunostaining for ZO-1 or N-cadherin in mouse utricles and immunostaining for cingulin, occludin, or N-cadherin in chicken utricles. For cell shape measurements, five images were acquired per utricle with 30 contiguous SCs quantified from the center of each image, all of which were pooled and considered an independent observation. Mouse utricles were imaged in five standardized locations (lateral extrastriolar, anterior, medial, posterior, and central (striolar) regions). All images of the chicken utricle were acquired in the large, medial extrastriolar region.

All image analysis was done using FIJI. First, SC apical domains were hand-traced from high-magnification images of the utricular apical surface, with 30 contiguous cells analyzed from the center of each image. The apical domain area of each SC was measured. Then, each SC apical domain was fit to an ellipse using the software’s built-in function, which provided the length of each apical domain’s major axis, minor axis, and angular orientation. Elongation (length:width ratio) was calculated from the ratio of the major and minor axes of each apical domain. The intercellular alignment for a given image was calculated using the following equation, where n is the number of apical domains analyzed in the image (30), θmed is the median ellipse orientation for a given image, and θi is the orientation of ellipse i.
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Using this definition, perfectly aligned cells have a value of 0° deviation from the median angle, and randomly aligned cells have an intercellular alignment approaching 45° deviation from the median angle.



Measurement of Cell Division Orientation

To measure cell division orientation in the developing chicken utricle, utricles were harvested at E14 and immunostained for phospho-histone H3 (PH3) to label dividing cells and spectrin to label the cuticular plates of HCs. Using an Axiovert 200M inverted microscope, cells in metaphase and anaphase were identified. Each mitotic figure was imaged together with nearby HC cuticular plates, which were used to determine the local axis of HC polarity. The division axis of a cell in metaphase was determined by drawing a line that spanned the metaphase plate, measuring its angle in FIJI, and adding 90° to account for the fact that metaphase cells divide perpendicular to the orientation of their metaphase plate. The division axis of a cell in anaphase was determined by drawing a line from one pole to the other and measuring its angle in FIJI. The local axis of HC polarity was determined by averaging the polarity of the six HCs closest to each mitotic figure. Each HC’s polarity was measured by drawing a line that bisected its spectrin-labeled cuticular plate and terminated at the fonticulus, and the resulting angle was measured in FIJI. The difference between each cell’s division axis and the axis of local HC polarity was recorded as “degrees deviation from local HC polarity.” Using this definition, the cell division orientation can range from 0° (division axis parallel to the local axis of HC polarity) to 90° (division axis perpendicular to the local axis of HC polarity).

To measure cell division orientation in the regenerating chicken utricle, utricles from P2 chickens were harvested and cultured 24 h in medium containing 1 mM streptomycin sulfate to ablate HCs. Utricles were then transferred to a dish containing standard culture medium and incubated an additional 48 h prior to fixation. Anti-cingulin was used to label cell junctions, and Hoechst 33342 was used to label nuclei. The orientations of dividing cells in metaphase or anaphase were measured as described above. Because HCs were ablated, the orientation of cell divisions was measured with respect to the long axis of neighboring SCs, which aligns with the axis of HC polarity. To do this, the apical domains of the six closest SCs were outlined using cingulin immunoreactivity and fit to an ellipse using FIJI. Then, the orientations of the major axes of the ellipses were averaged together. The difference between a given cell’s division axis and the local axis of SC elongation was recorded as “degrees deviation from local SC elongation.” Using this definition, the cell division orientation can range from 0° (division axis parallel to the local axis of SC elongation) to 90° (division axis perpendicular to the local axis of SC elongation).



Time-Lapse Imaging

Chicken utricles were harvested and incubated in culture medium containing 100 nM SiR-actin (Cytoskeleton CY-SC006) for 6 h to label F-actin. They were then transferred to DMEM/F-12 + HEPES containing 3 μM FM1-43FX (Thermo Fisher F35355) for 3 min to label HCs. For imaging, utricles were transferred to a Zeiss POCR chamber with a 42 mm coverglass that contained DMEM/F-12 + HEPES supplemented with 10% FBS. A wax barrier bisected the chamber for the simultaneous imaging of two utricles. Utricles were immobilized HC-side down with a miniature “harp” (gold wire threaded with fine nylon) as previously described (Bird et al., 2010). Then, the imaging chamber was placed on a 37°C heated stage insert supplemented with 5% CO2. Just prior to image acquisition, blebbistatin was spiked into one side of the bisected chamber at a final concentration of 50 μM, and DMSO was added to the second side as a vehicle control. The time-lapse was acquired on a Zeiss 880 confocal microscope, with z-stacks obtained at 10 min intervals for a duration of 9 h.



Statistics

GraphPad Prism 9 software was used for statistical tests. Unpaired student’s t-tests or Mann-Whitney tests were used for pairwise comparisons. ANOVA was used to analyze comparisons among three or more groups, and Tukey’s test was applied where indicated. The Kolmogorov-Smirnov (KS) test was used to test whether cell division orientations were randomly oriented, with a uniform distribution as the null hypothesis. Unless otherwise stated, bar graphs display mean ± 95% confidence interval, with dots denoting independent biological replicates. Test statistics, sample sizes, degrees of freedom, and p-values are reported in the Results, on graphs, or in the figure legends. For all tests, a p-value less than 0.05 was considered statistically significant.




RESULTS


Utricular Sensory Epithelia of Mature Mice Are More Resistant to Deformation Than Those of Developing Mice and Chickens

To test the hypothesis that the surface of the sensory epithelium would become more resistant to deformation as mice develop and mature, we used the customized micropipette aspiration described above in utricles from E16, P0, or adults > 6 weeks old (Figures 1A–C). Similar deformation lengths were measured in E16 and P0 mouse utricles (10.1 ± 0.8 μm and 9.5 ± 0.9 μm, mean ± 95% confidence interval), corresponding to tissue-level elastic moduli of 3.3 ± 0.3 kPa and 3.5 ± 0.3 kPa, respectively. In contrast, utricles from adults deformed less than half as much (4.4 ± 2.5 μm; p < 0.0001, F(2,13) = 38.16, ANOVA, n = 4–7 utricles per condition, Figure 1D), which corresponds to a 2.5-fold increase in elastic modulus compared to that measured in utricles from newborn mice (8.7 ± 6.8 kPa; p = 0.0027, F(2,13) = 2.24, ANOVA, n = 4–7 utricles per condition, Figure 1E).

To compare the stiffness of mouse utricles to measurements from a non-mammalian vertebrate that readily regenerates hair cells, we applied the same technique in utricles from P3 and P36-40 chickens. Despite the age difference, the measurements of mean deformation lengths showed no significant difference (12.2 ± 0.7 μm vs. 11.6 ± 1.0 μm, p = 0.36, t(17) = 0.93, unpaired t-test, n = 6–13 utricles per condition, Figure 1D), and no significant difference in calculated elastic moduli (2.7 ± 0.1 kPa vs. 2.9 ± 0.3 kPa, p = 0.31, t(17) = 1.06, unpaired t-test, n = 6–13 utricles per condition, Figure 1E). Moreover, the deformation lengths of P36-40 chicken utricles were 2.6-fold greater than those measured for adult mice (p < 0.0001, t(15) = 7.7, unpaired t-test, n = 4–13 utricles per condition, Figure 1D), which corresponds to an elastic modulus ∼1/3 of that for their mammalian counterparts (p < 0.0001, t(15) = 7.2, unpaired t-test, n = 4–13 utricles per condition, Figure 1E).

To independently assess surface mechanical properties of utricles from neonatal mice, adult mice, and embryonic chickens, we used AFM. Consistent with the results from micropipette aspiration, AFM yielded a median elastic modulus for the utricles from adult mice that was 3.8-fold greater than that for P1-2 mice (8.8 kPa vs. 2.3 kPa, p = 0.036, Mann-Whitney test, n = 10–11 line scans per condition, Figure 1F) and 4.9-fold greater than that for utricles from E15 chickens (8.8 kPa vs. 1.8 kPa, p = 0.0033, Mann-Whitney test, n = 11–19 line scans per condition, Figure 1F). When we used AFM to measure the surface of delaminated sheets of utricular epithelium, values obtained were not significantly different than the AFM measurements from the surfaces of utricles which contained the underlying stroma (mouse: p = 0.43, chicken: p = 0.46, Mann-Whitney test, n = 6–19 line scans per condition, Supplementary Figure 1). This indicates that the original measurements made in utricles containing the stroma reflect the mechanical properties of the sensory epithelium itself. Furthermore, calculated elastic moduli from micropipette aspiration measurements were not significantly different than those obtained from AFM (P0-P2 mice: 3.5 kPa vs. 2.3 kPa median elastic modulus, p = 0.23, p = 0.95, Mann-Whitney test, n = 4–11 measurements). Taken together, the data indicate that maturational changes in the mouse utricle result in the sensory epithelium developing greater resistance to deformation than the sensory epithelium of the chicken utricle, where we did not detect postembryonic stiffening.



F-Actin Depolymerization and Deletion of Actn4 Reduce the Stiffness of Mature Mouse Utricles

High-resolution AFM measurements and topography mapping at the epithelial surface of utricles from neonatal and adult mice revealed apical protrusions corresponding to HC stereociliary bundles (Figures 2A,C). In adult mouse utricles, the measured elastic moduli at the intercellular junctions of SCs often exceeded 100 kPa with maximum peaks reaching ∼300 kPa (Figures 2D,E), while corresponding regions in P2 mouse utricles rarely exceeded 50 kPa (Figures 2B,E). The results indicate that the intercellular junctions in mouse vestibular SCs become significantly stiffer with age, and thus more resistant to changes in cell shape.
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FIGURE 2. High-resolution AFM measurements of utricular sensory epithelia from neonatal and adult mice show elevated stiffness at intercellular junctions. (A,C) Topography mapping of the utricular surface from P2 and adult mice reveals locations of hair bundles. (B,D) Elastic modulus mapping of the utricular surface shows elevated stiffnesses in regions corresponding to HC cuticular plates and intercellular junctions. (E) Line scans depicting elastic modulus along the red traces in (B,D).


Imaging during micropipette aspiration measurements in utricles from P0 and adult γ-actin–GFP mice showed that F-actin at the apices of SCs is deformed, consistent with a hypothesized contribution to stiffness (Supplementary Movie 2). To test whether the stiffness of the mouse utricular epithelium is dependent on F-actin, we cultured utricles from adult mice in the presence of 100 nM cytochalasin D for 24 h, which depolymerized the F-actin bands in SCs (Figures 3A,B; Burns and Corwin, 2014). Micropipette aspiration revealed that cytochalasin D treatment resulted in a nearly 40% increase in deformation length over DMSO controls (7.3 ± 0.7 vs. 5.3 ± 1.1 μm, p = 0.002, t(12) = 3.94, unpaired t-test, n = 7 utricles per condition, Figures 3C–E), corresponding to a 24% decrease in elastic modulus (6.5 ± 1.1 vs. 4.6 ± 0.5 kPa, p = 0.002, t(12) = 3.91, unpaired t-test, n = 7 utricles per condition, Figure 3F). Thus, F-actin substantially stiffens the utricular epithelium in adult mice.
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FIGURE 3. F-actin depolymerization and deletion of the cross-linker Actn4 each disrupt the morphology of the circumferential F-actin bands in SCs of adult mouse utricles and reduce stiffness of the apical surface. (A,B) Representative images of phalloidin-labeled F-actin in utricles from adult mice that were cultured for 24 h in DMSO or 100 nM cytochalasin D (Cyto D), an F-actin depolymerizing agent. Insets depict higher-magnification views of a SC-SC junction. (C,D) Micropipette aspiration of utricles from adult mice that were cultured in DMSO or 100 nM Cyto D for 24 h. Red dashed lines denote the deformation lengths. (E) Blinded quantification revealed that the mean deformation length of utricles cultured in Cyto D was significantly greater than that of DMSO-treated controls. Dots represent an average of at least three measurements from a single utricle. (F) Quantification of elastic modulus revealed a significant difference in stiffness. (G,H) Circumferential F-actin bands were normal in utricles of control Actn4flox/flox mice, but those in Actn4 cKO mice had disrupted morphology. (I,J) Actn4 immunostaining labeled the F-actin bands in control mice, but the F-actin bands in Actn4 cKO mice had sharply reduced immunoreactivity. (K,L) Quantification of deformation length and elastic modulus from micropipette aspiration of utricles from Actn4 cKO mice and littermate controls. All data are shown as mean ± 95% confidence interval.


Next, we investigated the expression of actin-binding genes in mouse utricles using RT-qPCR. We observed that Alpha-Actinin-4 (Actn4), which cross-links actin filaments and tethers them to cadherin-catenin complexes at adherens junctions (Tang and Brieher, 2012), increases 2.4-fold from P0 to P83 (p < 0.0001, t(4) = 18.3, n = 3 replicates, Supplementary Figure 2A). Consistent with this, examination of publicly available RNA sequencing data of mouse utricular sensory epithelia revealed a 1.4-fold increase in Actn4 expression between E17 and P9 (p = 0.0114, t(4) = 4.43, n = 3 replicates, Supplementary Figure 2B; Gnedeva and Hudspeth, 2015). We detected the ortholog ACTN4 in chicken utricles by RT-qPCR but found no significant change in expression between the ages of P0 and P30-60 (p = 0.28, t(2) = 1.46, n = 2 replicates, Supplementary Figure 2A).

We observed that Actn4 localizes to the exceptionally thick circumferential F-actin bands in mouse SCs (Figures 3G,I). To characterize the effect of Actn4 on the morphology of the F-actin bands, we used Actn4 KO mice that have whole-body deletion of the Actn4 gene (Kos et al., 2003). Since mice with homozygous deletion of Actn4 rarely survived past weaning age (21/175, 12%), we obtained TEM images from utricles of P23 Actn4 KO and wild-type mice. Deletion of Actn4 reduced the density of the perijunctional F-actin network as can be seen in Supplementary Figure 3.

To circumvent the perinatal lethality of whole-body Actn4 deletion, we generated conditional knockout mice in which Actn4 deletion is restricted to the embryonic forebrain and other discrete head structures, including the otic vesicle (Actn4 cKO, see section “Materials and Methods”). Actn4 cKO mice were viable and fertile, and showed no significant difference in the area of the utricular sensory epithelia compared to Actn4flox/flox littermate controls (1098 ± 62 vs. 1126 ± 85 μm2, p = 0.43, t(6) = 0.85, unpaired t-test, n = 4 adult mice per condition, Supplementary Figure 4). Conditional deletion of Actn4 in vestibular SCs was confirmed by immunostaining, which showed that morphology of the F-actin bands was disrupted in utricles where the cross-linker was absent (Figures 3H,J).

To test whether Actn4 cross-linking within the F-actin bands stiffens the utricular epithelium, we performed micropipette aspiration on utricles from aged (16–24 months) Actn4 cKO mice and littermate controls. The epithelial surface of the utricles from Actn4 cKO mice deformed 19% more than Actn4flox/flox littermate controls (5.4 ± 0.4 vs. 4.5 ± 0.6 μm, p = 0.012, t(18) = 2.79, unpaired t-test, n = 10 utricles per condition, Figure 3K). That corresponds to an 18% reduction in elastic modulus (6.4 ± 0.4 vs. 7.6 ± 0.8 kPa, p = 0.005, t(18) = 3.22, unpaired t-test, n = 10 utricles per condition, Figure 3L). The results thus far showed that the mouse utricular epithelium stiffens as it matures, that the apical junctions are sites of particular stiffness, and that stiffness depends on both the F-actin bands and Alpha-Actinin-4. Contrasting with that, the F-actin belts of SCs in the chicken utricular epithelium remain thin, readily regenerate HCs even as adults, and are considerably more compliant than their counterparts in mice.



Supporting Cell Elongation in the Chicken Utricle Provides Evidence of Anisotropic Tissue Tension

The shapes of epithelial cells reflect a balance of forces from internal hydrostatic pressure, adhesion, and actomyosin contractility (Mao and Baum, 2015). In the course of this investigation, we observed that SC surfaces in wild-type mice resemble regular polygons, while those in chickens are elongated (Supplementary Figures 5A,E). To determine whether and how differences in cell surface shapes arose during development, we measured the outlines of SC surfaces at multiple developmental timepoints, quantifying changes in SC area, elongation, and alignment (Supplementary Figures 5A–I).

In mouse utricles, the area enclosed by the surface outline of the average SC increased by ∼80% from E16 through adulthood (p = 0.0008, F(2,8) = 20.0, ANOVA, n = 3–4 utricles per condition, Figures 4A–C,H,I). The average area of chicken SCs also grew with developmental age, increasing ∼50% from E7 to P0 (p = 0.001, F(3,16) = 9.05, ANOVA, n = 3–7 utricles per condition, Figures 4D–I).
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FIGURE 4. SCs in mouse utricles do not undergo dramatic shape changes during development and postnatal maturation, whereas those in chickens become elongated and locally aligned during development. (A–C) Confocal images of utricles from mice of various ages. Images are from the striolar region. (D–G) Confocal images of utricles from chickens of various ages. (H) Quantification reveals that SC apical domains become significantly larger over time (Mouse: p = 0.0008, F(2,8) = 20.0, ANOVA, n = 3–4 utricles per condition; Chicken: p = 0.001, F(3,16) = 9.05, ANOVA, n = 3–7 utricles per condition). The mean SC area was significantly greater in adult mice than P0 chickens (p = 0.0141, t(7) = 3.2, unpaired t-test, n = 4–5 utricles per condition). Both mouse and chicken SCs became significantly more elongated with age (Mouse: p = 0.044, F(2,8) = 4.7, ANOVA, n = 3–4 utricles per condition; Chicken: p = 0.001, F(3,16) = 25.5, ANOVA, n = 3–7 utricles per condition), though elongation was significantly greater in P0 chicken SCs compared to SCs in adult mice (p = 0.0002, t(7) = 7.1, unpaired t-test, n = 4–5 utricles per condition). Alignment did not significantly change in mouse SCs with age (p = 0.18, F(2,8) = 2.1, ANOVA, n = 3–4 utricles per conditions), but significantly increased with age in chicken SCs (p < 0.0001, F(3,18) = 39.9, ANOVA, n = 3–7 utricles per condition). SCs of the P0 chicken utricle were significantly more aligned than those of adult mouse utricles (p < 0.0001, t(9) = 21.9, unpaired t-test, n = 4–7 utricles per condition). (I) The average shapes of SC apical domains in mouse and chicken utricles are depicted as ellipses to denote relative area and length:width ratio.


Differences in surface structure between mouse and chicken SCs became more apparent when we assessed elongation. The surfaces of mouse SCs maintained fairly regular shapes, with the length:width ratios of cell outlines increasing by just ∼8% between E16 and adulthood (E16: 1.4 ± 0.01, Adult: 1.6 ± 0.1, p = 0.044, F(2,8) = 4.7, ANOVA, n = 3–4 utricles per condition, Figure 4H). In contrast, SC surfaces in embryonically developing chickens became progressively elongated. By P0, the length:width ratio of chicken SCs averaged 4.2 ± 0.9, more than twice the ratio for SCs at E7 (p = 0.001, F(3,16) = 25.5, ANOVA, n = 3–7 utricles per condition, Figure 4H).

By observing the orientation of HC cuticular plates, which we immunostained using an antibody to spectrin, we determined the local axis of planar HC polarity. Immunostaining for spectrin and occludin revealed that chicken SCs are elongated and aligned parallel to the local axis of planar HC polarity (Supplementary Figure 5J). At E7, the deviation of the average SC from the local median angle was 23° ± 6° but the average deviation shrank to just 7° ± 1° by P0 (p < 0.0001, F(3,18) = 39.9, ANOVA, n = 3–7 utricles per condition, Figure 4H). In contrast, mouse SCs did not exhibit detectable alignment with age (E16: 24° ± 6°, Adult: 24° ± 9°, p = 0.18, F(2,8) = 2.1, ANOVA, n = 3–4 utricles per condition, Figure 4H).

The measurements show that the regular polygonal apical surfaces of SCs in mouse utricles approximate a standard, low-energy configuration. In contrast, SCs in the developing chicken utricle become elongated and collectively aligned with the planar polarity axis, which is a higher-energy configuration and likely results from anisotropic forces in the epithelium.



Normal Supporting Cell Shape Requires Maintained Actomyosin Contractility in the Utricles of Chickens, but Not in Mice

The contractile force of non-muscle myosin II on the junction-associated F-actin belt is an important determinant of cell shape in epithelia (Ebrahim et al., 2013). Mouse and chicken utricles both express non-muscle myosin II isoforms as illustrated by RNA-sequencing data (Supplementary Figure 2C; Ku et al., 2014; Gnedeva and Hudspeth, 2015). We hypothesized that myosin II contractility influences the shape of vestibular SC surfaces. To test this, we cultured P0 chicken utricles in the presence of either DMSO or 50 μM blebbistatin, an inhibitor of non-muscle myosin II contractility, for 24 h before fixing and immunostaining for N-cadherin and calretinin to label cell junctions and HCs, respectively. Confocal microscopy showed a normal, approximately planar sensory epithelium surface in each of the DMSO-treated utricles, but the sensory epithelium in each of the utricles cultured in blebbistatin developed a striking series of ridges and valleys, which we refer to as “ruffles” (Figures 5A,B). The ruffles were regularly spaced ∼25 μm apart and fanned out laterally, paralleling the local axis of HC polarity. Z-axis projections from confocal microscopy revealed that the epithelial surface of the blebbistatin-treated utricles had buckled (Figures 5C,D).


[image: image]

FIGURE 5. Inhibition of non-muscle myosin II activity led to dramatic expansion of SC apical domains in utricles of P0 chickens but had no detectable effect on the shapes of SCs in P0 mouse utricles. (A,B) Chicken utricles were cultured for 24 h in the presence of DMSO (A) or 50 μm blebbistatin (B). Blebbistatin treatment resulted in a “ruffled” appearance of the epithelial surface. (C,D) Z-projections depicting buckling of the epithelium after blebbistatin treatment. (E–I) Utricles from P0 mice and P0 chickens were cultured for 5 h in the presence of 50 μM blebbistatin or DMSO vehicle control before fixation. Some blebbistatin-treated utricles of P0 chickens were rinsed and fixed after a total of 16 h (Washout, I). (J) Quantification revealed that in SCs of mouse utricles, blebbistatin treatment did not lead to significant differences in apical domain area (p = 0.24, t(6) = 1.30, unpaired t-test, n = 4 utricles per condition), length:width ratio (p = 0.51, t(6) = 0.70, unpaired t-test, n = 4 utricles per condition), or intercellular alignment (p = 0.88, t(6) = 0.15, unpaired t-test, n = 4 utricles per condition) compared to controls treated with DMSO. In contrast, blebbistatin treatment significantly affected SC area (p = 0.027, t(8) = 2.7, n = 5 utricles per condition) and length:width ratio (p = 0.0485, t(8) = 2.3, n = 5 utricles per condition) in chicken utricles, with alignment not reaching statistical significance (p = 0.11, t(8) = 1.8, n = 5 utricles per condition). Upon washout of blebbistatin, changes to SC area (p = 0.0062, t(8) = 3.7, n = 5 utricles per condition), elongation (p = 0.027, t(8) = 2.3, n = 5 utricles per condition), and intercellular alignment (p = 0.042, t(8) = 2.7, n = 5 utricles per condition) were reversible.


To determine how this dramatic change in sensory epithelium form came about, we recorded images from P0 chicken utricles in time-lapse microscopy after labeling with SiR-actin, a cell-permeable live-cell probe that is highly specific for F-actin. At the start of image acquisition, DMSO was spiked into the medium containing a chicken utricle in one half of a two-compartment imaging chamber, and blebbistatin was spiked into the medium around another chicken utricle in the other chamber at a final concentration of 50 μM. The shapes of SCs in the DMSO-treated utricles did not change during the 9 h time-lapse (Supplementary Movie 3), while the apical surfaces of SCs in the blebbistatin-treated utricles began to expand noticeably starting at ∼3 h. We expected that shape changes would occur stochastically, but instead the time-lapse recordings revealed SC surfaces changing shape and size in concert with their neighbors. When the time-lapse images encompassed larger areas of the sensory epithelium it became apparent that the cellular surface expansion was propagating across the epithelium, suggesting a wavefront of SC surface relaxation. Measurements of SC surface outlines showed that the expansion of SCs was anisotropic, with the short axis of the SC surfaces increasing 1.1 ± 0.2 μm on average, which was more than three times the 0.3 ± 0.5 μm average increase in the long axis (p = 0.006, t(29) = 3.0, paired t-test, n = 30 cells). We conclude that a previously unrecognized requirement for actomyosin contractility maintains anisotropic tension and normal supporting cell surface shapes in the chicken utricular epithelium, since inhibition of myosin II contractility quickly led to anisotropic SC expansion that resulted in buckling of the sensory epithelium.

To further quantify the effect, we cultured utricles from chickens and mice in the presence of DMSO or 50 μM blebbistatin for 5 h. At that point, most cultures were either fixed and processed for immunohistochemistry, but some blebbistatin-treated utricles were cultured for 16 h before rinsing and fixation. The 5-h blebbistatin treatment of P0 chicken utricles resulted in a 20% increase in SC area and a 20% decrease in the average SC length:width ratio (area: p = 0.027, t(8) = 2.7; length:width ratio: p = 0.0485, t(8) = 2.3; alignment: p = 0.11, t(8) = 1.8, unpaired t-test, n = 5 utricles per condition, Figures 5G–J). Upon washout, the effects of blebbistatin on SCs in the chicken utricle were reversible (area: p = 0.0062, t(8) = 3.7; length:width ratio: p = 0.027, t(8) = 2.3; alignment: p = 0.042, t(8) = 2.7, unpaired t-test, n = 5 utricles per condition, Figures 5G–J).

In contrast to the dramatic effects we observed in the chicken utricle, blebbistatin treatments of P0 mouse utricles produced no detectable differences in SC area, elongation, or alignment (area: p = 0.24, t(6) = 1.30; length:width ratio: p = 0.51, t(6) = 0.70; alignment: p = 0.88, t(6) = 0.15, unpaired t-test, n = 4 utricles per condition, Figures 5E,F,J). We repeatedly tested this in our laboratory but have not found any experimental conditions under which blebbistatin inhibition of myosin II in mouse utricles causes substantial changes in SC shape or leads to epithelial buckling.

Since chickens are precocious at hatching and newborn mice are altricial, P0 chicken utricles may be at a more advanced developmental stage than P0 mouse utricles. For that reason, we repeated the experiment using blebbistatin treatment of P75 mouse utricles, which yielded no detectable differences in SC area or intercellular alignment (area: p = 0.46, t(6) = 0.80; alignment: p = 0.11, t(6) = 1.90, n = 4 utricles), and a minimal 5% reduction in length:width ratio (p = 0.031, t(6) = 2.80, n = 4 utricles, Supplementary Figure 6). The results show that the sizes and shapes of F-actin-stiffened apical domains of SCs in mouse utricles are maintained independent of non-muscle myosin II contractility. In sharp contrast, the more readily deformable SCs in the chicken utricle require continuous actomyosin contractility to maintain their distinct elongated and aligned surface shapes.



Supporting Cells in Chicken Utricles Divide Perpendicular to Hair Cell Polarity During Development and Regeneration

In epithelial monolayers that experience anisotropic tensional stress, cell divisions typically occur with the cleavage plane orthogonal to the cell’s long axis, so the division of an elongate cell results in two less elongated cells and reduced tensional stress (Wyatt et al., 2015). The propensity for elongated cells to divide along that axis is known as “Hertwig’s rule” (Hertwig, 1884). To determine whether the cell divisions of elongated SCs in the chicken utricle are oriented in a non-random manner, we harvested utricles at E14 and immunostained them with anti-phospho-Histone 3 (PH3), which binds to condensed chromatin during mitosis. The orientations of 119 cells that were in metaphase or anaphase were analyzed with reference to the local axis of HC polarity, as determined by spectrin immunostaining (Figures 6A–D). The measured sample of cell division orientations was clearly non-random (p = 1.512e–10, D = 0.313, KS test, n = 119 cells, Figure 6I). We were surprised to see that the majority of mitotic figures were oriented orthogonal to the planar axis of HC polarity, so the cleavage plane of the ensuing cell divisions would occur parallel to the SC’s long axis in violation of “Hertwig’s rule” (Figures 6A,B).
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FIGURE 6. The majority of supporting cell divisions in the developing and regenerating chicken utricle are oriented such that the division axis is perpendicular to the axes of HC polarity and SC elongation. (A–D) The orientation of PH3-labeled mitotic figures in metaphase (A,B) and anaphase (C,D) were measured with respect to the local axis of HC polarity, as visualized by spectrin immunostaining. (E–H) To determine whether regenerative cell divisions were oriented, utricles from P2 chickens were cultured in 1 mM streptomycin for 24 h to ablate HCs and fixed after a total of 72 h. Due to the high efficiency of HC killing with this approach, no HCs are present in the images. Images of cells in metaphase (E,F) and anaphase (G,H) were acquired with Hoechst labeling of cell nuclei, and the orientation of mitotic figures was measured with respect to the local axis of SC elongation, as visualized by cingulin immunostaining. (I) Top: Histograms of cell division orientation during development and regeneration. The bins have a width of 10 degrees and the x-axis labels denote the upper boundary of each bin. The dashed lines denote a uniform distribution (i.e., randomly oriented divisions). Bottom: Cumulative distribution functions of cell division orientation during development and regeneration. Dashed lines denote randomly oriented cell divisions. KS tests revealed that the measured cell division orientations were significantly non-random during development (p = 1.512e-10, D = 0.313, n = 119 cells) and regeneration (p = 2.368e-8, D = 0.254, n = 141 cells).


To test whether regenerative cell divisions orient similarly, we harvested utricles from P2 chickens and killed HCs by culturing the utricles in the presence of 1 mM streptomycin for 24 h, prior to washout and culturing 48 h more in control medium before fixation. Orientations of 141 mitotic figures in metaphase and anaphase were measured relative to the local axis of SC elongation, which is aligned with the axis of HC polarity (Supplementary Figure 5J). As in development, regenerative cell divisions were not randomly oriented (p = 2.368e–8, D = 0.254, KS test, n = 141 cells, Figure 6I). Rather, the majority of mitotic figures were oriented such that the cleavage plane would be parallel to the SC’s long axis (Figures 6E–I). Thus, in development and regeneration, and contrary to “Hertwig’s rule,” cell divisions in chicken utricles tend to orient in a manner that would appear to contribute to, rather than dissipate, anisotropic tensional stress.




DISCUSSION

Auditory SCs in mammals develop highly specialized morphologies and are positioned in precisely ordered rows along the organ of Corti, making them significantly different from their less specialized counterparts in the auditory epithelia of fish, amphibians, reptiles, and birds. SCs in the vestibular organs of humans and other mammals closely resemble those of non-mammals in overall form and positioning, but they lack the high capacity for regenerative replacement of lost HCs that allows non-mammals to quickly recover sensory function. There are, however, two cellular specializations that distinguish vestibular SCs in mammals from those in nearly all non-mammals: The first to be recognized in mammalian SCs was the exceptionally robust circumferential F-actin bands, which grow in thickness until they occupy 89% of the average SC area at the level of the adherens junction (Meyers and Corwin, 2007; Burns et al., 2008). The second recognized specialization was E-cadherin, which is expressed at high levels in the adherens junctions and basolateral membranes of mammalian SCs but is absent or expressed at very low levels in the SCs and vestibular epithelia of birds, turtles, amphibians, bony fish, and sharks (Collado et al., 2011b; Burns et al., 2013). Those observations and the results of prior experiments led to two hypotheses: that the highly reinforced, E-cadherin-rich junctions in mature mammalian vestibular epithelia might dampen local intraepithelial tension changes that arise when cells are lost, and that such dampening of those mechanical signals might reduce the capacity for mammalian SCs to respond to HC losses by changing shape and participating in regenerative proliferation (Meyers and Corwin, 2007; Burns and Corwin, 2013).

Prior to this study, there was a lack of direct evidence as to whether the reinforced adherens junctions of mammalian SCs affect the mechanical properties of the utricular epithelium. Our results show that accumulation of F-actin and the expression of Alpha-Actinin-4 at SC-SC junctions stiffen the utricular epithelium substantially as mice mature. Stiffness measured in the mouse sensory epithelium was considerably greater than our measurements from the highly regenerative chicken utricle, where the F-actin belts remain thin throughout life. While blebbistatin-mediated inhibition of non-muscle myosin II contractility produced no detectable changes in the shape or surface area of SCs in mouse utricles, in chicken utricles it caused SC shape change, dramatic expansion of SC surfaces, and buckling of the sensory epithelium. Taken together, our findings show that the utricular sensory epithelium in chickens behaves as a mechanical syncytium, with deformable SCs collectively responding to changes in intraepithelial tension such as those produced when cells are lost from the epithelium. Epithelial cell loss deforms nearby cells, changing tension in their cortical F-actin and intercellular junctions (Karsch et al., 2017), which can activate mitogenic YAP-TEAD signaling (Rauskolb et al., 2014; Benham-Pyle et al., 2015). The mechanical differences measured in this study are consistent with unexplained species differences in SC responses and HC regeneration. When HCs in chicken ears die, nearby, compliant SCs rapidly change shape, which is associated with robust nuclear accumulation of YAP and subsequent S-phase entry (Cotanche, 1987; Corwin and Cotanche, 1988; Bird et al., 2010; Collado et al., 2011a; Rudolf et al., 2020).

In contrast with the properties of utricular epithelium in chickens, the mechanical properties of the utricular sensory epithelium in the mouse are dominated by stiffness that depends in part on exceptionally thick and cross-linked F-actin bands at the level of SC junctions. It appears likely that the apical domain stiffness of mammalian supporting cells limits and blunts dynamic mechanical signals produced during cell loss and restricts collective mechanical behavior that can govern more effective epithelial repair. Consistent with this, the progressive stiffening of adherens junctions in mouse SCs correlates with reduced rates of shape change and proliferation, and with restricted responses to HC loss observed by time-lapse microscopy that are limited to just the closest neighboring SCs (Meyers and Corwin, 2007; Collado et al., 2011a; Burns and Corwin, 2014).

In another study, we recently reported that treatments with EGF and a GSK3β inhibitor cause significant thinning of the circumferential F-actin bands in SCs throughout the sensory epithelium in utricles cultured from adult mice (Kozlowski et al., 2020). With time, treatment with EGF and a GSK3β inhibitor caused depletion of E-cadherin at the junctions between SCs located within the striola and resulted in significant SC proliferation that was restricted to the striola. It is noteworthy that thinning of F-actin bands occurred throughout the entire sensory epithelium in those adult utricles but was not in itself sufficient to trigger proliferation. It remains to be determined whether thinning of the F-actin is required for E-cadherin depletion at SC-SC junctions in adult mouse utricles and why the effect on E-cadherin levels was restricted to just the striolar SCs. Our data suggest that treatments with EGF and a GSK3β inhibitor would reduce the stiffness of SCs in the adult mouse utricle, but it remains unknown whether that would cause those SCs to be more responsive to inhibition of myosin II contractility or better able to activate YAP-TEAD signaling. Further studies are required to investigate whether mouse models that have enhanced regenerative capacity have SCs with thinner F-actin bands, greater compliance, and heightened YAP-TEAD signaling.

We did not identify mechanisms that underlie the mouse utricle’s lack of sensitivity to blebbistatin inhibition of myosin II contractility (Figure 5). One possibility is that presence of Actn4 or other actin cross-linkers such as Filamin A and Tropomodulin 1, which also localize to the F-actin bands (data not shown), could reduce the efficiency of actomyosin contractility (Ennomani et al., 2016). Interestingly, blebbistatin treatments are reported to induce expansion of SC surfaces in cochleae explanted from embryonic and newborn mice (Ebrahim et al., 2013; Cohen et al., 2020), where circumferential F-actin bands are not as thick as in utricular SCs (Burns et al., 2008, 2013). The thinner F-actin bands in SCs of the developing cochlea may be important for convergent extension, cell intercalation, and other morphogenic movements that are essential to the development of the organ of Corti’s precise patterning (Cohen et al., 2020). The circumferential F-actin bands of Deiters cells and pillar cells thicken postnatally (Burns et al., 2013), and the epithelial surface becomes stiffer (Szarama et al., 2012; Chen et al., 2021), but it remains to be determined whether SCs in the cochleae of older mice become insensitive to blebbistatin treatment.

The findings presented here suggest that the thick circumferential F-actin bands could have provided two selective advantages during mammalian evolution. Stiffness conferred by the thick F-actin bands may have contributed to enhanced fidelity of HC mechanoelectrical transduction, particularly at high sound frequencies where the sensitivity of numerous mammalian species greatly exceeds that in birds and other non-mammals. The thick F-actin bands of mammalian SCs also appear likely to have imparted an energetic advantage, since the maintenance of mammalian SC shape does not rely on constitutively maintained, ATP-dependent activity of non-muscle myosin II, as shown in the blebbistatin results. In contrast, SCs of the utricles of birds appear to require continuous expenditure of ATP to sustain myosin II contractility that maintains their compact apical domains, surface shapes and sizes, as well as the planar form of the chicken utricular epithelium, which changes dramatically when myosin II contraction is inhibited. Both potential advantages warrant further exploration, as does the possibility that the mechanical properties and responses of SCs in chicken vestibular epithelia may be shared with the vestibular epithelia in reptiles, amphibians, bony fish, and sharks that also retain thin circumferential F-actin belts throughout life and express little or no E-cadherin in the sensory epithelium (Burns et al., 2013).

The progressive elongation and alignment of SCs in the embryonic chicken utricle is a hallmark of accumulating anisotropic tensile stress. Typically, cell divisions are oriented such that the cleavage plane occurs perpendicular to the cell’s long axis (Hertwig, 1884), which reduces anisotropic stress (Campinho et al., 2013; Wyatt et al., 2015). Yet, contrary to “Hertwig’s rule,” during development and in regeneration SC mitoses in the chicken utricle are oriented such that the cleavage will be parallel to the cell’s long axis (Figure 6). The results suggest that the cell divisions and subsequent cell growth would increase anisotropic stress. Time-lapse microscopy and other measures will be needed to confirm or refute that hypothesis. An intriguing possibility is that the orientation of the SC divisions promotes the accumulation and maintenance of tissue anisotropic stress that could contribute to the planar polarization or the refinement of HC orientation.

While the downregulation of developmental pathways such as Wnt, Notch, and SoxC has appropriately garnered attention in efforts to explain the reduced regenerative capacity of mammalian HC epithelia (Gnedeva and Hudspeth, 2015; Maass et al., 2015; Wang et al., 2015), the measurements and experimental findings reported above suggest that it would be wise to more fully investigate the unique cytological features and expression patterns that arose in SCs as mammals evolved. The results here sharpen mechanistic understanding of how the junctional reinforcement in mammalian SCs may limit regenerative responses, with exceptionally thick circumferential F-actin bands providing stiffness and the potential to act as a “biomechanical brake” that limits deformations, actomyosin-generated tension, and the propagation of tension changes in mammalian HC epithelia. High levels of E-cadherin may not only provide strong intercellular adhesion, but may collaborate as a “biochemical brake” that sequesters mitogenic signaling molecules at adherens junctions, as recent evidence suggests (Kozlowski et al., 2020). These mechanisms may explain, in part, why mammalian SCs largely remain in a state of proliferative quiescence after HC loss, whereas SCs in non-mammals readily replace HCs, enabling recovery of hearing and balance function.
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Vestibular Hair Cells Require CAMSAP3, a Microtubule Minus-End Regulator, for Formation of Normal Kinocilia
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Kinocilia are exceptionally long primary sensory cilia located on vestibular hair cells, which are essential for transmitting key signals that contribute to mammalian balance and overall vestibular system function. Kinocilia have a “9+2” microtubule (MT) configuration with nine doublet MTs surrounding two central singlet MTs. This is uncommon as most mammalian primary sensory cilia have a “9+0” configuration, in which the central MT pair is absent. It has yet to be determined what the function of the central MT pair is in kinocilia. Calmodulin-regulated spectrin-associated protein 3 (CAMSAP3) regulates the minus end of MTs and is essential for forming the central MT pair in motile cilia, which have the “9+2” configuration. To explore the role of the central MT pair in kinocilia, we created a conditional knockout model (cKO), Camsap3-cKO, which intended to eliminate CAMSAP3 in limited organs including the inner ear, olfactory bulb, and kidneys. Immunofluorescent staining of vestibular organs demonstrated that CAMSAP3 proteins were significantly reduced in Camsap3-cKO mice and that aged Camsap3-cKO mice had significantly shorter kinocilia than their wildtype littermates. Transmission electron microscopy showed that aged Camsap3-cKO mice were in fact missing that the central MT pair in kinocilia more often than their wildtype counterparts. In the examination of behavior, wildtype and Camsap3-cKO mice performed equally well on a swim assessment, right-reflex test, and evaluation of balance on a rotarod. However, Camsap3-cKO mice showed slightly altered gaits including reduced maximal rate of change of paw area and a smaller paw area in contact with the surface. Although Camsap3-cKO mice had no differences in olfaction from their wildtype counterparts, Camsap3-cKO mice did have kidney dysfunction that deteriorated their health. Thus, CAMSAP3 is important for establishing and/or maintaining the normal structure of kinocilia and kidney function but is not essential for normal olfaction. Our data supports our hypothesis that CAMSAP3 is critical for construction of the central MT pair in kinocilia, and that the central MT pair may be important for building long and stable axonemes in these kinocilia. Whether shorter kinocilia might lead to abnormal vestibular function and altered gaits in older Camsap3-cKO mice requires further investigation.
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INTRODUCTION

Cilia, found on cell surfaces, are microtubule (MT)-based organelles that play essential roles for cell development, proliferation, differentiation, migration, signal transduction, etc. The structure, length, and function of cilia must be tightly regulated because their dysfunction is associated with numerous diseases collectively called ciliopathy disorders (Lee and Gleeson, 2011; Falk et al., 2015; Reiter and Leroux, 2017; Andreu-Cervera et al., 2021; Lee and Ostrowski, 2021). Based on their mobility, cilia are divided into two types: motile cilia and non-motile cilia like primary cilia. Motile cilia beat rhythmically to transport fluids across epithelia, while non-motile, as known as primary cilia, serve as sensory organelles gathering information about their environment. The majority of motile cilia in mammals are composed of MTs in the “9+2” configuration, i.e., nine doublet MTs surrounding two central singlet MTs. In contrast, most of the primary sensory cilia in mammals do not have central MT pairs, and instead, their axonemes have a “9+0” configuration.

Vestibular kinocilia, located on hair cells of the vestibular organ, are primary sensory cilia present throughout the murine lifespan. Compared to other primary sensory cilia, vestibular kinocilia are exceptionally long, some being 3–4 times longer than adjacent microvilli called stereocilia (Xue and Peterson, 2006). The actin-based stereocilia and MT-based kinocilia on vestibular hair cells are connected by lateral links and tip links (Figure 3B). Because of their length, the tips of vestibular kinocilia reach into the overlying otoconial layer. This structural arrangement allows vestibular kinocilia to transmit positions and movements of the head by change the otoconial membrane mass to the adjacent stereocilia, which generate electrical signals in sensory hair cells and ultimately controls mammalian balance and awareness of spatial orientation. As such, the mechanical properties and length of vestibular kinocilia play important roles in determining the operating range of the vestibular system (Spoon and Grant, 2011, 2013; Nam, 2018). Unlike most of primary sensory cilia, vestibular kinocilia have the “9+2” configuration, a common configuration found in motile cilia (Wersall et al., 1965; Rosenhall and Engstrom, 1974; Choksi et al., 2014). Unlike the outer 9 MT doublets, the central MT pair is not continuous with MT triplets in the basal body (Lechtreck et al., 2013). In motile cilia, the central MTs and their MT-associated proteins are required for the synchronized motion needed to remove debris (Loreng and Smith, 2017). The function of central MTs in primary cilia remains unknown. Primary cilia on olfactory sensory neurons and vestibular hair cells have the longest axoneme in mammals. Intriguingly, both cilia have the “9+2” configuration, which leads us to suspect that the central MT pair may be essential for the formation of the long axoneme.
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FIGURE 1. Creation and validation of the Camsap3-cKO mouse. (A) A schematic diagram of the Camsap3 knockout first targeting strategy and conversion of tm1a (KO first) to tm1c (floxed), and tm1d (cKO) alleles, respectively. TgPax2Cre/+; Camsap3tm 1c/tm1c mice, known as Camsap3-cKO, are a cKO model for the vestibular organ. (B) The exon 7 of Camsap3 execution was validated by PCR genotyping. The inner ear genomic DNA of offspring derived from crossing TgPax2Cre and Camsap3tm 1c/tm1c were isolated and used for PCR (n = 9 from two separate litters). No DNA and floxed allele Camsap3tm 1c/tm1c were used as the negative and positive controls. The bands were expected to be 1307 bp for WT (TgPax2Cre+/+; Camsap3tm 1c/tm1c) and 199 bp for Camsap3-cKO mice. (C–G) CAMSAP3 protein expression in the vestibular system as examined by immunofluorescence. (C,D) Representative immunofluorescent images of a crista from WT (C) and Camsap3-cKO (D) mouse at P75 were shown. The dashed line outlines the edge of the crista of a Camsap3-cKO mouse. Scale Bars = 50 μm. (E) Vestibular cells from Camsap3-cKO mice had significantly less CAMSAP3 staining than their WT counterparts. The bars represent mean ± SD. *Statistically significant difference (p = 0.03). WT and Camsap3-cKO mice littermate (P75) replicates (n) were as indicated. (F,G) Representative confocal maximum projection of z-stack images taken from whole-mounts utricle samples of a WT (F) and a Camsap3-cKO mouse (G). More CAMSAP3 staining dots were found on the apical surface of WT utricle compared to those on Camsap3-cKO mouse. Scale Bars = 10 μm. Antibodies: anti-Camsap3 (Green), phalloidin (Red).
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FIGURE 2. Kinocilia on utricles hair cells from Camsap3-cKO are shorter than their WT littermates. (A) A representative 3D-reconstruction from z-stacks images of bundles of stereocilia (red) and kinocilia (green) located on the apical surface of hair cells from an utricle of a WT mouse (P386). Antibodies: anti-acetylated tubulin (Green), phalloidin (Red). The dashed line outlines the edge of actin-based stereocilia bundles. Scale Bar = 10 μm. (B) A schematic diagram showing the region over which Z-stack images of utricle hair cells were collected. (C) Quantification of kinocilia length collected from male WT (n = 3) and male Camsap3-cKO littermates (n = 3) with ages ranging from 10- to 13-month. Each dot represented one kinocilium. Bars represent mean ± SD. Kinocilia on utricles hair cells from Camsap3-cKO were statistically significant shorter than WT (p < 0.0001). *Statistically significant difference.
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FIGURE 3. CAMSAP3 contributes to the formation of central MT pairs in axonemes of kinocilia on utricle hair cells. (A) The overlaps between CAMSAP3 (green) and basal bodies (red) were displayed by a group of consecutive Z-stack kinocilia images taken from a whole mount utricle sample of WT (P42). Z-stack images were captured using the optical section (0.5 μm) starting from the apical surface of utricle hair cells toward its nucleus. Antibodies: anti-CAMSAP3 (Green), anti-γ-tubulin (red), phalloidin (white). Scale Bars = 5 μm. Two basal bodies of kinocilia were indicated by arrows. (B) A schematic diagram illustrates the region over which Z-stack images of kinocilia immunostaining A, and TEM images C-D were collected. (C,D) Representative TEM images show transverse sections of kinocilia on utricle hair cells from 8-month-old WT with a “9+2” configuration (black arrow) (C), and a “9+0” configuration (black arrow) for their Camsap3-cKO littermates (D). Scale Bars = 1 μm. (E) The distribution of MT arrangements for both WT and Camsap3-cKO mice was compared. Distribution of the MT configurations between WT and KO was significantly different as analyzed by a Kolmogorov–Smirnov test (p = 0.0003).


Calmodulin-regulated spectrin-associated protein 3 (CAMSAP3), also called Marshalin (Zheng et al., 2013), is a MT minus-end regulator. Because CAMSAP3 can interact with other proteins through its protein-protein interaction domains, it has been reported to play several regulatory roles through interactions with multiple proteins (Meng et al., 2008; Goodwin and Vale, 2010; Toya et al., 2016; Gibieža et al., 2021). For example, CDH23 is an adhesive protein that plays crucial roles for hearing and balance. The C isoform of CDH23 can directly bind to CAMSAP3 and modifies CAMSAP3-associated MT networks (Takahashi et al., 2016). In addition, CAMSAP3 is involved in the formation of MTs from non-centrosomal MT organizing centers (MTOCs). CAMSAP3-coated MTs are stable and can be used to seed tubulin polymerization at non-centrosomal sites (Jiang et al., 2014, 2018; Zenker et al., 2017). We recently discovered that CAMSAP3 is necessary to form the central MT pairs in motile cilia (Robinson et al., 2020). In the Camsap3tm 1a/tm1a mice, the global knockdown (KD) of CAMSAP3 expression is associated with impaired ciliary motion, leading to phenotypes of Primary Ciliary Dyskinesia (PCD), which includes hydrocephalus, subfertility, and impaired mucociliary clearance. Dysfunctional mucociliary clearance leads to hyposmia, anosmia, rhinosinusitis, and otitis media. We occasionally noticed Camsap3tm 1a/tm1a mice (Camsap3-KD for short) with a head tilt to one side. Therefore, we suspect that CAMSAP3 is also needed to construct the central MT pair in kinocilia on vestibular hair cells and predict that the central MT pair in vestibular kinocilia is essential to establish the long and stable cilia required for vestibular function.

CAMSAP3 is expressed ubiquitously in mice. The global KD and global knockout (KO) CAMSAP3 in mice could potentially affect all cells that express CAMSAP3. Indeed, removal of Camsap3 gene from a mouse genome leads to global Camsap3-KO mice dying prematurely (Muroyama et al., 2018). Even the Camsap3-KD mice, which reduce CAMSAP3 expression through RNA processing (Testa et al., 2004; White et al., 2013) without deleting any exons of Camsap3 gene, showed some degree of embryonic lethality, sub-infertility, hydrocephalus, anosmia or hyposmia, sinusitis, respiratory distress, otitis media, and hearing loss (Perez-Garcia et al., 2018; Ingham et al., 2019; Robinson et al., 2020). To investigate the function of CAMSAP3 in a reliable living mouse model, we created a conditional knockout (cKO) mouse model known as Camsap3tm 1d/tm1d (Camsap3-cKO for short) for tissue specific cKO by using Cre-loxP system.

Camsap3-cKO would allow us to examine CAMSAP3’s role in vestibular hair cells without influence from other health issues. TgPax2-Cre mouse line is widely used to establish cKO mouse models for inner ear (Pan et al., 2011; Cox et al., 2012; Wiwatpanit et al., 2018). In this transgenic mouse line, IRES-Cre was inserted into Pax2 (paired box gene 2), a transcription factor that is crucial in the developmental and proliferation of multiple cells and organs. Cre expression was detected at E8.5 in the otic placode in the Pax2-Cre mouse line (Ohyama and Groves, 2004), which is earlier than when hair cell differentiation typically occurs (around E13.5) (Mbiene et al., 1984). Thus, we created Camsap3-cKO by crossing TgPax2-Cre mice with Camsap3tm 1c/tm1c (fl/fl), aiming to eliminate CAMSAP3 expression in Cre-expressed tissues, which include most of the cells in the inner ear, midbrain, cerebellum, the olfactory bulb, and kidneys (Ohyama and Groves, 2004). If CAMSAP3 is important for establishing normal vestibular kinocilia as we predict, we expect Camsap3-cKO mice to show behaviors associated with vestibular dysfunction. Different assessments, including Rotarod balance tests, DigiGait analyses, along with anatomical examination, were used to characterize the vestibular functions of Camsap3-cKO mice. We also evaluated olfactory function and monitored kidney health in order to determine whether removing CAMSAP3 causes detrimental effects outside of our expected outcomes in the vestibular system. Our data suggests that CAMSAP3 has an important role in establishing or maintaining normal vestibular kinocilia and kidney function, but is not essential for the task of olfactory bulbs.



MATERIALS AND METHODS


Creation of Camsap3-cKO Mice

All experiments utilizing animals were approved by the Institutional Animal Care and Use Committees of Northwestern University and in accordance with the National Institutes of Health guidelines. Animals were housed in Northwestern’s Center for Comparative Medicine facilities.

The Camsap3tm 1a (EUCOMM) Wtsi (referred to as Camsap3-KD) mouse model was obtained from the Wellcome Trust Sanger Institute. The original Camsap3-KD line on the C57B6N background was re-derived on FVB murine backgrounds to increase their viability (Robinson et al., 2020). As shown in Figure 1A, a Camsap3-KD mouse was created using the “knockout first, conditional-ready” strategy (Skarnes et al., 2011). A targeted trap allele was inserted into the intron between the exon 6 and 7 of the Camsap3 gene to knock out Camsap3 expression through RNA processing (Testa et al., 2004; White et al., 2013) without deleting any exons. To create a cKO mouse model, Camsap3-KD mice were first crossed with B6-Tg(CAG-FLPe)36 (Kanki et al., 2006) to delete the neo and LacZ cassettes flanked by FRT sites and create Camsap3tm 1c (floxed allele), a strain of pseudo-wildtype (WT) mice. This WT Camsap3tm 1c floxed line was further crossed with the TgPax2Cre mouse line, Tg(Pax2-Cre)1Akg/Mmnc (MMRRC stock number 10569) (Ohyama and Groves, 2004) to create a conditional knockout mouse model: TgPax2Cre/+; Camsap3tm 1c/tm1c and their WT littermates: TgPax2Cre+/+;Camsap3tm 1c/tm1c. We call this mouse model Camsap3tm 1d/tm1d (null allele) Camsap3-cKO for short. All animals were maintained by heterotypic breeding, and the genotypes were determined by detecting the inserted cassettes in mouse tail samples performed by Transnetyx (Cordova, TN, United States).

Since Cre expression was limited in a few tissues including the inner ear, olfactory bulb, and kidneys of TgPax2Cre mice, the exon 7 of camsap3 was expected to be fully removed from these tissues of Camsap3-cKO mice. To verify the exon 7 exclusion, genomic DNA was purified from the inner ear of WT and Camsap3-cKO mice using the QIAamp DNA FFPE Tissue Kit (Qiagen). PCR was used to verify the exon 7 exclusion using the PCR Master Mix (Thermo Fisher Scientific, A44647100) with forward primer L1L2-BactP-MD-F (GCTGGCGCCG GAACC) and reverse primer C3Floxed5-R (TTGGCCTGGGGAACATGAC). Conditions for the thermal cycler were: step 1–95°C, 2 min; step 2–95°C, 30 s; step 3–55°C, 30 s, step 4–72°C, 90 s; repeat steps 2–4, 35 × ; step 5–72°C, 10 min. Expected sizes were 1,307 base pairs (bp) for WT, and 199 bp for Camsap3-cKO mice. Both male and female mice were used in all experiments.



Evaluation of Vestibular Function


Swimming Test

WT mice and their Camsap3-cKO littermates were placed in a 5-gallon bucket filled with room temperature water and were required to swim for 3 min. Behavior was observed, and any abnormal behavior was recorded. The swim test protocol was a modified version of a protocol described previously (Hardisty-Hughes et al., 2010).



Right Reflex Test

We modified a protocol described previously (Pau et al., 2004) to assess right reflexes. WT mice and their Camsap3-cKO littermates were placed in a clear plastic box (1′′× 2′′× 5′′). The box was quickly flipped upside down and the time it took each mouse to flip themselves back upright was recorded.



Rotarod Test

The rotarod test was created by Dunham and Miya (1957) to assess neuromuscular function in rodents and is commonly used to assess balance (Jones et al., 2018). The Rotarod apparatus (TSE Systems, Chesterfield, MO, United States) was used to assess balance in Camsap3-cKO and their WT littermates. Following the Jones et al. (2018) protocol, mice were placed on a rotating beam and their time to fall (TTF) was recorded. Mice were tested 3 at a time with their cage mates. The rotarod was set to start rotating at a speed of 5 rpm and accelerate to a top speed of 44 rpm over the course of 300 s (the maximum duration of the trial). The mice were given 10-min trial intervals and tested again. Ten Camsap3-cKO mice and 10 WT littermates completed eight trials, with the first three trials functioning as an acclimation and familiarization period. The final five trials were recorded for analysis.



Gait Analysis

The DigiGait™ Imaging System apparatus (Mouse Specifics Inc., Framingham, MA, United States) consists of a motorized transparent treadmill belt sitting above a digital camera which records the ventral view (Supplementary Movie 1). WT mice and their Camsap3-cKO littermates were placed on the treadmill one at a time and were required to run. The mice were then evaluated at treadmill speeds of 10, 17, and 24 cm/s. The DigiGait assay was run by Northwestern Behavioral Phenotyping Core. The DigiGait Imaging System software allowed us to examine 52 different aspects of each mouse’s gait (Rostosky and Milosevic, 2018). The analysis software can detect slight differences in angles, lengths, and speeds of the paws and strides of the mice. The key behaviors we were interested in, shown in Supplementary Figures 1, 2, included: swing to stance ratio, paw angle, gait symmetry, stance width, step angle, breaking duration, stride length, the ataxia coefficient, paw area, and the maximum change in paw area (maximum dA/dt).




Immunofluorescence and Microscopy

The inner ears, olfactory bulbs, and olfactory mucosa in nasal cavities were collected from WT mice and their Camsap3-cKO littermates for immunofluorescence as previously described (Sekerka et al., 2011; Robinson et al., 2020). Briefly, samples were immersion fixed in 4% formaldehyde in phosphate buffered solution (PBS). Some samples underwent whole mount preparation, in which the utricles and cristae were further dissected out and used for immunostaining. Other samples were cryosectioned before staining. These samples were first decalcified in 0.125M EDTA for 2 days. Decalcified samples were then placed in a series of sucrose solutions in 1X PBS (10–30%) then two changes of Tissue-Tek Optimal Cutting Temperature (OCT) Embedding Medium (Sakura Finetek, 4583), and embedded in fresh OCT. The inner ear samples were then sectioned into 12 micrometer thick slices, and post-fixed in 2% formaldehyde for 10 min and blocked at room temperature for 1 h in blocking solution: 5% goat serum, 2% Triton X-100 in Tris-buffered saline (TBS). The following primary antibodies were used for immunostaining: anti-Camsap3 (Robinson et al., 2020) at 1:2500, anti-acetylated tubulin at 1:500 (Thermo Fisher Scientific 32-2700, AB_2533073). Samples were incubated with primary antibodies at 4°C overnight. The next day samples were then washed in PBS and incubated with appropriate fluorophore-conjugated secondary antibodies, including goat anti-rabbit Alexa 488 at 1:500 (Thermo Fisher Scientific 32-2700, AB_143165), goat anti-mouse Alexa Fluor 488 (RRID: AB_2556548), goat anti-mouse IgG2b Alexa 647 at 1:500 (Thermo Fisher Scientific AB_143165), Hoechst at 1:1000 (Thermo Fisher Scientific, H3570), and Phalloidin-Alexa 568 at 1:2000 (Thermo Fisher Scientific 21838, AB_2532159), or Phalloidin-Alexa 647 at 1:400 (Thermo Fisher Scientific A22287) for 2.5 h at room temperature. The stained samples were subsequently mounted in Fluoromount Aqueous Mounting Medium (Sigma, F4680). When mounting the whole mount utricle samples, a 0.12 mm deep Secure-Seal spacer (Thermo Fisher Scientific, S24735) was placed between the slide and the cover glass in order to avoid destruction of the vestibular kinocilia on hair cells. Immunostained samples were imaged using a Nikon C2 or A1R+ confocal microscope using objects of a plan Apo VC 20×/0.75 DIC N2 (Nikon) and a plan Apo 60×/1.4 oil (Nikon). All images were taken as 12-bit, which allows for 0–4,095 range. For vestibular kinocilia length measurement, Z-stacks images were captured from the apical surface of utricle hair cells to the tip of vestibular kinocilia (from the position “A” extended to “C-D” shown in Figure 3B) using the optical section (0.5 μm). These Z-stack images were then reconstructed into 3D images, which were analyzed using Imaris 8 (Bitplane) and Nikon NIS Element software. Mean gray value, the sum of the gray values of all the pixels in the selection divided by the number of pixels, was measured using FIJI.



Transmission Electron Microscopy

Utricles from WT mice and their Camsap3-cKO littermates were dissected out and immersion fixed in 0.1 M sodium cacodylate buffer pH 7.3, containing 2% paraformaldehyde and 2.5% glutaraldehyde for at least 24 h and post-fixed with 2% osmium tetroxide followed by 3% uranyl acetate. Tissues were then dehydrated in ascending grades of ethanol, transitioned with propylene oxide and embedded in resin mixture from the Embed 812 kit, cured in a 60°C oven. Samples were sectioned on a UCT ultramicrotome (Leica Microsystems). To identify regions of interest 1 μm thick sections were collected, stained with Toluidine Blue O and examined by light microscopy. 70 nm tissue sections were collected on 200 mesh copper grids and stained with uranyl acetate and Reynolds lead citrate, and examined using a FEI Tecnai G2 Spirit Transmission Electron Microscope. The number of MTs in kinocilium was counted and sorted by structure: “9+2,” “9+0,” “8+2,” or “8+0.” The first number indicates the numbers of MT doublets outlying, and the second number implies the amount of MTs in the center.



Evaluation of Olfaction

The Buried Food Test was used to evaluate olfaction in mice (Yang and Crawley, 2009; Robinson et al., 2020). WT mice and their Camsap3-cKO littermates were food restricted but provided water ad libitum for 24 h prior to testing. Mice were given a piece of a Nutter Butter cookie during this day to familiarize the mice with its scent. Testing was performed during daylight, starting at 9 AM. The base of a Sterilite translucent storage box (cage) [47 cm (L) × 37.8 cm (W) × 28.3 cm (H)] was filled with bedding to a depth of 3 cm. Each mouse was placed in an acclimation bin which was identical to the testing bin in every way, with the exception of no food being present, and were given 5 min to adjust to the enclosure. Mice were then transferred individually to the testing cage, which had ∼ 0.5 g of Nutter Butter cookie hidden in the center of the cage under the bedding. As soon as the mouse entered the testing bin a stopwatch was started and the latency to find (LTF) the cookie was recorded. Following the experiment, mice were returned to their home cages and given their full allotment of food.




RESULTS


Camsap3-cKO Is a Camsap3 Conditional Knockout Model for the Vestibular Organ

As previously reported, the global KD mice, Camsap3-KD, were born with smaller bodies along with sub-infertility, hydrocephalus, anosmia or hyposmia, sinusitis, respiratory distress, otitis media, and hearing loss (Perez-Garcia et al., 2018; Ingham et al., 2019; Robinson et al., 2020). In contrast to Camsap3-KD, Camsap3-cKO had normal fertility and a normal appearance comparable to their WT littermates regardless of their sex prior to 4 months of age, The normal appearance of Camsap3-cKO was not surprising as Camsap3 was expected to be eliminated only in the inner ear, midbrain, cerebellum, olfactory bulb, and the kidneys (Ohyama and Groves, 2004). To test whether the exon 7 of Camsap3 was indeed removed from the genome of affected cells, we performed PCR genotyping using genomic DNA isolated from the inner ear, where Cre was expressed to remove the floxed exon 7 of Camsap3. As shown in Figure 1B, in all Camsap3-cKO mice (Pax2-Cre positive), the expected short fragments (199 bps) were detected, but not in mice without the Pax2-Cre allele (Pax2-Cre negative) or original homozygous Camsap3tm 1c mice. We noted that the long PCR band, 1307 bp, was also detected in Camsap3-cKO mice with low intensity. As we did not perform cardiac perfusion before extracting genomic DNA from the inner ear, we suspected that cells from the circular bloodstream in the inner ear could contribute to the long PCR bands as the genomic DNA from these cells were not affected by Pax2-Cre expression. It is also possible that the exon 7 of Camsap3 was not completely removed from all cells in the inner ear. To verify whether Camsap3 was expressed in the vestibular hair cells, we performed immunofluorescence using vestibular organs collected from Camsap3-cKO and their WT littermates, with the ages of postnatally day (P) 23 to 260. In WT, CAMSAP3 expression was found in the vestibular organ including the hair cells in cristae (Figure 1C), utricle (Figure 1F), and saccule (data not shown). CAMSAP3 expression in Camsap3-cKO was absent or reduced in vestibular cells from Camsap3-cKO mice as shown in Figures 1D,G. CAMSAP3 staining was expressed in both hair cells and their surrounding supporting cells in vestibular organs from WT samples. CAMSAP3 signals were more concentrated in the apical cortical area of the WT vestibular organ (Figure 1C). Such distribution patterns are unsurprising as CAMSAP3 is needed at apical cortical area of epithelial cells to establish the intercellular connection and orient the apical-to-basal polarity of microtubule arrays (Meng et al., 2008; Toya et al., 2016). We further quantified CAMSAP3 staining intensities in the apical cortical area that included both vestibular hair cells and supporting cells. The mean gray value (intensity) of CAMSAP3 staining in these areas were measured using FIJI software. As shown in Figure 1E, CAMSAP3 expression was significantly decreased in the hair cell area and supporting cells from Camsap3-cKO mice, with CAMSAP3 expression in Camsap3-cKO mice equaling 48.74% of expression in WT mice at P75 (p = 0.031, unpaired t-test, n = 4). In sum, we created a cKO model that significantly reduced CAMSAP3 proteins in the vestibular system.



Camsap3-cKO Mice Have Abnormal Kinocilia on Vestibular Hair Cells

To investigate CAMSAP3’s role in establishing kinocilia on the vestibular hair cells, utricles collected from Camsap3-cKO mice (3 male) and their WT littermates (3 male) around 1-year old (P296-P384) were examined using immunofluorescent staining of anti-acetylated tubulin and phalloidin, which labeled vestibular kinocilia (green) and stereocilia (red, dash lines), respectively (Figure 2A). We measured the length of kinocilia on vestibular hair cells of utricles from Camsap3-cKO mice and their WT littermates at the most anterior portion for consistency (Figure 2B). From each mouse sample, the length of kinocilium was measured from base to tip in micrometers. Great care was taken to exclude vestibular kinocilia whose full length was not captured in the confines of the reconstructed 3D image. The average length of the vestibular kinocilia, in mean ± SD, were 20.39 μm ± 3.21 for WT and 17.16 μm ± 3.03 for Camsap3-cKO (Figure 2C). An unpaired t-test revealed a significant reduction in vestibular kinocilia length in Camsap3-cKO mice when compared with their WT littermates (p < 0.0001).

Our previous work demonstrated that CAMSAP3 was needed for de novo formation of the central MT pair in a “9+2” configuration observed in the axons of motile cilia (Robinson et al., 2020). To test whether CAMSAP3 was also needed for formation of the central MT pair in the kinocilia on vestibular hair cells, we first examined the connection between CAMSAP3 and basal bodies by immunofluorescence. The basal bodies that extend to 9 peripheral MT doublets were labeled by anti-γ-tubulin, and phalloidin was used to label the actin-based stereocilia that were adjacent to the kinocilium. As shown in Figure 3A, a group of Z-stack images taken from the apical surface of utricle hair cells (the position “A” shown in Figure 3B) showed two vestibular kinocilia labeled by γ-tubulin (arrows). A stereocilia bundle was next to one of kinocilia, indicating these cells were hair cells from an utricle. Similar to other epithelial cells, CAMSAP3 punctuates (green) were found on the apical surface of hair cells. Two CAMSAP3-stained green dots (arrows) were colocalized with two basal bodies (red dots). As the focus pointing moved step by step (0.5 μm/per section) from the apical surface toward the nucleus, green CAMSAP3 dots (arrows in Figure 3A) in both vestibular kinocilia disappeared before the red basal bodies punctuates, suggesting that CAMSAP3 was at the base of vestibular kinocilia just above the basal bodes, as illustrated in Figure 3B. Such a close connection between CAMSAP3 and basal bodies was of particular interest because CAMSAP3 is not a centrosome- or basal bodies-bound protein. In fact, CAMSAP3 was not observed in the basal bodies of primary cilia with “9+0” MT configuration (Robinson et al., 2020). More importantly, the close association between γ-tubulin and CAMSAP3 was comparable to that observed in motile cilia with “9+2” MT configuration (Robinson et al., 2020; Saito et al., 2021), suggesting that CAMSAP3 was also involved in de novo formation of the central MT pair in the kinocilia on the vestibular hair cells.

To further verify the role of CAMSAP3 in formation of the central MT pair in vestibular kinocilia, the MT structure differences between WT and Camsap3-cKO vestibular kinocilia were then evaluated using TEM (Figures 3C–E). We examined 42 axoneme structures (the position “C-D” shown in Figure 3B) from 8-month-old WT mice and 33 axonemes from their Camsap3-cKO littermates. The “9+2” configuration here includes 9 MT doublets peripherally and two MT singlets or amorphous material with higher electron density (darker) at the center of axonemes. This is demonstrated in a transverse section of WT vestibular kinocilia (Figure 3C, indicated by an arrow). The “9+0” configuration lacks the central MTs structure and electron-dense materials as seen in the Camsap3-cKO image in Figure 3D. More than 71% of vestibular kinocilia from WT mice have “9+2” configuration, while only 24% vestibular kinocilia from Camsap3-cKO mice showed similar structure. The majority of Camsap3-cKO vestibular kinocilia (55%) have the “9+0” configuration. In addition, irregular configurations, “8+2” and “8+0,” were found in both WT (12%) and Camsap3-cKO (21%). Distribution of the MT configurations between WT and KO was statistically significant different as analyzed using a Kolmogorov-Smirnov distribution comparison test (p = 0.0003). Our data suggests that vestibular kinocilia of Camsap3-cKO were more likely missing the central MT pair than WT vestibular kinocilia.

Kinocilia are known to be essential for establishing the orientation of stereocilia bundles on hair cells. Data collected from P23 to 13-month showed that vestibular kinocilia were present on the vestibular hair cells of Camsap3-cKO mice just as their WT littermates. In addition, the shape and orientation of stereocilia on vestibular hair cells from Camsap3-cKO were quantitatively similar to those on WT mice despite the vestibular kinocilia from Camsap3-cKO mice were shorter and more likely to miss the central MT pair (Figures 2, 3). We also investigated the impact of CAMSAP3 on the orientation of stereocilia bundles by comparing auditory hair cells from WT and Camsap3-cKO mice with matched ages and sexes. As shown in Supplementary Figure 3, the orientation of stereocilia bundles on auditory hair cells from Camsap3-cKO mice were comparable to those on WT auditory hair cells. This data is not surprising because most of kinocilia on auditory hair cells are with “9+0” configuration (Sobkowicz et al., 1995), and CAMSAP3 signals do not co-localize with the basal bodies where “9+0” axonemes are originated (Robinson et al., 2020). In summary, CAMSAP3 is unlikely to have a significant impact on cochlear kinocilia and the orientation of stereocilia.



Body Weight Differences Between Wildtype and Camsap3-cKO Mice Arise as Mice Age

In our original measurements of young mice, ranging from 1 to 4 months old, there was no weight difference between Camsap3-cKO mice and their WT littermates (Figure 4A). This phenotype differs from KD mice, Camsap3-KD, which were born smaller than their WT littermates (Robinson et al., 2020). Since we did not notice obvious body weight differences like those observed in the global Camsap3-KD mice, we assumed that their weights remained comparable. Though there were no obvious weight differences between WT and Camsap3-cKO mice when mice were less than 4-month old, weight differences emerged in 8-month old mice (Figure 4A). For mice 8 months and older (P237–P388), the average male WT mouse weighed (mean ± SD) 39.61 g ± 8.703 (n = 21), and the average male Camsap3-cKO mouse weighed 26.49 g ± 4.904 (n = 13). For female mice older than 8 months, the average WT mouse weighed 30.56 g ± 4.687 (n = 8), and the average female Camsap3-cKO mouse weighed 22.38 g ± 1.727 (n = 7). WT mice older than 8-month were significantly larger than the Camsap3-cKO mice regardless their sex (Figure 4).
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FIGURE 4. Weight differences between WT and Camsap3-cKO mice. (A) Male Camsap3-cKO mice weigh less than their WT counterparts after the age of 8-month, while no body weight difference was observed in mice younger than 4-month old. Mice were weighed prior to euthanasia at ages P36–P388. ns, not statistically significant difference. (B) Female Camsap3-cKO mice aged 8–13 months weigh less than their WT counterparts. For both male and female mice, the weights of old WT and Camsap3-cKO mice were significantly different. p-values for each age group of mice were as indicated. *Statistically significant difference.




Camsap3-cKO Mice Do Not Have Notable Vestibular Dysfunction

Since CAMSAP3 was essential to build or maintain normal structure of vestibular kinocilia (Figures 2, 3), we further investigated whether shorter kinocilia on vestibular hair cells caused vestibular dysfunction. Vestibular dysfunction can manifest as issues with balance or gait abnormalities. In their home cages, Camsap3-cKO mice did not show obvious head tilt, walked normally, and were indistinguishable from their WT littermates. To assess the vestibular function of Camsap3-cKO mice, we performed multiple methods aiming to detect more subtle abnormalities. The simplest methods of testing vestibular functions include a swim test and a right-reflex test (Hardisty-Hughes et al., 2010). The swim test aims to determine if the mice could properly swim in a straight line and keep themselves upright. After assessing 26 WT (14 male and 12 female), and 27 Camsap3-cKO (14 male and 13 female) mice, ages ranging from P22 to P388, we found that there were no notable differences between the Camsap3-cKO and WT mice regarding their ability to swim. The right-reflex test assesses whether the mice can re-right themselves when flipped upside down. The same group of 26 WT and 27 Camsap3-cKO mice completed the right-reflex test. We found no difference in performance between the WT and Camsap3-cKO mice as each of the mice was able to flip themselves back to upright immediately (within 1 s). Subsequently, we analyzed the balance ability of Camsap3-cKO mice by rotarod apparatus. On the Rotarod, we assessed 12 WT (6 male and 6 female) and 8 Camsap3-cKO (5 male and 3 female) mice, ages P37–P153, and found that there was no significant difference in TTF between the two groups (data not shown).



Camsap3-cKO Mice Have Slightly Altered Gaits

The vestibular function of Camsap3-cKO mice was also examined using the DigiGait Imaging System (Berryman et al., 2009). Since mice older than 8-month Camsap3-cKO mice were lighter than their WT littermates (Figure 4A), mice at 4 months old were selected for gait measurement. At this age, gait was fully developed (Akula et al., 2020; Rahn et al., 2021), and Camsap3-cKO mice were not significantly lighter than their WT littermates (Figure 4A). The assessed litter consisted of 6 male mice: 3 WT and 3 Camsap3-cKO. We collected data from these mice using the DigiGait™ Imaging System. Of all the aspects of gait analyzed by the DigiGait analysis software, most showed no significant difference between the WT and Camsap3-cKO mice. Some of the results were shown in the Supplementary Figures 1, 2). Two aspects of gait with significantly differences were paw area at peak stance and maximum dA/dt (Figure 5). Paw area (cm2) is the maximal paw area captured by the camera and corresponds with the time of “peak stance” (Supplementary Figure 1). When compared to their WT littermates, Camsap3-cKO mice had smaller areas of their paws in contact with the treadmill for both fore and hind limbs regardless of running speeds (Figures 5A,B). For example, at a speed of 17 cm/s, the paw area that Camsap3-cKO mice used to touch the treadmill was 62.1% (fore limbs) and 58.9% (hind limbs) of the paw area WT mice used. Maximum dA/dt (cm2/s) is the maximal rate of change of paw area in contact with the treadmill belt during the braking phase. At a low treadmill speed (10 cm/s), there was no substantial difference between the WT and Camsap3-cKO mice in their dA/dt for both fore and hind lambs. However, as the treadmill speeds increased, the difference between the WT and Camsap3-cKO mice became more apparent. At a high treadmill speed (24 cm/s), the maximum dA/dt decreased in Camsap3-cKO mice’s hind limbs (−10.5%), while WT mice had increased maximum dA/dt (+10.0%). Similar to paw area, maximum dA/dt in Camsap3-cKO mice were always slower than their WT littermates independent of walking speed. These differences exist despite there being no difference in the body length, width (Figures 5E,F), and weight (Figure 4A) between the WT and Camsap3-cKO mice.
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FIGURE 5. Gait differences between WT and Camsap3-cKO mice. Two litters of mice, ages P130–P133, were tested using the DigiGait Imaging System. Multiple t-tests revealed that Paw Area (A,B) and Max dA/dt (C,D) were significantly different between WT and Camsap3-cKO mice (p-values for each speed were as indicated). Bars represent mean ± SD. (E) Unpaired t-tests showed that there was no body length difference between male WT and Camsap3-cKO mice (ns, p = 0.1572). (F) Unpaired t-tests showed that there was also no body width difference between male WT and Camsap3-cKO mice (ns, p = 0.0539). N = 3 for both WT and Camsap3-cKO mice. *Statistically significant difference.




Older Camsap3-cKO Mice Have Renal Abnormalities

In TgPax2Cre mouse line, Cre was detected in the embryonic kidney since the 12-somite stage to remove the floxed allele (Ohyama and Groves, 2004). Since CAMSAP3 is essential to orienting the apical-to-basal polarity of MT arrays in epithelial cells (Toya et al., 2016), we suspected that kidney function might be affected in Camsap3-cKO mice. Therefore, both kidneys were prepared out of euthanized WT and cKO mice with ages of P22–P339. Since the kidney-to-body weight ratio has been commonly used to predict kidney function (Hughes et al., 1999; Mitsuhata et al., 2021), we weighed 19 WT mice and 7 Camsap3-cKO mice and their kidneys. Kidney weight as a proportion of body weight was recorded. Female mice that had previously given birth were excluded. Interestingly, we found that Camsap3-cKO mice, especially the males, had statistically significant heavier kidneys (as a function of body weight) than their WT littermates (Figure 6). In male WT mice, their kidneys made up (mean ± SD) 1.47 ± 0.13% of their body weight, and in male Camsap3-cKO mice, their kidneys equaled 3.90 ± 1.5% of their body weight (Figure 6A). In female WT mice, their kidneys made up 1.51 ± 0.34% of their body weight, while in female Camsap3-cKO mice, their kidneys equaled 2.23 ± 0.30% of their body weight (Figure 6B). Kidneys from the Camsap3-cKO mice were hypertrophic and discolored (Figure 6C). Such a phenotype was similar to those observed in CAMSAP3-mutant knocking in mice model Camsap3dc/dc, in which exons 14–17 of Camsap3 were removed from the genome of Camsap3dc/dc mice (Toya et al., 2016). Exons 14–17 encode the key MT binding domain of CAMSAP3, CKK domain. Because the mutant CAMSAP3 without the CKK domain is incapable of binding to MTs to form proper MT network in the epithelial cells in kidney, Camsap3dc/dc mice developed malfunction of kidneys with cyst at the proximal convoluted tubules starting at E17.5 even though kidney had normal appearance at P21 (Mitsuhata et al., 2021). Since renal dysfunction often caused body weight loss (Hickman and Swan, 2010), the deterioration of kidneys observed in Camsap3-cKO may contribute to the small body size of Camsap3-cKO mice older than 8-month (Figure 4). In consequence, health issues arose, and these mice became thin, hunched, and moved slowly. These health issues prevented further investigation of CAMSAP3’s impact on vestibular function in Camsap3-cKO mice that were older than 13 months of age.
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FIGURE 6. Renal abnormalities in Camsap3-cKO mice. (A,B) The kidney-to-body weight ratio in male (A) and female (B). Unpaired t-tests revealed that Camsap3-cKO mice (P22-P339) showed a statistically significant increase in their kidney-to-body weight ratio relative to their WT counterparts. p-values for each age group of mice were as indicated. Bars represent mean ± SD. (C,D) Representative kidney images taken from male, 1-year-old WT (C) and Camsap3-cKO littermate (D). Kidneys from the Camsap3-cKO mouse were hypertrophic and discolored. *Statistically significant difference.




Camsap3-cKO Mice Maintain Normal Olfaction

Since Cre was expressed in the olfactory bulb in TgPax2Cre mouse line to remove the floxed Camsap3 exon 7, we investigated whether Camsap3-cKO had normal olfaction. Olfaction evaluation was performed for WT (11 male and 10 female) and Camsap3-cKO mice (12 male and 12 female) from 8 litters of mice, ages P55–P313. Mice were placed in a large container filled with bedding, and their latency to find (LTF) a buried Nutter Butter cookie was recorded. As shown in Figure 7A, WT and textitCamsap3-cKO mice took equal amounts of time to find the buried cookie. There was no significant difference between WT and Camsap3-cKO mice regardless their sex. We then examined CAMSAP3 expression in the olfactory bulb. Olfactory bulbs from P180 WT and Camsap3-cKO littermates were collected and stained with anti-Camsap3. As shown in Figures 7B,C, there was little CAMSAP3 expression in cells located in olfactory bulbs from both the WT and Camsap3-cKO mice, suggesting that CAMSAP3 has a minimal role in olfactory bulbs. We also compared CAMSAP3 expression in olfactory sensory neurons, where CAMSAP3 was abundantly expressed (Robinson et al., 2020). As shown in Figures 7D–G, CAMSAP3 was abundantly expressed in olfactory sensory neurons located in the nasal olfactory epithelia in both the WT and Camsap3-cKO mice. CAMSAP3 expression in olfactory sensory neurons is not affected in Camsap3-cKO mice and remained concentrated at dendritic knobs under the olfactory cilia (Figures 7F,G). In other words, CAMSAP3 expression in cells involved in olfaction were not changed in Camsap3-cKO mice compared to their WT littermates. Given the equivalent CAMSAP3 expression in cells involved in olfaction (Figures 7B–G), it was unsurprising that the Camsap3-cKO mice performed equally as well as WT mice on the open-field olfaction assessment.
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FIGURE 7. WT and Camsap3-cKO mice show no differences in olfaction. (A) No differences in the reaction time of the sense of smell between WT and Camsap3-cKO mice. Bars represent mean ± SD. Unpaired t-tests revealed no significant (ns) differences between WT and Camsap3-cKO mice in male or female mice. (B,C) CAMSAP3 had little expression in olfactory bulbs regardless of genotype, WT (B) or Camsap3-cKO (C). The representative images were taken from female WT and their Camsap3-cKO littermates at P180. (B’,C’) were the cells shown in (B,C) stained with anti-Camsap3 (green). (D–G) CAMSAP3 was expressed in olfactory sensory neurons (OSN) in both WT and Camsap3-cKO mice. Olfactory mucosa in the nasal cavity from WT (D,F) and Camsap3-cKO (E,G) mice were stained with anti-Camsap3 (green), anti-acetylated tubulin (red, olfactory cilia, and nerve fibers), and Hoechst 33342 (blue, nuclei). (F,G) were images with higher magnification showing olfactory cilia and dendritic knobs layers on OSNs. (D’,E’,F”,G”) Showed the anti-CAMSAP3 (green) channel in (D–G). (F’,G’) Showed anti-acetylated tubulin (red) channel in (F,G). “[” Marks the OSN layer in the olfactory epithelium. Scale Bars = 100 μm (B,C), 50 μm (D,E), 10 μm (F,G).





DISCUSSION

Kinocilia on vestibular hair cells have MTs arranged in a “9+2” configuration that differs from most primary sensory cilia. Unlike the central MT pair in motile cilia, the function of the central MT pair in primary sensory cilia, including vestibular kinocilia, remains unknown. Our data shows that CAMSAP3 is located at the base of vestibular kinocilia (Figure 3). Removing or reducing CAMSAP3 in vestibular hair cells leads to abnormal kinocilia, which have shorter axonemes (Figure 2) and are more often missing the central MT pair (Figure 3). Since CAMSAP3 is required for de novo formation of the central MT pair for the “9+2” configuration in motile cilia (Robinson et al., 2020; Saito et al., 2021), it is likely that lacking CAMSAP3 and CAMSAP3-stabilized MTs in vestibular hair cells also prevents the central MT pair formation in vestibular kinocilia. This likely leads to the shortened vestibular kinocilia observed in Camsap3-cKO mice (Figure 2). In addition, Camsap3-cKO mice have more irregular configurations (8+2, 8+0) in vestibular kinocilia than their WT littermates. Although a very small portion of irregular MT configuration is commonly found in WT cilia, an increased proportion of irregular MT configurations in cilia was often associated with damage or degeneration of cilia (Piorunek et al., 2008). With increased irregular MT configurations and decreased “9+2” configuration in vestibular kinocilia from Camsap3-cKO, our data suggests that the central MT pair in vestibular kinocilia is important in establishing and/or maintaining the long axonemes observed in vestibular kinocilia.

Despite their abnormal vestibular kinocilia formation, Camsap3-cKO mice do not have notable vestibular dysfunction such as slower right-reflexes, inferior balance, and gait asymmetries (Hardisty-Hughes et al., 2010; Lu et al., 2011; Kopecky et al., 2012; Mathur et al., 2015). Such incoherent results between morphological data and behavioral assays are not uncommon, as many other mutant mice with damaged hair cells or neurons in the vestibular organ showed no detectable vestibular dysfunction (Jones and Jones, 2014). Since balance is achieved and maintained by multiple systems including the vestibular system, vision, proprioception, and central nervous system, it is possible that the Camsap3-cKO mice are able to retain normal vestibular function because of compensation or adaptation by the central nervous system and other peripheral systems. In addition, the central MT pairs are not completely eliminated from all kinocilia on vestibular hair cells from Camsap3-cKO mice as shown in Figure 3E. We suspect that Camsap3 might not be completely removed from all cells in the vestibular organ. It is also possible that CAMSAP3’s role is compensated for by other members of CAMSAP family, such as CAMSAP2, which compensates for CAMSAP3 to maintain MT networks (Tanaka et al., 2012). Nevertheless, Camsap3-cKO mice did show slightly altered gaits in their paw area at peak stance and maximum dA/dt. Assessment of paw placement during walking is often used to evaluate pain (Griffioen et al., 2015; Deuis et al., 2017), pain-killer medicines (Brings et al., 2021), diseases (Bernardes and Oliveira, 2017), and recovery of injuries including both peripheral and central nerve injury (Neumann et al., 2009; Heinzel et al., 2020). Mice with numbers of disorders decrease their paw area to form “tip-toe walking” patterns (Furusawa et al., 1996; Moskovitz et al., 2001). Such phenotypes are also found in humans, particularly in children. An underdeveloped or poor vestibular system is believed to contribute to some of the idiopathic toe walking cases observed in children (Montgomery and Gauger, 1978; Chu and Anderson, 2020). Camsap3-cKO mice also decreased their paw area in both hind paws that come into contact with the surface (Figure 5). It is, therefore, tempting to speculate that altered gaits observed in Camsap3-cKO mice is the consequence of shorter vestibular kinocilia due to a lack of CAMSAP3 and central MTs in their axoneme. However, vascular calcification can also cause tiptoe walking in mice (Okawa et al., 1998), and kidney disease is one etiology for vascular calcification (Palit and Kendrick, 2014). Although there is no evidence suggesting that Camsap3 expression is changed in the somatosensory system of Camsap3-cKO mice, but the midbrain and cerebellum may reduce CAMSAP3 expression due to Cre expression in these issues. Changed CAMSAP3 expression in the midbrain and cerebellum may interfere with the somatosensory information process that might lead to alternated gaits in Camsap3-cKO.

Balance disequilibrium is a significant contributor to falls in the elderly. The most common cause of balance dysfunction is due to abnormal hair cells from the vestibular sensory epithelia of the vestibular organ. Because of malfunction of kidneys in Camsap3-cKO mice, we were not able to investigate the impact of CAMSAP3 on the vestibular function in older mice due to their health issues. Different Camsap3 transgenic mouse models without damaged kidneys may be needed to investigate impact of CAMSAP3 and the central MT pair of kinocilia on vestibular function. In addition, it might be worthwhile to examine the vestibulo-ocular reflex (VOR) of Camsap3 transgenic mice using video-oculography. Video-oculography quantifies eye movement data to evaluate vestibular function, and could highlight vestibular issues that we were not able to capture in this study.

In summary, our data suggest that CAMSAP3 is critical for construction of the central MT pair in vestibular kinocilia, which may be essential for building long and stable axonemes in these kinocilia on vestibular hair cells. Whether abnormal vestibular kinocilia of Camsap3-cKO mice could directly lead to vestibular function requires further investigation.
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After a damaging insult, hair cells can spontaneously regenerate from cochlear supporting cells within the first week of life. While the regenerated cells express several markers of immature hair cells and have stereocilia bundles, their capacity to differentiate into inner or outer hair cells, and ability to form new synaptic connections has not been well-described. In addition, while multiple supporting cell subtypes have been implicated as the source of the regenerated hair cells, it is unclear if certain subtypes have a greater propensity to form one hair cell type over another. To investigate this, we used two CreER mouse models to fate-map either the supporting cells located near the inner hair cells (inner phalangeal and border cells) or outer hair cells (Deiters’, inner pillar, and outer pillar cells) along with immunostaining for markers that specify the two hair cell types. We found that supporting cells fate-mapped by both CreER lines responded early to hair cell damage by expressing Atoh1, and are capable of producing regenerated hair cells that express terminal differentiation markers of both inner and outer hair cells. The majority of regenerated hair cells were innervated by neuronal fibers and contained synapses. Unexpectedly, we also found that the majority of the laterally positioned regenerated hair cells aberrantly expressed both the outer hair cell gene, oncomodulin, and the inner hair cell gene, vesicular glutamate transporter 3 (VGlut3). While this work demonstrates that regenerated cells can express markers of both inner and outer hair cells after damage, VGlut3 expression appears to lack the tight control present during embryogenesis, which leads to its inappropriate expression in regenerated cells.

KEYWORDS
hair cell regeneration, inner hair cells, outer hair cells, hair cell development, fate mapping, oncomodulin, VGlut3


Introduction

The organ of Corti, located within the cochlea of the inner ear, contains the intricate anatomy required for hearing. It is comprised of three rows of outer hair cells, one row of inner hair cells, various supporting cell subtypes, and innervating fibers of spiral ganglion neurons. Whereas inner hair cells act as mechanoelectric transducers that encode sound waves into spiral ganglion neuronal action potentials, outer hair cells amplify sound input to increase frequency specificity and the dynamic range of hearing (reviewed in Dallos, 2008). Both types of hair cells form afferent synaptic connections with spiral ganglion neurons, although these differ in function and number. Each inner hair cell forms synapses with multiple type I afferent spiral ganglion neurons (Liberman, 1980; Bohne et al., 1982; Stamataki et al., 2006), although each type I afferent will synapse with only one inner hair cell (Spoendlin, 1969; Kiang et al., 1982; Liberman, 1982). Type I neurons are responsible for carrying action potentials toward the ascending auditory pathway (Reijntjes and Pyott, 2016). Type II spiral ganglion neurons form synapses with outer hair cells (Huang et al., 2012; Martinez-Monedero et al., 2016; Elliott et al., 2021). Although their function is less understood, they are proposed to have a nociceptive function in response to mechanical or noise trauma (Weisz et al., 2009; Flores et al., 2015; Liu et al., 2015).

Hearing loss is multifactorial and can include insults from noise exposure, aging, genetic disorders, and ototoxic drugs. It is among the most prevalent diseases, with an estimated 1.5 billion individuals affected (Gbd 2019 Hearing Loss Collaborators, 2021). Because of this, there has been a keen interest in treating or reversing hearing loss. As most forms of hearing damage culminate with the loss of hair cells, much of this research has focused on regenerating new hair cells. While the mammalian cochlea can spontaneously regenerate its hair cells at neonatal ages (White et al., 2006; Bramhall et al., 2014; Cox et al., 2014; Hu et al., 2016), no regeneration occurs after the first postnatal week (Oesterle et al., 2008; Cox et al., 2014; Maass et al., 2015).

A number of studies have demonstrated that supporting cells act as the progenitor cells that form new hair cells during regeneration using two mechanisms. First, with direct transdifferentiation, a supporting cell changes fate to a hair cell without leaving quiescence. Second, with mitotic regeneration, a supporting cell divides, and one or both daughter cells differentiate into hair cells (Rubel et al., 2013; Bramhall et al., 2014; Cox et al., 2014). At least eight subtypes of supporting cells have been identified in the mammalian cochlea, including Claudius cells, Hensen’s cells, Deiters’ cells, inner and outer pillar cells, inner phalangeal cells, border cells and greater epithelial ridge cells (Raphael and Altschuler, 2003; Jahan et al., 2015). Available evidence suggest that multiple supporting cell subtypes are capable of regenerating hair cells, although it is debated whether certain subtypes have a greater propensity over others (Bramhall et al., 2014; McGovern et al., 2019). In addition, two studies have shown that regenerated hair cells can differentiate into an outer hair cell fate (Bramhall et al., 2014; Cox et al., 2014); yet it is unknown how many reach terminal differentiation and whether inner hair cells can also be replaced. Furthermore, while regenerated hair cells formed in non-mammalian vertebrates contain synapses and are innervated (Duckert and Rubel, 1990; Ryals and Westbrook, 1994), the capacity for innervation in regenerated hair cells in mammals has not been explored. Each of these questions is of vital importance to understand the extent to which spontaneous regeneration drives cochlear repair.

Here, we investigated the terminal differentiation and innervation of regenerated hair cells in the neonatal mouse cochlea using CreER mouse models to fate-map either the supporting cells surrounding inner hair cells (inner phalangeal and border cells) or those that neighbor outer hair cells (Deiters’, inner pillar, and outer pillar cells). We found that supporting cells fate-mapped by both CreER lines were capable of producing regenerated hair cells that expressed terminal differentiation markers of inner and outer hair cells, the majority of which were innervated by neuronal fibers and contained synapses. In addition, the majority of regenerated cells in the lateral compartment (where outer hair cells are normally located) showed aberrant expression of both oncomodulin (an outer hair cell marker) and vesicular glutamate transporter 3 (VGlut3) (an inner hair cell marker).



Results

To investigate whether different supporting cells subtypes can produce regenerated cells that differentiate into inner or outer hair cell fates, we used two CreER lines (Prox1CreERT2 and Plp-CreERT) that were paired with the reporter, Rosa26CAG–loxP–stop–loxP–tdTomato (Rosa26tdTomato) for fate-mapping. When injected with tamoxifen at postnatal day (P) 0, Prox1CreERT2:Rosa26tdTomato mice have previously been shown to selectively label inner pillar (∼33%), outer pillar (∼78%), and Deiters’ (∼78%) cells (Figures 1A,C–C”; Yu et al., 2010; Liu et al., 2012; McGovern et al., 2017), while Plp-CreERT:Rosa26tdTomato mice primarily labeled inner phalangeal and border cells (∼73%), as well as a small number of inner pillar (∼7%), outer pillar (∼9%), and Deiters’ cells (∼11%) (Figures 1B,D–D”; Gómez-Casati et al., 2010; McGovern et al., 2017). These two lines (Prox1CreERT2:Rosa26tdTomato and Plp-CreERT:Rosa26tdTomato) were then crossed with Pou4f3DTR mice which express the human diphtheria toxin receptor (DTR) specifically in hair cells using the Pou4f3 promoter. Administration of diphtheria toxin (DT) to mice carrying the Pou4f3DTR allele then leads to selective hair cell death. Prox1CreERT2:Rosa26tdTomato:Pou4f3DTR and Plp-CreERT:Rosa26tdTomato:Pou4f3DTR mice (referred to hereafter as DTR:Prox1CreERT2 and DTR:Plp-CreERT) served as the experimental groups, while their littermates lacking the Pou4f3DTR allele (and therefore not susceptible to DT-induced hair cell damage) were used as controls. All mice were injected with tamoxifen (3 mg/40 g, intraperitoneally) on P0, thereby inducing tdTomato expression in the specific supporting cell subtypes described above and with DT (6.25 ng/g, intramuscularly) on P1 to cause selective death of the hair cells and induce subsequent hair cell regeneration, as previously described (Cox et al., 2014). Cochleae were harvested on P3-P10 and the entire organ of Corti was analyzed from apex to base using immunostaining and confocal microscopy. To identify regenerated cells that differentiated toward either an inner or outer hair cell fate, we labeled all hair cells using anti-myosin VIIA (Myo7A) antibodies and used additional antibodies that were specific to inner or outer hair cells. Regenerated hair cells (Myo7a-positive) were identified based on tdTomato expression, which was controlled by the supporting cell-specific CreER lines. In Plp-CreERT control samples at P7, we observed an average of 1.6 ± 0.8 tdTomato-positive outer hair cells and 0.4 ± 0.4 tdTomato-positive inner hair cells (n = 5), whereas Prox1CreERT2 controls had an average of 13.4 ± 1.7 tdTomato-positive outer hair cells and no tdTomato-positive inner hair cells (n = 7). All tdTomato-positive hair cells in control samples were located almost exclusively at apical-most portion of each cochlea. Similar to previous reports (Cox et al., 2014; McGovern et al., 2019), the vast majority of the regenerate HCs (tdTomato-positive/Myo7a-positive cells) were located in the apical turn.
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FIGURE 1
Prox1CreERT2 and Plp-CreERT label different groups of cochlear supporting cell subtypes. (A,B) Illustration of a cochlear cross-section with one row of inner and three rows of outer hair cells (yellow) and tdTomato-positive (magenta) supporting cells labeled by Prox1CreERT2 (A) or Plp-CreERT (B). (C–D”) Representative images from the apical turn of Prox1CreERT2:Rosa26tdTomato (C–C”) and Plp-CreERT:Rosa26tdTomato (D–D”) mice at P7. All mice were injected with tamoxifen at P0 to induce tdTomato expression in various groups of supporting cells. Samples were immunostained with anti-Myo7a (yellow) to label all hair cells, and tdTomato was detected using endogenous fluorescence (magenta). Prox1CreERT2 labels primarily pillar and Deiters’ cells (A,C–C”), whereas Plp-CreERT labels primarily inner phalangeal and border cells (solid magenta in B), along with a small number of pillar and Deiters’ cells (striped magenta in B) (B,D–D”). White arrow (D’) indicates an outer pillar cell labeled by Plp-CreERT. Panels (C–D’) are optical cross-sections and panels (C”–D”) are top-down views. All scale bars: 20 μm.



A large number of supporting cells respond to hair cell damage by expressing Atoh1, but only a fraction of these cells mature to express myosin VIIA

We first sought to compare the response to hair cell damage among supporting cell subtypes using expression of Atoh1, the first known gene to be turned on in a cell differentiating into a hair cell fate (Bermingham et al., 1999). DTR:Prox1CreERT2 and DTR:Plp-CreERT mice were bred with Atoh1GFP/+ mice, which is a knock-in reporter line that creates an ATOH1-GFP fusion protein (Rose et al., 2009). Both groups were treated with tamoxifen on P0 and DT on P1, and temporal bones were collected on P3. Endogenous GFP fluorescence was augmented with anti-GFP antibodies. In control Prox1CreERT2 and Plp-CreERT samples at P3, Atoh1 expression was seen exclusively in Myo7a-positive hair cells, with only three Atoh1-positive supporting cells observed among three control cochleae (Figures 2A–A”’). Next, we examined experimental mice that had hair cell damage to quantify tdTomato-positive supporting cells that expressed ATOH1-GFP, but lacked the more mature hair cell marker, Myo7a (Figures 2B–C”’). At P3, there was a larger number of supporting cells that expressed ATOH1-GFP after hair cell damage in DTR:Plp-CreERT mice (162.8 ± 11.7, n = 5) compared to DTR:Prox1CreERT2 mice (125.4 ± 7.8, n = 5, p = 0.0031 determined using a two-way ANOVA followed by a Sidak’s post-hoc test) (Figure 2D). When converted to a percentage (using the total number of Tomato-positive supporting cells from each CreER line), only 13.2 ± 0.9% of the Cre-positive supporting cells in DTR:Plp-CreERT mice and 5.3 ± 0.3% of the Cre-positive supporting cells in DTR:Prox1CreERT2 mice expressed Atoh1-GFP (n = 5; Figure 2E). However comparing across cochlear turns, DTR:Prox1CreERT2 mice showed a decreasing gradient of Atoh1-GFP-positive/Tomato-positive cells from apex to base (74.4 ± 7.9 in apex, 41.4 ± 5.8 in middle, and 9.6 ± 2.6 in base, n = 5, p = 0.0051 determined using a two-way ANOVA followed by a Sidak’s post-hoc test), but there was no difference among turns in the DTR:Plp-CreERT mice (Figure 2E). This may suggest that supporting cells in the medial compartment remain plastic for a longer time period than the lateral supporting cells. Also at P3, a similar, but very small number of cells co-expressed tdTomato and Myo7a in both CreER lines (4.8 ± 3.1 for Plp-CreERT vs. 7.4 ± 4.7 for Prox1CreERT, n = 5; Figure 2D), which is less than 0.5% of the total Tomato-positive supporting cells in each CreER line (n = 5; Figure 2E).
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FIGURE 2
A significant proportion of Atoh1-positive supporting cells at P3 do not mature to Myo7a-positive regenerated hair cells by P7. (A–C”’) Representative confocal slice images from the apical turn of Atoh1GFP/+ (A–A”’), Plp-CreERT:Rosa26tdTomato:Pou4f3DTR:Atoh1GFP/+ (B–B”’) and Prox1CreERT2:Rosa26tdTomato:Pou4f3DTR:Atoh1GFP/+ (C–C”’) mice at P3. All mice were injected with tamoxifen at P0 to induce tdTomato expression in various groups of supporting cells and with DT at P1 to induce hair cell damage. Samples were immunostained with anti-Myo7a antibodies (yellow) to label all hair cells and anti-GFP antibodies (blue) to detect Atoh1 expression as an early marker of hair cell conversion. tdTomato was detected using endogenous fluorescence (magenta). Arrows indicate Atoh1-positive/Myo7a-negative/tdTomato -positive fate-mapped supporting cells. Asterisks indicate Myo7a-positive/tdTomato-negative cells that are hair cells which survived the DT-mediated damage. Note that in controls all Atoh1-postive cells also expressed Myo7a. Scale bars: 25 μm. (D) The supporting cell populations fate-mapped by Plp-CreERT produced significantly more cells expressing Atoh1 than those fate-mapped by Prox1CreERT2. A significant number of the hair cell progenitors from both populations of supporting cells did not mature to Myo7a-positive regenerated hair cells by P7, although the number of Myo7a-positive regenerated hair cells present at P7 was significantly greater for in the Prox1CreERT2 group compared the Plp-CreERT group. (E) Data from panel (D) normalized to the total number of Tomato-positive supporting cells in each mouse model. (F) When stratified by cochlear turn at P3, there were similar numbers of Atoh1-positive, Plp-CreERT-positive supporting cells in each turn, but there was a decreasing gradient of Atoh1-positive, Prox1CreERT2-positive supporting cells from apex to base. (G) Supporting cell populations in both CreER lines produced significantly more regenerated hair cells in the apex compared to the middle and basal turns at P7, but there were no differences across cochlear turns at P3. Data are presented as mean ± SEM for n = 5–15. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 determined using two-way ANOVA with a Sidak’s post-hoc test.


We then determined the number of tdTomato-positive supporting cells that progressed to express Myo7a at P7 (Figure 2D). Numbers of regenerating, Myo7a-positive/Tomato-positive hair cells fate-mapped by Prox1CreERT2 were two-fold greater than those fate-mapped by Plp-CreERT at P7 (71.1 ± 6.5 vs. 32.7 ± 6.8, n = 15, p < 0.0001 determined using a two-way ANOVA followed by a Sidak’s post-hoc test). When converted to a percentage, this accounts for ∼2.5–3% of the Tomato-positive supporting cells in each CreER line (n = 5; Figure 2E). When comparing across cochlear turns, both DTR:Plp-CreERT and DTR:Prox1CreERT2 mice showed a decreasing gradient of Myo7a-positive/Tomato-positive cells from apex to base (DTR:Plp-CreERT: 22.3 ± 4.7 in apex, 7.3 ± 1.7 in middle, and 3.1 ± 1.2 in base, n = 15, p = 0.003; DTR:Prox1CreERT2: 61.1 ± 5.9 in apex, 9.8 ± 4.1 in middle, and 0.2 ± 0.1 in base; n = 15, p < 0.0001 determined using a two-way ANOVA followed by a Sidak’s post-hoc test) (Figure 2G). Compared to the number of ATOH1-GFP-positive supporting cells at P3, cells expressing tdTomato and Myo7a at P7 were 2–4 fold less in both models (162.8 ± 11.7 ATOH1-GFP/tdTomato, n = 5 vs. 32.7 ± 6.8 Myo7a/tdTomato, n = 15 for Plp-CreERT, p < 0.0001, and 125.4 ± 7.8 ATOH1-GFP/tdTomato, n = 5 vs. 71.1 ± 6.5 Myo7a/tdTomato, n = 15 for Prox1CreERT2, p < 0.0001 determined using a two-way ANOVA followed by a Sidak’s post-hoc test) (Figure 2D). This suggests that a significant number of supporting cells respond to hair cell damage by expressing Atoh1, but they have not yet completed the transdifferentiation process by P7.



Oncomodulin expression is seen in a similar number and percentage of regenerated hair cells derived from all supporting cell subtypes

To identify immature outer hair cells, cochlear sections were costained with oncomodulin (also called parvalbumin-β) and Myo7a. Oncomodulin is a calcium binding protein that has been previously shown to be selectively expressed in immature outer hair cells beginning as early as P2 (Hackney, 2005; Simmons et al., 2010; Tong et al., 2016). In control Prox1CreERT2 and Plp-CreERT samples at P7, oncomodulin expression was specific to outer hair cells, with only one oncomodulin-positive inner hair cell observed among three control cochleae, and no expression detected in supporting cells (Figures 3A–A”’). Robust oncomodulin expression was also seen at P7 in regenerated hair cells (tdTomato-positive/Myo7a-positive) fate-mapped by both CreER lines (Figures 3B–C”’). There were no Tomato-positive/Myo7a-negative cells that expressed oncomodulin in any of the control or experimental samples. Quantification of total numbers of oncomodulin-positive regenerated hair cells (tdTomato-positive/Myo7a-positive) were similar for both CreER lines (Figure 3D; 32.2 ± 4.7 for DTR:Prox1CreERT2 vs. 33.6 ± 16.9 for DTR:Plp-CreERT, n = 5, determined using an unpaired Student’s t-test), and remained similar when the counts were normalized to the total number of regenerated hair cells (tdTomato-positive/Myo7a-positive) in each sample (Figure 3E; 66.0 ± 7.1% for DTR:Prox1CreERT2 vs. 42.7 ± 14.7% for DTR:Plp-CreERT, n = 5, determined using an unpaired Student’s t-test). This suggests that both subsets of supporting cells have an equivalent capacity to differentiate toward an outer hair cell fate.
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FIGURE 3
Oncomodulin is expressed in a similar number and percentage of regenerated hair cells across supporting cell subtypes. (A–C”’) Representative confocal slice images from the middle turn of Pou4f3DTR-negative (A–A”’) and apical turns of Plp-CreERT:Rosa26tdTomato:Pou4f3DTR (B–B”’) and Prox1CreERT2:Rosa26tdTomato:Pou4f3DTR (C–C”’) mice at P7–P8 that were injected with tamoxifen at P0 to induce tdTomato expression in the two supporting cell subpopulations and with DT at P1 to induce hair cell damage. Samples were immunostained with anti-Myo7a antibodies (yellow) to label all hair cells and anti-oncomodulin antibodies (blue) to label immature outer hair cells. tdTomato was detected using endogenous fluorescence (magenta). Arrows indicate Myo7a-positive/oncomodulin-positive/tdTomato-positive cells that are regenerated, fate-mapped outer hair cells. Scale bar: 25 μm. (D) There was no significant difference in the total number of regenerated hair cells expressing oncomodulin between the supporting cell populations targeted by the two CreER lines. (E) When normalized to the total number of tdTomato-positive/Myo7a-positive cells, there was no significant difference in the percentage of oncomodulin-positive regenerated hair cells between the supporting cell populations targeted by the two CreER lines. Significance was determined using an unpaired Student’s t-test. Data are presented as mean ± SEM; n = 5. N.S., not significant.




Prestin expression increases with age and becomes proportionally higher in regenerated hair cells derived from lateral compartment supporting cells

To identify terminally differentiated outer hair cells, cochlear sections were costained with prestin and Myo7a. Prestin, the cytoplasmic motor protein important for the cochlear amplifier function, has been previously shown to be a reliable marker for mature outer hair cells, and it is not expressed in supporting cells or inner hair cells (Liberman et al., 2002; Fang et al., 2012; Bramhall et al., 2014; Cox et al., 2014). Previous work demonstrated that some spontaneously regenerated hair cells in the neonatal cochlea can express prestin (Bramhall et al., 2014; Cox et al., 2014).

Like oncomodulin, prestin was specifically expressed in outer hair cells of control Prox1CreERT2 and Plp-CreERT samples at P7, with no prestin-positive inner hair cells or supporting cells seen among the three control cochleae (Figures 4A–A”’). Similar to oncomodulin, prestin was also expressed in regenerated hair cells (tdTomato-positive/Myo7a-positive) derived from both subsets of supporting cells. However, at P7, prestin expression appeared faint (Figures 4B–C”’) and there were low numbers and percentages of prestin-positive regenerated hair cells (tdTomato-positive/Myo7a-positive) (Figures 4F,G). Therefore, we also examined samples at P10 (Figures 4D–E”’), where prestin staining was stronger (Figures 4D’,E’ vs. Figures 4B’,C’). Regenerated hair cells derived from Prox1CreERT2-labeled supporting cells (in the lateral compartment) showed a significantly higher number of prestin-positive hair cells at P10 compared to P7 (64.6 ± 21.5 vs. 16.2 ± 7.6, n = 5, p = 0.0130 determined using a two-way ANOVA followed by a Sidak’s post-hoc test), but there was no difference in the number of cells expressing prestin between P7 and P10 in the DTR:Plp-CreERT mice (Figure 4F). At P10, there were also more prestin-positive regenerated hair cells (tdTomato-positive/Myo7a-positive) in DTR:Prox1CreERT2 samples than DTR:Plp-CreERT samples (64.6 ± 21.5 vs. 8.4 ± 2.4, n = 5, p = 0.0065 determined using a two-way ANOVA followed by a Sidak’s post-hoc test) (Figure 4F). Likewise, when the data were converted to a percentage [to normalize it to the total number of regenerated hair cells (tdTomato-positive/Myo7a-positive)], regenerated hair cells derived from Prox1CreERT2-labeled supporting cells (in the lateral compartment) showed a significantly higher percentage of prestin-positive hair cells at P10 compared to P7 (99.5 ± 0.4% vs. 50.0 ± 21.2%, n = 5, p = 0.0325 determined using a two-way ANOVA followed by a Sidak’s post-hoc test), and compared to those derived from Plp-CreERT-labeled supporting cells at P10 (99.5 ± 0.4% vs. 36.5 ± 7.0%, n = 5, p = 0.0031 determined using a two-way ANOVA followed by a Sidak’s post-hoc test) (Figure 4G). There were no Tomato-positive/Myo7a-negative cells that expressed prestin in any of the control or experimental samples. These data suggest that similar to normal development, it takes several days after Myo7a expression for prestin to be expressed in regenerated outer hair cells, and prestin-positive regenerated hair cells are preferentially produced by supporting cells originating in the lateral compartment, which neighbor the endogenous outer hair cells.
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FIGURE 4
Prestin expression in regenerated hair cells increases with age and is proportionally higher in pillar and Deiters’ cells. (A–E”’) Representative confocal slice images from the middle turn of Pou4f3DTR-negative (A–A”’) and from the apical turn of Plp-CreERT:Rosa26tdTomato:Pou4f3DTR (B–B”’,D–D”’) and Prox1CreERT2:Rosa26tdTomato:Pou4f3DTR (C–C”’,E–E”’) mice at P7–P8 (A–C”’) and P10 (D–E”’) that were injected with tamoxifen at P0 to induce tdTomato expression in the two supporting cell subpopulations and with DT at P1 to induce hair cell damage. Samples were immunostained with anti-Myo7a antibodies (yellow) to label hair cells and anti-prestin antibodies (blue) to label mature outer hair cells. tdTomato was detected using endogenous fluorescence (magenta). Arrows indicate Myo7a-positive/prestin-positive/tdTomato-positive cells that are regenerated, fate-mapped mature outer hair cells. Scale bars: 25 μm. (F) A significantly greater number of prestin-positive regenerated hair cells were seen in the supporting cells located in the lateral compartment and fate-mapped by Prox1CreERT2 between P7 and P10 and between the supporting cell populations targeted by the two CreER lines at P10. (G) Data from panel (F) normalized to the total number of Tomato-positive/Myo7a-positive cells in each mouse model. *p < 0.05; **p < 0.01, determined using two-way ANOVA with a Sidak’s post-hoc test. Data are presented as mean ± SEM; n = 5. N.S., not significant.




VGlut3 is expressed in hair cells regenerated from all supporting cell subtypes

To identify terminally differentiated inner hair cells, cochlear sections were costained with VGlut3 and Myo7a. VGlut3 is responsible for transport of cytoplasmic glutamate into presynaptic vesicles of inner hair cells, and is not normally expressed in outer hair cells or supporting cells (Seal et al., 2008; Liu et al., 2014; Strenzke et al., 2016). We confirmed this expression pattern of VGlut3 in our control Prox1CreERT2 and Plp-CreERT samples at P7 (Figures 5A–A”’); no VGlut3-positive outer hair cells or supporting cells were seen among three control cochleae. Like the outer hair cell markers, VGlut3 expression was also seen in regenerated hair cells (tdTomato-positive/Myo7a-positive) fate-mapped by both Prox1CreERT2 and Plp-CreERT at P7 (Figures 5B–C”’). There were no Tomato-positive/Myo7a-negative cells that expressed VGlut3 in any of the control or experimental samples. While regenerated hair cells (tdTomato-positive/Myo7a-positive) of Prox1CreERT2 supporting cell origin had a greater number of VGlut3-positive cells than those of Plp-CreERT origin (45.6 ± 5.2 vs. 19.8 ± 5.9, n = 5, p = 0.0108 determined using an unpaired Student’s t-test) (Figure 5D), when normalized to the total number of regenerated hair cells (tdTomato-positive/Myo7a-positive), there was a similar percentage of VGlut3-positive cells in both CreER lines (77.5 ± 3.5% and 78.2 ± 9.1%, n = 5) (Figure 5E). This suggests that both subsets of supporting cells have an equivalent capacity to differentiate toward an inner hair cell fate.
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FIGURE 5
VGlut3 is expressed in a similar proportion of regenerated hair cells across supporting cell subtypes. (A–C”’) Representative confocal slice images from the apical turn of Pou4f3DTR-negative (A–A”’), middle turn of Plp-CreERT:Rosa26tdTomato:Pou4f3DTR (B–B”’), and apical turn of Prox1CreERT2:Rosa26tdTomato:Pou4f3DTR (C–C”’) mice at P7–P8 that were injected with tamoxifen at P0 to induce tdTomato expression in the two supporting cell subpopulations and with DT at P1 to induce hair cell damage. Samples were immunostained with anti-Myo7a antibodies (yellow) to label hair cells and anti-VGlut3 antibodies (blue) to label mature inner hair cells. tdTomato was detected using endogenous fluorescence (magenta). Arrows indicate Myo7a-positive/VGlut3-positive/tdTomato-positive cells that are regenerated, fate-mapped mature inner hair cells. Scale bars: 25 μm. (D) Significantly more regenerated hair cells derived from supporting cells in the lateral compartment and fate-mapped by Prox1CreERT2 expressed VGlut3. (E) When normalized to the total number of tdTomato-positive/Myo7a-positive cells, there was no significant difference in the percentage of VGlut3-positive regenerated hair cells between the supporting cell populations targeted by the two CreER lines. *p < 0.05, determined using an unpaired Student’s t-test. Data are presented as mean ± SEM; n = 5. N.S., not significant.




Some regenerated hair cells aberrantly express inner and outer hair cell markers simultaneously

Given the high percentage of regenerated cells (tdTomato-positive/Myo7a-positive) that expressed oncomodulin and VGlut3 in both of the CreER lines (Figures 3E, 5E), we hypothesized that some cells expressed both of these genes. To test this, DTR:Prox1CreERT2 and DTR:Plp-CreERT cochlear samples were stained with both oncomodulin and VGlut3 at P7. Regenerated hair cells were identified by tdTomato expression combined with expression of either or both oncomodulin and VGlut3.

We observed a significant number of regenerated hair cells (tdTomato-positive) that expressed VGlut3 without oncomodulin in both lines (DTR:Prox1CreERT2: 20.0 ± 6.3; DTR:Plp-CreERT: 29.4 ± 6.7, n = 5) (Figures 6A–E). Conversely, an exceedingly low number of oncomodulin-positive regenerated hair cells (tdTomato-positive) expressed oncomodulin without VGlut3 (DTR:Prox1CreERT2: 2.0 ± 1.0; DTR:Plp-CreERT: 1.2 ± 1.0, n = 5) (Figures 6A–E). Within the DTR:Prox1CreERT2 cochleae, there was a significantly greater number of regenerated hair cells expressing both VGlut3 and oncomodulin than those expressing oncomodulin alone (27.4 ± 4.9 vs. 2.0 ± 1.0, n = 5, p = 0.0118, determined using two-way ANOVA followed by a Sidak’s post-hoc test) (Figures 6A–E). Within the DTR:Plp-CreERT cochleae, there was a significantly greater number of regenerated hair cells expressing VGlut3 alone or both VGlut3 and oncomodulin than those expressing oncomodulin alone (24.8 ± 9.0 vs. 1.2 ± 1.0, n = 5, p = 0.0050 and 29.4 ± 6.7 vs. 1.2 ± 1.0, n = 5, p = 0.0201, determined using two-way ANOVA followed by a Sidak’s post-hoc test) (Figures 6A–E). When the data were normalized to the total number of regenerated hair cells (tdTomato-positive cells that co-expressed either VGlut3 or oncomodulin), a similar percentage of cells expressing both oncomodulin and VGlut3 were seen in both CreER lines (Prox1CreERT2: 59.3 ± 12.2%; DTR:Plp-CreERT: 43.9 ± 9.9%, n = 5, determined using an unpaired Student’s t-test) (Figure 6F).
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FIGURE 6
A large proportion of regenerated hair cells expressed both oncomodulin and VGlut3 across supporting cell subtypes. (A–C”’) Representative confocal slice images from the apical turn of Plp-CreERT:Rosa26tdTomato:Pou4f3DTR (A–B”’) and Prox1CreERT2:Rosa26tdTomato:Pou4f3DTR (C–D”’) mice at P7–P8 that were injected with tamoxifen at P0 to induce tdTomato expression in the two supporting cell subpopulations and with DT at P1 to induce hair cell damage. Samples were immunostained with anti-VGlut3 antibodies (yellow) as a marker of mature inner hair cells and anti-oncomodulin antibodies (blue) as a marker of immature outer hair cells. tdTomato was detected using endogenous fluorescence (magenta). Arrows indicate VGlut3-positive/oncomodulin-positive/tdTomato-positive cells that are regenerated, fate-mapped hair cells. (A–A”’,C–C”’) Based on their location relative to the tunnel of Corti (dashed blue line), regenerated hair cells were classified as being located in the lateral compartment (upper half of image) or the medial compartment (lower half of image) position. Boxes outline the location where higher magnification images (B–B”’, D–D”’) were taken. All scale bars: 25 μm. (E) In both population of supporting cells, a significantly greater number of regenerated hair cells (Tomato-positive) expressed both VGlut3 and oncomodulin (blue triangles) compared to those expressing only oncomodulin (gray squares). For regenerated hair cells fate-mapped by Plp-CreERT, the number of cells expressing only VGlut3 (red circles) also significantly exceeded those expressing only oncomodulin. (F) When normalized to the total number of tdTomato- positive hair cells, there was no significant difference in the percentage of VGlut3-positive/oncomodulin-positive regenerated hair cells between the supporting cell populations targeted by the two CreER lines. *p < 0.05; **p < 0.01, determined using two-way ANOVA with a Sidak’s post-hoc test. Data are presented as mean ± SEM; n = 5. N.S., not significant.


Since Plp-CreERT is expressed in ∼7–11% of inner pillar, outer pillar, and Deiters’ cells in addition to the supporting cells in the medial compartment (Figures 1B,D,D’; McGovern et al., 2017), we closely examined the location of the regenerated hair cells, using the tunnel of Corti as a landmark (Figures 6A–A”’,C–C”’). Regenerated hair cells that expressed both oncomodulin and VGlut3 simultaneously were most commonly found within the lateral compartment (Prox1CreERT2: 23.8 ± 4.0; Plp-CreERT: 21.6 ± 9.8, n = 5), and were rarely seen in the medial compartment (Prox1CreERT2: 3.6 ± 1.4; Plp-CreERT: 3.2 ± 1.0, n = 5) in both CreER lines (Figures 6B–B”’,D–D”’). While the regenerated hair cells that expressed VGlut3 without oncomodulin were found exclusively medial to the tunnel of Corti, the cells that expressed oncomodulin without VGlut3 were almost exclusively observed in the lateral compartment. When the data were normalized to the total number of regenerated hair cells (tdTomato-positive cells that co-expressed either VGlut3 or oncomodulin), a similar percentage of cells expressing both oncomodulin and VGlut3 were seen in the lateral compartment of both CreER lines (Prox1CreERT2: 87.7 ± 3.8%; DTR:Plp-CreERT: 77.0 ± 9.0%, n = 5, determined using an unpaired Student’s t-test). This suggests that VGlut3 expression is not properly controlled in the neonatal cochlea, thus many regenerated hair cells may develop as hybrids, expressing markers of both inner and outer hair cells.



Regenerated hair cells from both mouse lines form new synaptic connections

Hair cell types also differ in their innervation patterns with afferent spiral ganglion neurons. To identify synapses and innervation with regenerated hair cells, cochlear sections of both CreER lines at P7 were stained with either anti-C-terminal binding protein 2 (CtBP2) (Figures 7A–B”’) or anti-neuron-specific class III β-tubulin (Tuj1) (Figures 7C–D”’). CtBP2 is an important component of the ribbon synapses that are found in both inner and outer hair cells (Schmitz, 2009; Uthaiah and Hudspeth, 2010; Becker et al., 2018). Tuj1 is an important structural component of spiral ganglion neurites (Sekerková et al., 2008). In the DTR:Plp-CreERT- and DTR:Prox1CreERT2-labeled regenerated hair cells (tdTomato-positive/Myo7a-positive) at P7, 81.8 and 96.8% had numerous CtBP2-positive puncta, respectively, while 95.2 and 98.0% of regenerated hair cells had direct contact with at least one Tuj1-positive neurite.
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FIGURE 7
Regenerated hair cells formed ribbon synapses and were innervated by Tuj1-positive neurites at P7. (A–D”’) Representative confocal slice images from the apical turn of Plp-CreERT:Rosa26tdTomato:Pou4f3DTR (A–A”’,C–C”’) and Prox1CreERT2:Rosa26tdTomato:Pou4f3DTR (B–B”’,D–D”’) mice at P7–P8 that were injected with tamoxifen at P0 to induce tdTomato expression in the two supporting cell subpopulations and with DT at P1 to induce hair cell damage. Samples were immunostained with anti-Myo7a antibodies (yellow) to label hair cells and anti-CtBP2 antibodies (blue, A–B”’) to label synaptic ribbons or anti-Tuj1 antibodies (blue, C–D”’) to label neurites of the spiral ganglion. tdTomato was detected using endogenous fluorescence (magenta). Scale bars: 10 μm. (E) In the Pou4f3DTR-negative controls, there were significant more ribbon synapses in the inner hair cells located in the medial compartment (red circles) than the outer hair cells located the in the lateral compartment (blue squares). For the DTR:Prox1CreERT2 and DTR:Plp-CreERT mice, hair cells were classified as located in the medial or lateral compartment based on their location relative to the tunnels of Corti (see Figures 6A–A”’,C–C”’). Similar to the control dataset, significantly more synaptic ribbons were seen in regenerated hair cells (Myo7a-poitive/Tomato-positive) located in the medial compartment compared to the lateral compartment for both CreER lines. In addition, there were a greater number of CtBP2-positive puncta in the lateral compartment regenerated hair cells fate-mapped by Plp-CreERT than those fate-mapped by Prox1CreERT2. *p < 0.05; **p < 0.01; ***p < 0.001, determined using an unpaired Student’s t-test. Data are presented as mean ± SEM; n = 4–5.


We next categorized tdTomato-positive hair cells as being in the medial or lateral compartments depending on their position relative to the tunnel of Corti (Figures 6A–A”’,C–C”’). At P7, each DTR:Plp-CreERT cochleae contained 16.6 ± 4.2 medially positioned and 4.6 ± 0.9 laterally positioned tdTomato-positive hair cells, contrasting DTR:Prox1CreERT2 cochleae, which each contained 4.0 ± 0.8 medially positioned cells and 77.8 ± 8.0 laterally positioned cells. Using the 10 most apical regenerated hair cells (tdTomato-positive/Myo7a-positive) in each compartment, we quantified the number of synapses per regenerated hair cell by counting CtBP2-positive puncta. In some cases there were less than 10 regenerated hair cells in a compartment, so we used all cells present in that sample/compartment for the quantifications. Medial compartment tdTomato-positive hair cells had significantly more CtBP2-positive ribbon synapses than lateral compartment tdTomato-positive cells in both the DTR:Plp-CreERT and DTR:Prox1CreERT2 lines (Figure 7E; 31.2 ± 3.4 vs. 22.6 ± 1.3 for DTR:Plp-CreERT, n = 5, p = 0.0128 and 28.8 ± 1.0 vs. 15.6 ± 0.9 for DTR:Prox1CreERT2, n = 5, p = 0.0004 determined using two-way ANOVA followed by a Sidak’s post-hoc test). Furthermore, lateral compartment regenerated hair cells fate-mapped by DTR:Plp-CreERT had more CtBP2-positive puncta per cell than those fate-mapped by DTR:Prox1CreERT2 (22.6 ± 1.3 vs. 15.6 ± 0.9, n = 5, p = 0.415 determined using two-way ANOVA followed by a Sidak’s post-hoc test). In P7 control samples (Pou4f3DTR-negative), there were also more ribbon synapses in inner hair cells (located in the medial compartment) compared to outer hair cells (located in the lateral compartment) (32.3 ± 2.36 vs. 19.3 ± 2.44, N = 4, p = 0.0086 determined using a Student’s t-test). However, there was no differences in the number of ribbon synapses per hair cell between controls and either CreER line for either compartment (Figure 7E). These synapse numbers are similar to the number of CtBP2-positive synaptic ribbons reported previously at P0-P3 during normal cochlear development (Huang et al., 2012), but greater than what is present in adult mice (Thiers et al., 2008; Becker et al., 2018; Chen et al., 2021), suggesting that at P7 hair cells have yet to undergone synaptic pruning.




Discussion

While hair cells expressing markers of terminal differentiation have been reported in models where supporting cells were reprogrammed to induce hair cell regeneration (Liu et al., 2014; Lee et al., 2020; Chen et al., 2021), examples of this in spontaneously regenerated hair cells is limited. Previous work showed that some spontaneously regenerated hair cells can express the terminal outer hair cell marker prestin, but there is no evidence of inner hair cell replacement (Bramhall et al., 2014; Cox et al., 2014). Our work here, which includes cells that were regenerated by both mitotic regeneration and direct transdifferentiation, demonstrates that spontaneously regenerated hair cells are able to express markers of inner or outer hair cells, including their terminal differentiation markers, VGlut3 and prestin, respectively. In addition, a large number of supporting cells responded to hair cell damage by expressing Atoh1, within 2 days of the injury, yet the number of these cells that progressed to express Myo7a was significantly reduced in both CreER lines. The lack of progression toward a hair cell fate may be explained by recent findings which suggest that the targets of Atoh1 are not accessible in many neonatal supporting cells, or there may be a critical level of Atoh1 expression needed to induce transdifferentiation in a feed-forward fashion through expression of Pou4f3 (Yu et al., 2021).


VGlut3 is mis-expressed in regenerated hair cells originating from supporting cells in the lateral compartment

Interestingly, when we co-stained for VGlut3 and oncomodulin simultaneously, we observed that the majority of the oncomodulin-positive, VGlut3-positive regenerated cells were found in the lateral compartment (87.7 ± 3.8% for DTR:Prox1CreERT2 and 77.0 ± 9.0% for DTR:Plp-CreERT, N = 5) While very few regenerated cells expressed oncomodulin alone, we found that about a quarter of regenerated cells expressed VGlut3 alone in each CreER line, with these cells located exclusively in the medial compartment.

The finding of these outer compartment hybrid cells suggests that the cues that control regulation of inner hair cell genes and differentiation are reduced or are no longer present in the neonatal cochlea. Atoh1 and Pou4f3 have been shown to be important for induction of a general cochlear hair cell fate. Two additional transcription factors, Ikaros family zinc finger 2 (Ikzf2) (which encodes the protein Helios) and insulinoma-associated protein 1 (Insm1) have recently been implicated in further differentiation toward an outer hair cell fate (Chessum et al., 2018; Wiwatpanit et al., 2018; Sun et al., 2021) and Tbx2 has been implicated in promoting an inner hair cell fate (García-Añoveros et al., 2022). Ikzf2 is expressed starting at P4, and persists in fully mature outer hair cells. It is thought to play a role in promoting an outer hair cell fate by downregulating genes that are inner hair cell-specific, and upregulating outer hair cell-specific genes (Chessum et al., 2018). Conversely, Insm1 is expressed only transiently from embryonic day (E) 15.5 to P2 in outer hair cells (Lorenzen et al., 2015). It is also thought to help promote an outer hair cell fate by repressing inner hair cell-specific genes and preventing embryonic hair cells from responding to pro-inner hair cell signaling gradients. Deletion of Insm1 during embryonic development caused differentiation of some hair cells in the lateral compartment into inner hair cells in a decreasing gradient from the medial to lateral compartments (Wiwatpanit et al., 2018). The recently described opposing medial-lateral gradients of Activin A and Follistatin may represent two such gradients driving this process (Prajapati-DiNubila et al., 2019). Given that the induction of hair cell damage in our work occurred at P1, which is near the end of normal Insm1 expression, it is possible that spontaneously regenerating hair cells in the lateral compartment lacked appropriate expression of Insm1 and were thus susceptible to molecular gradients driving an inner hair cell fate, leading to the inappropriate expression of VGlut3 that we observed. Another potential explanation is that the hybrid cells (VGlut3-positive/oncomodulin-positive/Tomato-positive) are original hair cells that survived the DT-mediated damage. However this is unlikely since there was only ∼1 Tomato-positive hair cell in Plp-CreERT mice and ∼13 Tomato-positive hair cells in Prox1CreERT2 mice and 30–40 hybrid cells present in both mouse models.

It is unclear what properties these hybrid cells might possess. It is also possible that the VGlut3 mis-expression induced cell death, since previous reports showed that most regenerated hair cells do not survive into adulthood (Cox et al., 2014). Although examples of cell transdifferentiation are seen in other organ systems, such as the liver and pancreas (Shen et al., 2003; Yanger et al., 2013), to the best of our knowledge similar evidence of healthy, regenerated cells co-expressing markers of other distinct, neighboring cell types has not been reported. Rather, inappropriate expression of proteins is often discussed within the context of dysplasia or malignancy (Qie and Diehl, 2016; Kent and Leone, 2019).



Regenerated hair cells express mature inner and outer hair cell markers, and the type of marker expressed does not depend on the supporting cell subtype of origin

A recent single cell RNA-seq study showed that the inner phalangeal cells located in the medial compartment of the organ of Corti have a very different molecular profile than the pillar and Deiters’ cells located in the lateral compartment (Kolla et al., 2020). We attempted to determine whether supporting cells in closest proximity to each hair cell subtype would be more likely to produce the same type of regenerated hair cell (i.e., are the supporting cells that neighbor each hair cell type pre-programmed to follow a specific fate). Contrary to our hypothesis, we found that there were no differences in the percentage of regenerated hair cells from the two CreER lines that expressed markers of an immature outer hair cell fate (by expressing oncomodulin) or a mature inner hair cell fate (by expressing VGlut3). Conversely, there was a greater proportion of Prox1CreERT2–labeled regenerated cells that expressed the terminal outer hair cell gene, prestin. Importantly, these experiments were performed with only one type-specific hair cell marker, along with the general hair cell marker, Myo7a. While this allowed us to characterize differentiated cells as a proportion of all regenerated cells labeled by a specific CreER line, our subsequent finding of hybrid cells suggests that experiments performed with only one type-specific marker did not reliably define a pure inner or outer hair cell phenotype. While our single-marker findings contradict with a recent report by Chen et al. (2021) in which hair cells induced by over-expression of Gfi1, Pou4f3, and Atoh1 produced cells expressing prestin only when pillar and Deiters’ cells were targeted, and produced cells expressing VGlut3 only when inner phalangeal and border cells were targeted, these studies examined VGlut3 and prestin separately. In addition, the different results from these two studies may have been caused by changes that occurred in the organ of Corti after DT-induced hair cell damage, which was present in our experiment, but not in the Chen et al. (2021) study, or were due to the age of the supporting cells being studied.



Plasticity differences between supporting cell subtypes in the medial and lateral compartments

While there was no difference in the percentage of regenerated hair cells (Myo7a-positive/Tomato-positive cells) from the two CreER lines, there were differences in the percentage of supporting cells from each population that turned on the early hair cell gene, Atoh1, after hair cell damage. Specifically, there were ∼2 fold more Plp-CreERT-positive supporting cells that expressed Atoh1 after damage and this may suggest that supporting cells in the medial compartment, located near inner hair cells, retain their plasticity and capacity to respond to hair cell damage longer than other supporting cell subtypes. When looking at cochlear development, this may seem surprising since the hair cells and supporting cells in the medial compartment differentiate from progenitor cells before the cells in the lateral compartment (Morrison et al., 1999; Lanford et al., 2000; Driver et al., 2013), and thus one might predict that the medial cells are more mature at neonatal ages.

It is well documented that the supporting cells in the base of the cochlea begin the maturation process 1–2 days before the cells in the apex (Hallworth et al., 2000; Jensen-Smith et al., 2003; Szarama et al., 2012) and that the majority of regenerated hair cells are located in the apical turn of the cochlea where supporting cells are less mature (Bramhall et al., 2014; Cox et al., 2014; Atkinson et al., 2018; McGovern et al., 2019), Similar to previous reports (Atkinson et al., 2018), the Prox1CreERT2–labeled supporting cells in the lateral compartment followed this gradient showing a decline in the number of Atoh1-positive cells from the apex to the base. However there was no gradient of Atoh1 expression seen for the Plp-CreERT-labeled supporting cells, which also supports the idea that medial supporting cells remain plastic for a longer period of time.



Spontaneously regenerated hair cells form new synaptic connections

Contact with Tuj1-positive neurites and formation of CtBP2-positive synaptic boutons was seen in the vast majority of regenerated hair cells, suggesting that the replacement hair cells form new synaptic connections. During normal embryogenesis and the early postnatal period, the number of synaptic ribbons in each hair cell increases gradually. Inner hair cells reach a peak of 50–55 CtBP2-positive puncta around P3, whereas outer hair cells reach a peak of 45–50 CtBP2-positive puncta around P6. Both subsets of hair cells are then subject to synaptic pruning until ∼P12, at which time they reach adult levels (Huang et al., 2012). In adult mice, the number of CtBP2 puncta has been reported to be approximately 15–20 per inner hair cell (Thiers et al., 2008; Becker et al., 2018; Chen et al., 2021) and 1–2 per outer hair cell (Thiers et al., 2008). The number of CtBP2-positive synaptic ribbons seen in regenerated hair cells in our experiments at P7 are similar to the numbers of ribbon synapses seen in the first few postnatal days during normal development, based on data from both with our control samples and published data. This is logical since the regenerated cells had just differentiated from supporting cells a few days prior, and suggests that the synaptic pruning process has not yet occurred. Additionally, lateral compartment regenerated cells contained significantly less synapses than the medial compartment cells, which follows the normal pattern of synapse counts seen in normal inner and outer hair cells.

In summary our study showed that regenerated hair cells expressing terminal differentiation markers of both inner and outer hair cells could be produced from either subset of fate-mapped supporting cells, and that these regenerated cells contained synaptic boutons and neuronal connections. Our work also suggests that the regulatory factors guiding terminal hair cell differentiation are altered during the first week of neonatal life, as evidenced by aberrant expression of VGlut3 in regenerating cells located in the lateral, outer hair cell compartment. Further work is needed to elucidate the processes that guide hair cell differentiation into subtypes, as replicating these processes during regeneration will likely be necessary to form functional, mature inner and outer hair cells.




Materials and methods


Animals

Plp-CreERT mice (stock #5975, Doerflinger et al., 2003), Rosa26tdTomato mice, also referred to as Ai14 (stock #7914, Madisen et al., 2010), and Atoh1GFP/+ mice (stock #13593, Rose et al., 2009) were obtained from The Jackson Laboratory. Pou4f3DTR mice (Golub et al., 2012; Tong et al., 2015) were provided by Dr. Ed Rubel (University of Washington, Seattle, WA, USA). Prox1CreERT2 mice (Srinivasan et al., 2007) were provided by Dr. Guillermo Oliver (St. Jude Children’s Research Hospital, Memphis, TN, USA). Both of these strains are now available at The Jackson Laboratory. Transnetyx, Inc., performed all genotyping. Mice of both genders were used, and all animal work was performed in accordance with approved animal protocols from the Institutional Animal Care and Use Committee at Southern Illinois University School of Medicine.



Substances given to animals

tdTomato expression was induced in supporting cell subgroups by intraperitoneal injection of 3 mg/40 g tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) in 100% corn oil (Sigma-Aldrich, St Louis, MO, USA) given at P0. Hair cell death was induced by intramuscular injection of 6.25 ng/g DT (List Biological Laboratories, Inc., Campbell, CA, USA) given at P1.



Immunostaining

Neonatal pups were euthanized under isoflurane anesthesia (Piramal Enterprises Limited, Telangana, India) between P3-P10 and cochleae were subsequently harvested and post-fixed in 4% paraformaldehyde (Polysciences, Inc., Warrington, PA, USA) for ∼2 h at room temperature. Samples were then transferred to 10 mM phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) and stored at 4°C. Whole mount dissection was performed with cochleae dissected into 3 turns of equal length. Sections were placed in a 48-well plate for free floating immunostaining as previously described (Montgomery and Cox, 2016). The following primary antibodies were used: rabbit anti-myosin VIIa (Myo7a) (1:200, cat#25-6790, Proteus Biosciences, Ramona, CA, USA), goat anti-prestin (1:200, cat#sc-22692, Santa Cruz Biotechnology, Inc., Dallas, TX, USA), mouse anti-CtBP2 IgG1 (1:500, cat#BDB612044, Fisher, Hampton, NH, USA), mouse anti-Tuj1 IgG2a (1:500, cat#801201, BioLegend, San Diego, CA, USA), chicken anti-GFP (1:1,000, cat#ab13970, Abcam, Cambridge, United Kingdom), goat anti-oncomodulin (1:200, cat#sc-7446, Santa Cruz Biotechnology, Inc., Dallas, TX, USA), mouse anti-VGlut3 IgG2a (1:200, cat#135211, Synaptic Systems, Göttingen, Germany), and rabbit anti-VGlut3 (1:500, cat#135203, Synaptic Systems, Göttingen, Germany). Alexa fluor-conjugated secondary antibodies (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) were used at 1:1000 dilution and nuclei were stained with Hoechst (1:2000, Fisher, Hampton, NH, USA). Samples were mounted on slides using Prolong Gold (Fisher, Hampton, NH, USA).



Cell counts

Confocal imaging was performed using the Zeiss LSM800 (Zeiss, Oberkochen, Germany), and images were processed using Zen Blue (Zeiss, Oberkochen, Germany) software. All Myo7a-positive/tdTomato-positive cells (regenerated hair cells) were quantified and assessed for expression of the various markers along the entire length of the cochlea for both experimental and control groups. Regenerated hair cells that expressed specific markers of inner or outer hair cells were normalized to the total number of Myo7a-positive, tdTomato-positive cells in each cochlea. In Figure 2, all tdTomato-positive supporting cells throughout the cochlea that expressed ATOH1-GFP or Myo7a were included in the quantifications. In Figure 2E, total numbers of Tomato-positive supporting cells in each CreER line were taken from McGovern et al. (2019) to generate the percentages. In Figure 5, regenerated hair cells were identified by tdTomato expression combined with expression of either or both oncomodulin and VGlut3 (since Myo7a was not used in this experiment). For quantification of CtBP2-positive synapses in Figure 7, up to 10 regenerated hair cells (Myo7a-positive, tdTomato-positive) in each compartment (medial and lateral) were assessed in each cochlea. When more than 10 cells in each compartment were present in a single cochlea, the 10 most apical cells were used for synapse quantification.



Statistical analysis

All data are presented as mean ± SEM and the n-value represents the number of mice included in the study in which one cochlea from each mouse was used for each experiment. Statistical tests were performed using GraphPad Prism 6.02 and are described in the figure legends.
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Levels Feature t-statistic df p-value

70 dB L —1.563 6.40 0.173
70 dB A 4.36 6.69 0.0037*
70dB pC 3.58 5.33 0.0143*
70 dB IC 2.65 6.99 0.0332*
70dB rC 0.854 5.97 0.426
90 dB L —0.271 6.49 0.795
90 dB A 3.59 9.65 0.0052*
90 dB pC 0.842 9.17 0.421
90 dB IC 0.249 9.99 0.809
90dB rC 4.50 6.78 0.0030*

L = latency, A = amplitude, pC = peak curvature, IC = left curvature, rC = right
curvature, and df = degrees of freedom. A p-value less than the significance level
(0.05) is labeled with a *.
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Group Feature t-statistic df p-value
Control L —0.4714 6 0.6540
Control A —0.8989 6 0.4033
Control pC —-0.6170 6 0.5599
Control IC —0.7160 6 0.5009
Control rC —0.0772 6 0.9409
Noise-exposed L 0.2810 6 0.7882
Noise-exposed A 6.2403 6 0.0008*
Noise-exposed pC 9.5886 6 < 0.0001*
Noise-exposed IC 0.8323 6 0.4371
Noise-exposed C 3.3555 6 0.0153*

L = latency, A = amplitude, pC = peak curvature, IC = left curvature, rC = right
curvature, and df = degrees of freedom. The t-statistic is the ratio of the mean
feature difference (TO-T2) to its standard error. A p-value less than the significance
level (0.05) is labeled with a *.
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p-value

0.7882
0.7417
0.9168
0.9083
0.6839
0.1996
0.0096*
0.0002*
0.1036
0.2276

L = latency, A = amplitude, pC = peak curvature, IC = left curvature, rC = right
curvature, and df = degrees of freedom. The t-statistic is the ratio of the mean
feature difference (TO-T2) to its standard error. A p-value less than the significance
level (0.05) is labeled with a *.
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Group SC (ml) TP (-daPa) DPOAE (dB) ABR (dB)

Control 2.32 9 40 25
Control 1.32 35 45 30
Control 1.82 43 45 25
Control 148 11 45 40
Control y iy 54 47 45 25
Control 1.68 19 40 25
Otitis Media 1.16 70 N/A 50
Otitis Media 0.8 27 N/A 55
Otitis Media 0.74 12 N/A 55
Otitis Media 0.83 37 N/A 35
Otitis Media 1.56 20 N/A 65
Otitis Media 0.91 23 N/A 35
p-value 0.06 0.71 N/A 0.004*

Static compliance (SC) and tympanometry pressure (TP) were obtained from
tympanometry. Both DPOAE and ABR data were collected at 20 kHz, a sensitive
hearing region for mice. For each measurement, a two-sample t-test between
control mice and mice with otitis media was performed. A p-value less than the
significance level (0.05) is labeled with a *.





OPS/images/fncel-16-851500/fncel-16-851500-g001.jpg
(ms)

Time

(AY) =

spnjidwy HgV

—
—_

B——

Time

e

Ax/ZV P .

Time — (ms)

< spnjildwy Ygvy

A>~: DU

opn)jdwy ¥gV






OPS/images/fncel-16-851500/fncel-16-851500-g002.jpg
A —-x*+3 B —2.5x3 + 2x? C In(x) —2x + 3

3.000 - 1.30 -
2.975 -
0.15 - o
2.950 - 1.20 -
< 2.925 - 0.10 A 1.15 -
v —9
2.900 - 1.10 -
2.875 - i 1.05 -
2.850 -
0.00 - 1.00 -
-0.4 -0.2 0.0 0.2 0.4 0.0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1.0
X X X
D E F

Ints

3.5e-05 3.5e-05 0.0016 3.5e-05

Gl 0026 0026 0.026 0.026

Po

18 18 18 18

NLLS
LGP
ND
CS
NLLS
LGP
ND
CS
LGP
ND
CS

7))
e
-
<





OPS/images/fncel-16-851500/fncel-16-851500-g003.jpg
>

ABR
-—==Baseline
1500 1 =o=2-week

1800 +

1200 -+

o))

o

o
]

w

o

o
u

Control
Amplitude (nV)

o
E
o
u
s
E
ke
:
5
E
f
E
5
E
.

30 40 50 60 70 80 90

C

© 1800 »

QO —~

N > 1500 - T
o £ * % %
Q. g 1200 3

éggoo- *

1

Q)'T_lsoo-

‘£ & 300 -

O <

=z 0 shmpp—————————

30 40 50 60 70 80 90

Level (dB SPL)

o  Amplitude (dB SPL) w

Amplitude (dB SPL)

60 1

45 s

30 -

15 «

-15 s

-30

60 1

45

30

15

DPOAE

30 40 50 60

Level (dB SPL)

70

80





OPS/images/fncel-16-851500/fncel-16-851500-g004.jpg
A

70 dB SPL

Latency

1.354
1.301
=
w
o=
)
= 1.25-
1.20 +
o
TO T2 TO T2
Control Noise-exposed
B 90 dB SPL
Latency
1304
w
o
()
<
1.20 1
1.101
TO T2 TO T2

Control Noise-exposed

6e-06 -

5e-06 -

4e-06 -

3e-06 -

2e-06 -

Amplitude

TO T2 TO T2

Control Noise-exposed

1e-05 -

8e-06 -

6e-06 -

4e-06 -

Amplitude

TO T2 TO T2
Control Noise-exposed

Peak Curvature

0.00030 +

0.00025 -

0.00020 -

0.00015+

Control Noise-exposed

TO T2 TO T2

Left Curvature

0.00015+1

0.00010+

0.00005+

0.00000 -

Peak Curvature

TO T2
Control Noise-exposed

TO

T2

0.00040 -

0.00035 -

0.00030 -

0.00025 -

0.00020 -

2 7

TO T2 TO T2

Control Noise-exposed

Left Curvature
2e-04 - 2\
N\
N
1e-04 -
0e+00

TO

T2

TO

T2

Control Noise-exposed

Right Curvature

0.00015

0.00010 -

0.00005 +

0.00000

TO

T2
Control Noise-exposed

TO T2

Right Curvature

0.00025 -

0.00020+

0.00015-

0.00010+-

0.00005 -

0.00000 -

. =
NS P i

TO

T2
Control Noise-exposed

TO T2






OPS/images/fncel-16-851500/fncel-16-851500-e001.jpg
__ el
[1+ (@2





