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Editorial on the Research Topic
Hearing Loss: Mechanisms and Prevention
Hearing loss, which is often referred as an “invisible disability,” is one of the most common sensory impairments worldwide. The prevalence of hearing loss is high and it is estimated that 20 percent of the world’s population is affected by hearing loss to some degree in 2021 according to the WHO report. The resulting consequences are significant burdens to the economy and society. There are numerous contributing factors to hearing loss, such as noise exposure, congenital, infectious, traumatic, and immune-mediated causes and the severity of hearing loss is always related with age. To develop preventative and treatment strategies specific to the underlying causes, it is crucial to understand the pathophysiology of these contributing factors. This Frontiers Research Topic entitled Hearing Loss: Mechanisms and Prevention has encompassed 34 contributions from experts who are dedicated to recent advances in the mechanisms and prevention of hearing loss in ways of hair cell damage and prevention, spiral ganglion cell development and inherited hearing loss in animal models and patients, as well as a range of novel treatment approaches for hearing loss.
Hair cells are most important part in sound conduction and balancing sensation. Their development is tightly correlated with the function of cochlea. To reveal cochlear development and hearing, Sun et al. identified that the G protein-coupled receptor 125 is expressed in multiple cell types dynamically in the developing and mature cochlea in mice. Stereocilia play an important role in hearing and balancing sensation. Du et al. investigated the role of the Rho GTPase cell division cycle 42 in mice and reported it as a vital regulator in stereocilia development of cochlear hair cells. In recent decades, new technologies have emerged in inner ear research which help researchers reveal the development of hair cells. As such, single-cell sequencing technology is a powerful tool for analyzing gene expression variations across different cell types, and it has also been proven to be useful in inner ear research. Wu et al. reviewed recent applications of single-cell sequencing in inner ear research, covering from identifying unknown cell subtypes, discovering novel cell markers, to revealing dynamic signaling pathways during development. Meanwhile, by using single-cell RNA sequencing analysis, Chen et al. Identified different cell subtypes in the greater epithelial ridge cells in the cochlear duct related to their degeneration during postnatal development in rats. During P1 and P7 rats, five cell clusters reduced significantly while four clusters, enriched with genes associated with the degeneration of the greater epithelial ridge cells, had high similarity in gene expression patterns and biological properties. Besides utilizing single-cell sequencing technique, Wu et al. from a different group developed a 3D imaging technique for the three-dimensional examination of the microstructure of the full thickness of the tympanic membranes in mice. With this imaging technique, they discovered the 3D form of the elastic and collagen network, as well as the close spatial relationships between the elastic fibers and the elongated fibroblasts in the tympanic membranes, which provides important information for hair cell development.
A great effort has been made to study the cause of hair cell damage and the approaches to protecting them. Noise can induce cochlear hair cell damage and it is the most common cause of hearing impairment. Noise-induced hearing loss involves different mechanisms and pathways. Liu et al. reported excessive accumulation of calcium due to acoustic overexpression and slow clearance around the presynaptic ribbon might lead to disruption of calcium homeostasis by compared the consequences of noise-induced cochlea synaptopathy of C57BL/6J and CBA/CaJ mice. The susceptibility of noise-induced cochlear synaptopathy in CBA mice is caused by mitochondrial dysfunction of inner hair cells. Xiao et al. investigated the molecular behavior of high-mobility group box 1 (HMGB1) in the cochlea following noise exposure both in mice and in vitro and reported that HMGB1 has a possible negative effect on cellular lifespan indicated by the higher cell viability observed in the HMGB1 knocked-down mice after stimulation with H2O2. In addition to resolving the intrinsic cause of noise-induced hearing loss, researchers are also working on the approaches to protecting noise-induced damge. The use of FK506 (tacrolimus) to treat noise-induced hair cell loss and noise-induced hearing loss (NIHL) has been applied clinically and He et al. identified the downstream mechanisms of FK506-attenuated NIHL. They found that FK506 treatment not only inhibits calcineurin activity to attenuate moderate-noise-induced outer hair cell loss and hearing loss, but also inhibits reactive oxygen species and activates autophagy. Badash et al. demonstrated that endolympahtic hydrops are correlated with noise-induced cochlear synaptopathy by exposing live CBA/CaJ mice to various noise intensities and using optical coherence tomography to measure endolymph volume. Liang et al. also found a positive role sirtuin-3 in protecting cochlear hair cells against noise-induced damage via the superoxide dismutase 2/reactive oxygen species signaling pathway. Many different factors are also involved in the development of hair cells and contribute to hearing loss. Ding et al. identified that the ototoxicity of 2-hydoxypropyl-beta-cyclodextrin (HPβCD) spread from the high-frequency base towords the low-frequency apex of the cochlea from P3 to P28 and the HPβCD-induced outer hair cell (OHC) death is correlated with the upregulation of prestin in OHCs. In addition, 4–6 weeks post-HPβCD treatment, there is a second, massive wave of degeneration involving inner hair cells, pillar cells, auditory nerve fibers and spiral ganglion neurons. An interesting effect of caffeine in cochlear hair cells was identified by Tang et al. They showed that caffeine induces autophagy and apoptosis in auditory hair cells via the SGK1/HIF-1ɑ pathway, which suggests overdoes of caffeine may lead to hearing impairment. Gong et al. described the importance of claudin h in morphogenesis and auditory function of the hair cells. Zebrafish with deficiency of claudin h have significant reduction of otic vesicle size and loss of utricle otolith and loss of hair cells in neuromasts caused by the deficiency of claudin h can be rescued by claudin h mRNA in zebrafish. Tu et al. demonstrated that the deficiency of small muscle protein, x-linked (SMPX) causes stereocilia degeneration in cochlea and progressive hearing loss using an Smpx null mouse model by CRISPR-Cas9 technique. Kwesi et al. presented a study of effect of high jugular bulb (HJB) on the hearing loss in patients with large vestibular aqueduct syndrome (LVAS). LVAS patients with concurrent HJB show higher air conduction thresholds.
Apart from cochlear hair cell damage, hearing loss can also relate several neurological disorders, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and autism spectrum disorder, as thoroughly reviewed in Li et al. Although hearing loss can be caused by various factors, new approaches to treating hearing loss are emerging. Dong et al. revealed the positive function of optic atrophy1 (OPA1) in hearing by examining the ability of OPA1 to protect against cisplatin-induced cochlear cell death both in vitro and in vivo. They showed overexpression of OPA1 prevented cisplatin-induced ototxicity, which suggests a possible role of OPA in ototoxicity and/or mitochondria-associated cochlear damage. It has been demonstrated before that neither N-acetylcysteine nor dexamethasone can protect hair cells from oxidative stress when at ineffective concentrations, but Bai et al. reported when these two drugs combine together, they show a better therapeutic effect both ex vivo and in clinical patients. Chen et al. developed a stable and effective to deliver dexamethasone (DEX) via an electrode coated with polycaprolactone. This device maintains stabilityof DEX concentration for more than 9 months and shows promising application in cochlear implantation. New technologies are also making contributions to treatment of hearing loss, such as stem cell-based therapies as reviewed in He et al. and nanoparticle treatment as reviewed by Huang et al. In the prior review, they fully described the ways of inducing the differentiation of stem cells, the implantation operation and regulation of exogenous stem cells after implanted into the inner ear, and elaborated the relevant inner ear signal pathways and the clinical applications of new materials. In the latter review, they summarized recent developments challenges of nanoparticles in diagnostics and treatment of hearing loss.
Spiral ganglion neurons are bipolar neurons connecting the primary auditory receptor cells, the hair cells, with the auditory brain stem. Their development and protection are highly linked with the auditory system. Sun et al. explored the regulatory mechanisms of atrial natriuretic peptide (ANP) underlying functional properties of auditory neurons in vitro and reported that ANP could support and attract neurite outgrowth of sprial ganglion neurons (SGN) and possesses a high capacity to improve neuronal survival of SGNs against glutamate-induced excitotoxicity via triggering the natrieretic peptide receptors-A/cGMP/PKG pathway. Ma et al. indicated that the expression levels of vesicle transporter protein 3, glutamate/aspartate transporter protein, and Na+/K+-ATPase ɑ1 are disrupted in spiral ganglion cells in mice after noise exposure, suggesting that disruption of glutamate release and uptake-related protein expression may exacerbate the occurrence of synaptopathy. Some gene mutations are also participated in the development of spiral ganglion neurons. Qiu et al. investigated the pathological role of mutant ATP6V1B2 in the auditory system with transgenic mice carrying c.1516 C > T (p.Arg506∗) in Atp6v1b2, Atp6v1b2Arg506∗/Arg506∗. They showed the transgenic mice have hidden hearing loss at early stages and developed late-onset hearing loss. The degeneration of spiral ganglion neurons are induced by apoptosis activated by lysosomal dysfunction and the subsequent blockade of autophagic flux, which then further impairs the hearing. Meanwhile, scientists are searching for potential approaches to protecting spiral ganglion neurons. Wang et al. described a transgenic mice with tumor necrosis factor 2/4 double knockout show the attenuation of spiral ganglion neuron degeneration by the differential regulation of some core molecules. Chen et al. explored a way to reprogram cochlear Sox2+ glial cells into functional spiral ganglion neurons by induction of small molecules. In the field of regeneration research of spiral ganglion neurons in the inner ear, utilization of specific genetic tool of animal models is a common research approach. For example, a specific spiral ganglion neuron damage approach is described by Hu et al. They generated a strain of transgenic mice exhibiting inducible SGN-specific Cre activity in the inner ear which may serve as a valuable SGN damage model.
Although various environmental insults can cause damage to hair cells and spiral ganglion neurons, inherited factors will also lead to hearing loss verified both in animal models and clinical patients. In mice, Xu et al. identified a spontaneous mutation of coiled-coil domain-containing 154 gene as a new osteopetrosis-related gene can induce congenital deafness. In porcrine model, Ren et al. studied the population statistics, hearing phenotype, and pathological changes of congenital single-sided deafness (CSSD) which is highly resembled with human non-syndromic CSSD disease. The deaf cochlear of this strain show cochlear-saccular degeneration. In vitro, Wen et al. investigated the mechanisms of Waardenburg syndrome (WS) by inducing an iPSC line derived from a WS patient with SOX10 mutation. The induced cells differentiated into neural crest cells (NCCs) and SOX10 deficiency had a significant impact on the gene expression patterns throughout NCC development in the iPSC model. In children, Liang et al. identified 18 new potential genes associated with congenital deafness and 87 potential new genes associated with otitis media by using a network-based method incorporating a random walk with restart algorithm, as well as a protein-protein interaction framework. In patients, Wang et al. reported a phenotypic heterogeneity of post-lingual and/or milder hearing loss with the GJB2 c.235delC homozygous mutation. Zhu et al. reported a compound heterozygous variant of the OTOF gene in familial temperature-sensitive auditory neuropathy and the auditory neuropathy can be diagnosed by the presence of cochlear microphonics with absent or markedly abnormal auditory brainstem responses (ABRs). Wang et al. further demonstrated the significance of genetic testing for auditory neuropathy patients with p.E818K in the ATP1A3 gene. All these findings have made contributions to a genetic understanding of inherited deafness and provide novel biomarkers for clinical screening.
In conclusion, the collection of research articles and reviews presented in this Research Topic provides a comprehensive set of information on the factors attributing to hair cell development, the mechanisms of hair cell damage and the approaches to protect them, as well as spiral ganglion neuron development and protection and genes involved in the inherited hearing loss. Most importantly, there are various new potential treatment approaches to hearing loss. Together, the achievements included in this Research Topic make huge contributions to further understand the underlying causes of hearing loss and may facilitate the development of novel therapies to treat hearing loss in the near future.
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Osteopetrosis is a rare inherited bone disease characterized by dysfunction of osteoclasts, causing impaired bone resorption and remodeling, which ultimately leads to increased bone mass and density. Hearing loss is one of the most common complications of osteopetrosis. However, the etiology and pathogenesis of auditory damage still need to be explored. In this study, we found that a spontaneous mutation of coiled-coil domain-containing 154 (CCDC154) gene, a new osteopetrosis-related gene, induced congenital deafness in mice. Homozygous mutant mice showed moderate to severe hearing loss, while heterozygous or wild-type (WT) littermates displayed normal hearing. Pathological observation showed that abnormal bony remodeling of the otic capsule, characterized by increased vascularization and multiple cavitary lesions, was found in homozygous mutant mice. Normal structure of the organ of Corti and no substantial hair cell or spiral ganglion neuron loss was observed in homozygous mutant mice. Our results indicate that mutation of the osteopetrosis-related gene CCDC154 can induce syndromic hereditary deafness in mice. Bony remodeling disorders of the auditory ossicles and otic capsule are involved in the hearing loss caused by CDCC154 mutation.
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INTRODUCTION

Osteopetrosis is a rare bone disorder caused by the absence or dysfunction of osteoclasts. This leads to a marked increase in bone density due to defective bone resorption (Del Fattore et al., 2008). Osteoclast-mediated bone resorption plays a vital role in bone homeostasis, and perturbation of this process can lead to profound alterations in bone mass that have clinical relevance. In addition to skeletal lesions, patients with osteopetrosis are often also affected by neurological complications, notably hearing loss or visual impairment. Approximately 80% of patients with osteosclerosis develop hearing loss in childhood. Most deaf patients present with conductive deafness due to abnormalities of the auditory ossicles or temporal bone, while some present with sensorineural or mixed hearing loss (Stocks et al., 1998; Dozier et al., 2005). Most cases of osteosclerosis are caused by genetic mutations, but a few cases still lack an accurate molecular diagnosis (Sobacchi et al., 2013). These findings suggest that osteosclerosis-related genes are also involved in the formation and maintenance of normal hearing.

There are many animal models of osteosclerosis with hearing-related symptoms. The osteopetrotic mutation toothless (tl) rat exhibits auditory ossicle abnormalities and hearing loss due to the truncated Csf1 gene (encoding colony-stimulating facter-1, CSF-1) and non-functional protein (Aharinejad et al., 1999; Van Wesenbeeck et al., 2002). Auditory brainstem and visual evoked potentials are both abnormal in CSF-1-deficient mice (Michaelson et al., 1996). Osteoprotegerin (OPG) is a key regulator of bone homeostasis. Mice lacking OPG show abnormal remodeling of the otic capsule and auditory ossicles induced by osteoclast hyperactivity (Zehnder et al., 2005; Kanzaki et al., 2006). Moreover, the absence of OPG in the inner ear causes demyelination of the cochlear nerve and sensorineural hearing loss (Kao et al., 2013).

The mammalian middle ear contains the most delicate bone structure, called the ossicular chain, which consists of the malleus, incus, and stapes. These ossicles transmit vibrations from the tympanic membrane through the oval window to the inner ear, where the vibrations are converted into electrical signals in the otic capsule of the temporal bone and transduced to the brain via auditory nerves (Frolenkov et al., 2004). Osteoclasts are essential for development of the bone structures of the middle ear (Mallo, 2001), and the absence of osteoclastic resorption perturbs the process of bone resorption in the auditory ossicles or the otic capsule, thus significantly affecting their morphology and function (Kanzaki et al., 2011). Therefore, abnormal osteoclasts may cause deafness by affecting the bone structure development of the middle and inner ears. A new spontaneous autosomal recessive osteopetrosis mouse strain was reported by Lu et al. (2009). A CCDC15 mutant was identified in this strain and the osteoclasts were deficient in bone resorption. These mice displayed an osteopetrotic phenotype, including lack of tooth roots, relatively pyknotic and much thinner cortical bone. However, whether the mutant mice had auditory system complications had not been explored. In this study, we evaluated hearing function in this mouse line. Furthermore, the pathology of the auditory ossicles and the inner ear was investigated. Abnormal bony remodeling due to disordered osteoclastic bone resorption was observed in the otic capsule of homozygous mutant mice which displayed congenital deafness with abnormal bony remodeling in the otic capsule and auditory ossicles. However, the morphology of the organ of Corti (OC) showed normal organization and there was no cell loss in the auditory sensory epithelium or the spiral ganglion neurons (SGNs). Our findings provide further support for a critical role of osteoclasts in the development of auditory ossicles and the otic capsule. Abnormal bony remodeling of the auditory ossicles and otic capsule due to deficient osteoclasts might be the potential cause of hearing loss in CCDC154 mutant mice.



MATERIALS AND METHODS


Mouse Model

Osteopetrosis mutant (ntl) mice were provided by Prof. Xin-Cheng Lu at Wenzhou Medical College. Homozygous mutant mice were generated by crossbreeding the heterozygous mutant mice. As reported previously (Lu et al., 2009; Liao et al., 2012), mouse genotyping was performed by PCR amplification of tail genomic DNA, using the following genotyping primers:

CCDC154-mutant: (F) -5′CAGTCATGGCAATGACAAA CA-3′

CCDC154-mutant: (R) -5′CAGGAAGGACCTAGCAAG ATA-3′

CCDC154-wild-type: (F)-5′TGGGGTGGGAGACTGGTT ATGTGT-3′

CCDC154-wild-type: (R)-5′GTGGGGCCGCAGTTGTC AGAAG-3′.

All mice were raised in the specific-pathogen-free Experimental Animal Center of Huazhong University of Science and Technology. All experimental procedures were conducted in accordance with the policies of the Committee on Animal Research of Tongji Medical College, Huazhong University of Science and Technology.



Auditory Brainstem Response

Auditory brainstem response (ABR) was examined at P20. As we previously reported (Chen et al., 2018), mice (n = 5 in each group) were anesthetized by intraperitoneal injection with a mixture of ketamine (120 mg/kg) and chlorpromazine (20 mg/kg). Body temperature was maintained by placing the mice on an electric blanket. The recording electrode was placed at the vertex of the skull, and the reference electrode was placed at the tested ear, with an earth electrode placed at the contralateral ear. Tone bursts of 8, 16, 24, 32, and 40 kHz were generated and responses were recorded using a Tucker-Davis Technologies system (RZ6, Tucker-Davis Tech., Alachua, FL, United States). The responses were recorded as the average response to 1,024 stimuli and were recorded in decreasing 10 dB steps, which narrowed to 5 dB steps near the threshold. The lowest sound level that could be recognized was considered to be the auditory threshold.



Preparation and Morphological Examination of Auditory Ossicles

Mice were deeply anesthetized and then culled by cervical dislocation. The middle ear was exposed by dissection of the bulla, and then the malleus, incus, and stapes were carefully separated from the middle ear. The collected tissues were fixed in 4% paraformaldehyde at room temperature for 2 h. For frozen sections, after decalcification with disodium EDTA for 48 h, the auditory ossicles were dehydrated with sucrose and embedded in OCT overnight at 4°C. Sections with a thickness of 10 μm were cut for morphological examination. Hematoxylin-eosin (HE) staining was performed following standard protocols.



Cochlear Tissue Preparation and Immunofluorescent Labeling

Mice were deeply anesthetized and sacrificed at P20. The cochleae were carefully dissected from the temporal bones and fixed in 4% paraformaldehyde at room temperature for 1 h. For frozen sections, after decalcification with disodium EDTA for 48 h, the cochleae were dehydrated in 20 and 30% sucrose for 1.5 h each and then embedded in OCT overnight at 4°C. Modiolar sections with a thickness of 10 μm were cut for subsequent procedures as described previously (Zhou et al., 2016). For flattened cochlear preparations, each stretched cochlear preparation was carefully dissected from decalcifying cochleae in PBS. The sections or flattened cochlear preparations were incubated in a blocking solution of 10% donkey serum with 0.1% Triton X-100 for 1 h at room temperature, and then incubated with polyclonal rabbit anti-myosin 7a antibodies (1:500 dilution, 25–6,790, Proteus Bio-Sciences, Ramona, CA, United States), or polyclonal goat anti-sox2 antibodies (1:200 dilution, AF2018, R&D systems, Minneapolis, MN, United States) diluted in PBS with 0.3% Triton X-100 overnight at 4°C. Samples were washed three times in PBS with 0.1% Tween-20 and then stained with Alexa Fluor 647 donkey anti-goat IgG or Alexa Fluor 488 donkey anti-rabbit IgG (1:200 dilution; ANT032 and ANT031, Antgene Biotechnology Company Ltd., Wuhan, China) for 2 h at room temperature. DAPI (C1005; Beyotime Biotechnology) and phalloidin (0.05 mg/mL; P5282; Sigma-Aldrich, St. Louis, MO, United States) were used for nuclear and F-actin staining. Images of each cochlea turn were obtained with a laser scanning confocal 408 microscope (Nikon, Tokyo, Japan).



Nissl Staining Analysis

Animals were deeply anesthetized and heart perfusion was performed with 4% paraformaldehyde in PBS. The brains were carefully removed and fixed in 4% paraformaldehyde overnight at room temperature, and then dehydrated sequentially through graded alcohol, and embedded in paraffin following a conventional protocol. Sections with a thickness of 5 μm were cut for Nissl staining. Transverse sections were deparaffinized with xylene, followed by rehydration in graded alcohol and immersion in 0.3% toluidine blue for 40 min at 60°C as described previously (Chen et al., 2015). The number of neurons in the V layer of the auditory cortex was counted.



Data Analyses

All data are presented as means ± S.D. and were plotted by GraphPad Prism (Version 8.0, GraphPad Software Inc., La Jolla, CA, United States). The t-tests were performed using SPSS software (version 19, IBM SPSS Statistics, Armonk, NY, United States), and P < 0.05 was considered to be statistically significant.



RESULTS


Edentulism and Significant Hearing Loss Was Observed in the Homozygous Mutant Mice

The homozygous mutant mice had a smaller body size compared to wild-type (WT) or heterozygous littermates (Figure 1A) and no tooth eruption (Figure 1B). The homozygous mutant mice weighed only approximately half as much as the WT or heterozygous mutant mice at P20 (Figure 1C). ABR was tested at P18–20. The homozygous mutant mice showed hearing loss at all frequencies, while heterozygous or WT littermates displayed normal hearing (n = 5 mice in each group). The different ABR-click waveforms in the three groups are shown (Figures 1D–F). The minimum sound intensity to evoke a response (threshold) was 50.0 ± 5.5 dB sound pressure level (SPL) in the homozygous mutant mice and 22.5 ± 2.5 or 20.0 ± 3.2 in the heterozygous or WT mice, respectively (Figure 1G, P < 0.05). ABR-click waveforms showed that there was obvious wave I–III at 70–90 dB SPL in homozygous mutant mice (Figure 1F). The thresholds of homozygous mutant mice at 8, 16, 24, 32, and 40 kHz were 62.0 ± 2.4, 44.0 ± 14.9, 72.0 ± 11.7, 79.0 ± 5.8, and 86.0 ± 2 dB SPL, respectively. In comparison, the hearing thresholds of WT mice were 33.8 ± 6.5, 27.5 ± 2.5, 35.0 ± 3.5, 41.3 ± 5.4, and 47.5 ± 4.3 dB SPL respectively, at corresponding frequencies. Differences between the homozygous and WT animals were significant at all frequencies (Figure 1H, P < 0.05, one-way ANOVA).
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FIGURE 1. Significant hearing loss was observed in the homozygous mutant mice. (A) A litter of CDCC mutant mice, homozygous mutant mice showed smaller body size compared to wild-type or heterozygous littermates. (B) Homozygous mutant mice displayed no tooth. (C) Comparison of the weight at P20 between the three groups (D–F) ABR-click waveforms in wild type (D), heterozygous (E), and homozygous mice (F), respectively. (G) Comparison of the ABR-click thresholds between the three groups. (H) Comparison of tone-burst thresholds in the three groups. *Significantly different from the control group (P < 0.05). All ABR tests were performed at P20.




Abnormal Structure of the Auditory Ossicles and Otic Capsule in the Mutant Mice

Disruption of transmission in the middle ear can also be associated with elevated ABR thresholds. The tympanic membrane and middle ear of mice were observed under an optical microscope after posterior auricular incision. The tympanic membrane and bulla were normal, there was no effusion in the tympanum and no evidence of infection was seen in mutant mice. To examine the morphology of the auditory ossicles, we isolated the malleus, incus, and stapes from the middle ear cavities. There were no significant structural differences of the malleus, incus or stapes in homozygous mutant mice compared with heterozygous or WT littermates. To further analyze the histological characteristics of the auditory ossicles and otic capsule in mutant mice, sections of auditory ossicles stained with HE showed increased active bone remodeling of the otic capsule in homozygous mutant mice compared with heterozygous or WT littermates. Notable features of the active bone remodeling included formation of well-defined hypercellular areas, abundant angiogenesis and cavitary lesions in the otic capsule showing bone resorption and deposition (Figures 2C,F), compared to the same area in the heterozygous or wild type (Figures 2A,B,D,E). Abnormal bone resorption and hypercellular erosion of the cartilage of the otic capsule in the apical turn were observed in homozygous mutant mice, while the cartilage in heterozygous or WT mice displayed intact boundaries (Figure 2G). However, the size of ear cartilage capsule of homozygous mutant mice was not significantly different, compared to heterozygous and WT mice (Figure 2I). Furthermore, the auditory ossicles also showed remodeling, as evidenced by abnormal bone resorption, and the bony cortex of the malleus was thickened in homozygous mutant mice (Figure 2H).
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FIGURE 2. Histological examination of the otic capsule and auditory ossicles in the mutant mice. (A–C) The basal turn of modiolar sections stained with hematoxylin-eosin (HE) in wild type (A), heterozygous (B), and homozygous (C) mutant mice, respectively. (D–F) The middle turn of otic capsule in wild type (D), heterozygous (E), and homozygous (F) mutant mice, respectively. Black arrows indicate the regions of abnormal bone remodeling in otic capsule from homozygous mutant mice (C,F), Asterisks indicate the numerous large vascular channels (F). (G) The apical turn of otic capsule in the three groups. Black arrowheads indicate the regions of abnormal bone remodeling and erodes the cartilage of otic capsule. (H) Representative images of malleus stained with hematoxylin-eosin (HE) from three groups. Black arrows indicate abnormal bone resorption and the bony cortex of the malleus was thickened in homozygous mutant mice. (I) Relative heights of the organ of Corti in the wild type and mutant mice. The scales in panels (A,D,G,H) represent 100 μm.




Normal Structure of the Organ of Corti and no Hair Cell Loss Were Observed in the Mutant Mice

Normal formation of the OC is essential for hearing development, and the tunnel of Corti usually opens completely in all turns at P8–P9 (Roth and Bruns, 1992a,b). Immunostaining of radial sections showed that the tunnel of Corti and the spiral ligament were well formed at P20 in homozygous mutant mice (Figure 3A). In mice from different groups, hair cells were labeled by Myonsin7a (red) while supporting cells expressed Sox2 (white Figure 3A). There was no significant change in the height of the OC in any of the three turns of homozygous mutant mice compared with WT mice (Figure 3B). The stria vascularis (SV) showed normal three-layered organization and the thickness was not significantly changed in homozygous mutant mice (Figures 3A,C). No substantial hair cell loss was observed in heterozygous or homozygous mutant mice at P20 (Figures 4A–C).
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FIGURE 3. There was no significant change in the cochlear morphology of the mutant mice. (A) Myosin7a (red) and Sox2 (white) immunolabeling showing the morphology of the organ of Corti and spiral ligament in different turns from the wild type, heterozygous and homozygous mutant mice. (B) Relative heights of the organ of Corti in the wild type and mutant mice. (C) Relative thickness of the organ of Corti in the wild type and mutant mice. The scales in panel (A) represent 50 μm.
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FIGURE 4. There was no significant degeneration of hair cell in the mutant mice at P20. (A) Representative images of HCs (Phalloidin, green) in the apical, middle, and basal turn of basilar membrane from the wild type, heterozygous and homozygous mutant mice. (B) Quantifications of OHCs survival at specific cochlear locations in the different groups at P20. (C) Quantifications of IHCs survival at specific cochlear locations in the different groups at P20. The scales in panel (A) represent 50 μm.




There Was No Significant Degeneration of Spiral Ganglion Neurons or Auditory Cortical Neurons in Mutant Mice

HE-stained radial sections were used in morphologic studies. A full view of the cochlea of wild type, heterozygous and homozygous mice were showed. The Rosenthal canal (RC) was amplified for further investigation (Figure 5A). After quantifying the area of the RC and the number of SGNs, no significant degeneration of the SGNs was observed in homozygous mutant mice, and no significant change in the area of the RC (Figures 5B,C). Counting the number of neurons stained by toluidine blue in the auditory cortex (Figure 5D) revealed that there was no significant change in the density of auditory cortex neurons in homozygous mutant mice compared with WT mice (Figure 5E).
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FIGURE 5. There was no obvious degeneration of spiral ganglion neuron or auditory cortical neurons in mutant mice at P20. (A) Full view of the cochlea and representative images of SGN in different turns from the wild type, heterozygous and homozygous mutant mice, respectively. (B) Quantifications of SGNs survival at specific cochlear locations in the different groups at P20. (C) Quantifications of RC size at specific cochlear locations in the different groups at P20. (D) Representative images of neurons in auditory cortical from wild type, heterozygous and homozygous mutant mice, respectively. (E) Quantifications of surviving neurons in the auditory cortical from different groups at P20. The scales in panels (A,D) represent 200 and 100 μm, respectively.




DISCUSSION

The CCDC154 mutant mouse strain exhibits congenital deafness and skeletal abnormalities. This strain displays no tooth root formation but instead shows development of odontoma, a common feature of osteopetrosis, and the skeletal abnormalities are also closely similar to human osteopetrosis (Lu et al., 2009). Moreover, further work demonstrated that there was a ∼5 kb deletion comprising exons 1–6 of the CCDC154 gene in the mutant mice (Liao et al., 2012). However, whether the mutant mice had other osteosclerosis-related phenotypes has not been reported. In the present study, our data demonstrate that the homozygous mutant mice showed severe hearing loss at high frequency and moderate deafness at low frequency, while heterozygous or wild type littermates displayed normal hearing. These data suggest that the CCDC154 fragment deletion can cause syndromic hereditary deafness in mice.

To date, most research into hearing loss has focused on hair cells in the inner ear. Many genes are crucial for the development and survival of hair cells. Zhou et al. (2020) reported that genetic ablation of Atg7 in outer hair cells (OHCs) in mice caused stereocilium damage and electromotility disturbances, which led to the degeneration of OHCs and subsequent early-onset profound hearing loss. Disrupted function of slc4a2b resulted in a decreased number of HCs in zebrafish neuromasts due to increased HC apoptosis (Qian et al., 2020). Knockdown Arhgef6 in mice caused progressive hearing loss due to HC loss and stereocilia deficits (Zhu et al., 2018). Fang et al. (2019) reported that loss of Limk1 and Limk2 did not affect the overall development of the cochlea and the structure of hair bundles. CCDC154 is not necessary for the survival of hair cells or spiral ganglion cells. The morphology of the OC and the spiral ligament of the cochlea showed normal organization in all turns and there was no substantial hair cell or SGN degeneration in mutant mice. ABRs showed that there was obvious wave I–III at 70–90 dB SPL. These results prove that the inner ear of mutant mice can still transmit acoustic signals to the primary auditory nucleus under high stimulation. In the cuticular plate of hair cells, they are thought to be critical for mammalian hearing (Qi et al., 2019). CCDC154 mutant mice showed normal structure of hair bundles.

Fragment deletion in CDCC154 plays a vital role in bone remodeling of the otic capsule and auditory ossicles. The otic capsule is unique in its composition and pattern of bone remodeling; unlike most bones in the skull that form through intramembranous ossification, the auditory ossicles and otic capsule are formed through endochondral ossification (Tucker et al., 2004). During this process, the hypertrophic chondrocytes and calcified cartilage matrix are absorbed by osteoclasts and the cartilage template is subsequently replaced by bone (Mallo, 2001). The auditory ossicles or otic capsule are almost absent from bone remodeling after development, and the bone remodeling unit has a centrifugal distribution within the inner ear tissues (Frisch et al., 1998). Although osteoclastogenesis is normally suppressed in the ossicles and the auditory otic capsule, osteoclast function is still required to sculpt these bones during development. The reasons for this low level of bone turnover remain unclear. Studies have reported that high levels of OPG in the inner ear may inhibit bone remodeling in the otic capsule (Zehnder et al., 2005). In humans, a disturbed balance of OPG expression in the otic capsule is associated with otosclerosis, a complex bone dystrophy of the human otic capsule leading to conductive and sensorineural hearing loss (Karosi et al., 2011). The typical pathologic feature of otosclerosis is abnormal bony remodeling of the otic capsule, which includes osteoclast-mediated bone resorption and increased vascularization, osteoblast-mediated bone formation and new bone deposition (Quesnel et al., 2018). The active bone remodeling process of the otic capsule in the CCDC154 mutant mice was strikingly similar to that observed in the temporal bone of otosclerosis patients. Typical pathological features of the otic capsule in CDCC154 mutant mice include formation of well-defined hypercellular areas, increased vascularization and new bone or mineralization deposition, which resembles the lesions of active otosclerosis (Parahy and Linthicum, 1984; Quesnel et al., 2018). Zehnder et al. (2006) also observed similar abnormalities of bone remodeling of the otic capsule and hearing loss in OPG knockout mice. Our results suggest that CCDC154 is essential for normal bone remodeling of the otic capsule and auditory ossicles, which is important for maintaining normal auditory function. However, CCDC154 is a novel gene. To date, the function of the CDCC family has been poorly studied. Coiled-coil domain containing (CCDC) family members enhance tumor cell proliferation has been reported. Zhang et al. (2017) reported that CCDC106 promotes non-small cell lung cancer cell proliferation. Overexpression of a novel osteopetrosis-related gene CCDC154 suppresses cell proliferation by inducing G2/M arrest (Liao et al., 2012). Dong et al. (2019) reported that CCDC154 was key proteins involved in the molecular mechanisms of Parkinson’s disease (PD), which may be used as novel plasma biomarkers for early diagnosis of PD and the future development of treatments. However, its function in the middle ear or inner ear is unclear. Therefore, more studies are needed to explore the function of CCDC154 in the auditory system.

Otosclerosis is a disease of the bony labyrinth of the inner ear with a prevalence of 0.3–0.4% in the European population but which is rare among Asians and Africans (Declau et al., 2001). The abnormal bone remodeling of the otic capsule results in progressive conductive hearing loss, and up to one-third of patients ultimately develop sensorineural hearing loss in addition to conductive hearing loss (Ishai et al., 2016). However, the etiology of otosclerosis remains poorly understood. Both genetic and environmental factors such as estrogens, fluoride, and viral infection have been implicated in the disease process. To date, several otosclerosis loci named OTSC1–10 have been mapped in families showing segregation of autosomal dominant otosclerosis, although none of the otosclerosis-causing genetic mutations within these locations has been identified so far (Babcock and Liu, 2018). Our results suggest that the CDCC154 mutation may be associated with otosclerosis, even though the mutation has never been found in otosclerosis patients. In future this gene may be worthy of investigation in patients with otosclerosis, and the CDCC154 mutant mouse strain may provide a valuable animal model of human otosclerosis.
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Differences in Calcium Clearance at Inner Hair Cell Active Zones May Underlie the Difference in Susceptibility to Noise-Induced Cochlea Synaptopathy of C57BL/6J and CBA/CaJ Mice
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Noise exposure of a short period at a moderate level can produce permanent cochlear synaptopathy without seeing lasting changes in audiometric threshold. However, due to the species differences in inner hair cell (IHC) calcium current that we have recently discovered, the susceptibility to noise exposure may vary, thereby impact outcomes of noise exposure. In this study, we investigate the consequences of noise exposure in the two commonly used animal models in hearing research, CBA/CaJ (CBA) and C57BL/6J (B6) mice, focusing on the functional changes of cochlear IHCs. In the CBA mice, moderate noise exposure resulted in a typical fully recovered audiometric threshold but a reduced wave I amplitude of auditory brainstem responses. In contrast, both auditory brainstem response threshold and wave I amplitude fully recovered in B6 mice at 2 weeks after noise exposure. Confocal microscopy observations found that ribbon synapses of IHCs recovered in B6 mice but not in CBA mice. To further characterize the molecular mechanism underlying these different phenotypes in synaptopathy, we compared the ratio of Bax/Bcl-2 with the expression of cytochrome-C and found increased activity in CBA mice after noise exposure. Under whole-cell patch clamped IHCs, we acquired two-photon calcium imaging around the active zone to evaluate the Ca2+ clearance rate and found that CBA mice have a slower calcium clearance rate. Our results indicated that excessive accumulation of calcium due to acoustic overexposure and slow clearance around the presynaptic ribbon might lead to disruption of calcium homeostasis, followed by mitochondrial dysfunction of IHCs that cause susceptibility of noise-induced cochlear synaptopathy in CBA mice.
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INTRODUCTION

Hearing loss is one of the most common health problems that affects communication and impacts life quality (Lin et al., 2011). Hearing loss is often caused by the death of sensory hair cells (HCs) in the inner ear, which function in transducing the sound waves into electric signals (Wang et al., 2017; Zhu et al., 2018; Liu et al., 2019d; Qi et al., 2019, 2020). Damages from a variety of intrinsic and extrinsic sources can impair inner ear function, including mutations in deafness genes, exposure to ototoxic drugs, aging, chronic cochlear infections, and environmental noise overexposure (Kujawa and Liberman, 2009; Gao et al., 2019; Zhang et al., 2019, 2020; He et al., 2020; Qian et al., 2020; Zhong et al., 2020; Zhou et al., 2020), among which, noise-induced hearing loss (NIHL) is the most common form of non-hereditary sensorineural hearing loss, with the incidence increasing annually in our aging society.

Severe noise exposure can damage cells in the inner ear, resulting in HC loss and elevated hearing thresholds. However, recent studies showed that a moderate level of acoustical exposure might not lead to permanent threshold shift but instead cause permanent synapse loss (Kujawa and Liberman, 2009; Liberman et al., 2016; Liberman and Kujawa, 2017). The inner hair cell (IHC) and spiral ganglion neuron (SGN) synapse, both pre- and postsynaptic structures, are vulnerable to noise exposure (Kujawa and Liberman, 2015; Liu et al., 2019b; Michanski et al., 2019). This cochlear synaptopathy is an “auditory processing disorder” that alters auditory information processing and leads to difficulties in speech discrimination in noisy environments (Shi et al., 2016). CBA/CaJ (CBA) and C57BL/6J (B6) mice are two of the most common animal models used in hearing research (Brewton et al., 2016). In our previous study, we compared differences in cellular functions in the cochleae of B6 and CBA mice and concluded that excessive loading of Ca2+ over a prolonged period might damage IHCs (Liu et al., 2019a). Cytosolic calcium homeostasis requires efficient Ca2+ clearance through a combination of Ca2+ pumps, Ca2+ buffers, and intracellular Ca2+ stores (Tucker and Fettiplace, 1995; Zenisek and Matthews, 2000; Carafoli, 2011). Presynaptic-Ca2+ influx through voltage-gated Ca2+ channels initiates mitochondrial-Ca2+ uptake around the ribbons and subsequent mitochondrial damage (Wong et al., 2019). Based on such a notion, this study further analyzes the functional alterations of IHC ribbon synapses after one episode of noise exposure and explore possible mechanisms in functional differences between B6 and CBA mice.

Noise-induced synaptopathy precedes the more commonly considered form of sensorineural deafness associated with damage to the outer HCs, which leads to the reduction in auditory nerve innervation to the IHCs (Monaghan et al., 2020). This synaptic degeneration may contribute to the generation of tinnitus, hyperacusis, and associated perceptual abnormalities (Kaltenbach and Afman, 2000; Schaette and McAlpine, 2011; Hickox and Liberman, 2014). Gaining understandings of the possible mechanisms underlying damage to the ribbon synapses is an important step in preventing noise-induced cochlear synaptopathy (Vlajkovic et al., 2017; Wang et al., 2019). Our experiments have revealed that excessive accumulation due to slow clearance of calcium around the presynaptic ribbon during acoustic overexposure may lead to disruption of calcium homeostasis, followed by mitochondrial dysfunction of IHCs that cause susceptibility of noise-induced cochlear synaptopathy in CBA mice.



MATERIALS AND METHODS


Animals

Male CBA and B6 mice aged 3–4 weeks old were obtained from SIPPR-BK Laboratory Animals Ltd. (Shanghai, China). Mice were housed for the duration of the experiments in the animal care facility of Ear Institute of Shanghai 9th people's hospital, in affiliation with Shanghai Jiao Tong University School of Medicine. The experimental procedures described were approved by the University Committee of Laboratory Animals of Shanghai 9th people's hospital and followed the guidelines for the Care and Use of Laboratory Animals (8th edition), published by the National Institutes of Health (Bethesda, MD, USA).



Hearing Assessment and Acoustic Exposure

As described previously (El-Hassar et al., 2019; Lin et al., 2019), recordings of the auditory brainstem responses (ABRs) were made on an anesthetized animal (chloral hydrate, 480 mg/kg intraperitoneal), and body temperature was maintained at near 37°C throughout recording with a heating blanket (Harvard Apparatus, Holliston, MA, USA; 55-7020). For the recordings, three needle electrodes were placed subdermally at the vertex (active), left mastoid area (reference), and right shoulder (ground). An MF-1 speaker was placed in front of the animal 10 cm away from the vertex. Short tone burst stimuli (3-ms duration, 1-ms rise/fall times) were delivered free field. Stimulus frequencies rove from 32 to 4 kHz in half-octave steps. For each measured frequency, the sound level starts from 90 to 0 dB of sound pressure level (SPL) with 5 dB decrement or until two levels below visible thresholds. Each waveform was averaged 400 times. The hearing thresholds were determined by the minimal stimulus level that evoked any noticeable ABRs at each frequency. Amplitudes (μV) of ABR wave I were measured and exported offline using BioSigRZ software (Tucker-Davis Technologies, Alachua, FL, USA). Amplitude was measured by averaging the ΔV of both sides of the peak (Tan et al., 2017; Zhao et al., 2020).

Noise exposure was induced by exposing conscious animals in a calibrated reverberating chamber where differences in sound pressure level varied ~1 dB in typical locations. Bandpass noise of 2–20 kHz at 103 dB SPL was delivered for 2 h by an amplifier and loudspeaker (Yamaha). Noise signals were generated by a TDT RZ6 system (Tucker-Davis Technologies) and calibrated to the target sound pressure level immediately before each acoustic overexposure by acoustimeter (type AWA6228+, Hangzhou Aihua). ABR recordings were performed before and repeated at 1 and 14 days after noise exposure.



Two-Photon Ca2+ Imaging

Ten mice of each group were used, and the organ of Corti was dissected in the cold extracellular solution containing the following (in millimolar): 115 sodium chloride, 2.8 potassium chloride, 25 tetraethylammonium chloride, 5 calcium chloride, 1 magnesium chloride, 2 sodium pyruvate, 5.6 D-glucose, and 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (300 mOsm, pH 7.40). For Ca2+-imaging, IHCs were whole-cell patch clamped at the apical turn of the basilar membrane; the selected location corresponds to ~8.0 kHz frequency region. An EPC10 amplifier controlled by Patchmaster 10.0 pulse software (HEKA Elektronik, Harvard Bioscience Inc., Holliston, MA, USA) was used throughout our experiment. Patch pipettes were filled with a cesium-based intracellular solution that contains the following (in millimolar): 115 cesium methanesulfonate, 10 cesium chloride, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10 tetraethylammonium chloride, 1 ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid, 3 adenosine triphosphate magnesium, and 0.5 guanosine 5′-triphosphate sodium salt hydrate, 2.0 mM L-glutathione reduced, 0.375-mM Fluo-4FF (Invitrogen, Carlsbad, USA), and 0.35-mM Cy3-labeled Ribeye-binding peptide (AnaSpec, San Jose, USA), pH 7.20, 290 mOsm. Pipette resistance is 4–6 MΩ range, and cells with a holding current exceeding −40 pA at −80 mV were excluded from the analysis. All patch-clamp experiments were carried out at room temperature, and the liquid junction potential was corrected offline.

Images of IHCs were taken with a two-photon microscope system (Scientifica Ltd., Uckfield, UK) using a 60× water immersion objective (Olympus, Tokyo, Japan). Cells loaded with Ca2+-indicator F4-FF and Cy3-conjugated peptide were excited by ultrafast pulsed titanium–sapphire laser (Coherent Inc., Santa Clara, USA) of 740 nm wavelength. The intracellular Ca2+ signal associated with IHC depolarization was acquired by using two-photon line scans (1.0 kHz) across the center of the fluorescent-labeled ribbon. The decay time of Ca2+ current transients was measured by fitting the calcium fluorescence decay with the following equation to assess the kinetic properties of Ca2+ extrusion.
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where F0 is the initial luminescence intensity, A1 and A2 are pre-exponential factors, and (t–t0) is the difference between the initial time of measurement after excitation pulse t0 and time t. τ1 and τ2 is the fast and slow decaying component, respectively.



Immunofluorescence Staining and Confocal Imaging

The dissected cochleae were perfused with 4% paraformaldehyde at 4°C overnight. The next day, the organ of Corti was dissected, then permeabilized with 5% Triton X-100 and blocked in 5% bovine serum albumin. Primary antibodies used in this experiment were mouse anti-CtBP2 immunoglobulin (Ig) G1 (BD Biosciences, Franklin Lakes, NJ, USA), mouse anti-GluR2 IgG2a (Merck-Millipore, Darmstadt, Germany), rabbit anti-calretinin (Abcam, Cambridge, UK), and rabbit anti-PNPase (Proteintech, Rosemont, IL, USA). The secondary antibodies used were Alexa Fluor 568-conjugated goat anti-mouse IgG1, Alexa Fluor 647-conjugated IgG2, and Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen, USA). Confocal images were acquired on a Zeiss confocal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). Images were acquired under a Zeiss LSM 880 with a 63×, 1.4 numerical aperture oil objective lens. Pixel size was 0.1 μm in x and y planes and 0.38 μm for the z-axis. For synapse counts, the confocal stacks were created using 3D analysis software (Carl Zeiss Microscopy GmbH, Jena, Germany).



Protein Extraction and Western Blotting

Animals were killed, and cochleae were dissected in ice-cold phosphate-buffered saline. For each sample, tissues from 6 Organs of Corti were collected and pooled, treated with ice-cold radioimmunoprecipitation assay lysis buffer plus protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA) and phosphatase inhibitors. The samples were then centrifuged at 10,000 × g at 4°C for 10 min. The supernatants were collected, and the protein concentration was determined by using a BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Jiangsu, China) for protein quantification. Equal amounts of proteins were loaded onto a 10–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel, and after electrophoresis, proteins were transferred onto polyvinylidene difluoride membranes (Merck-Millipore). After blocking with 5% non-fat milk for 1 h at room temperature, the membranes were incubated with anti-cleaved caspase-3, anti-Bcl2, anti-Bax, anti-cytochrome C (Cell Signaling Technology, Danvers, MA, USA), anti-calpain 1/2, anti-calpastatin (Abcam), and anti-GAPDH (Beyotime) overnight at 4°C, with gentle shaking. The next day, the membrane was washed three times (10 min each) with phosphate-buffered saline with Tween 20 buffer and then incubated with an appropriate secondary antibody labeled with horseradish peroxidase (Abcam) for 1 h at 37°C. After extensive washing of the membrane, the protein bands were visualized using an Amersham Imager 600 (G.E. Healthcare, Little Chalfont, UK) using the elevated chemiluminescence procedure. Image J software (National Institutes of Health, Bethesda, MD, USA) was used to calculate the relative densities of the probe protein.



Data Analysis and Statistical Tests

Data analysis was performed by using software Igor Pro (WaveMetrics Inc., Lake Oswego, OR, USA) and GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). For comparisons between two samples, a two-tailed, unpaired Student's t-test or Mann–Whitney test was used. For multiple group comparison, statistical significance was calculated using one- or two-way ANOVA followed by Bonferroni post-hoc test. Cumulative distributions were statistically compared using the Kolmogorov–Smirnov test. Data are presented as mean ± SEM, and values of P < 0.05 were considered statistically significant. In figures, N.S. indicates that P > 0.05, *indicates that P < 0.05, **indicates that P < 0.01, and ***indicates that P < 0.001.




RESULTS


CBA/CaJ Mice Were More Susceptible to Noise-Induced Synaptopathy

To determine the hearing threshold shift and synaptopathy induced by acoustic exposure, we analyzed ABR recordings before and after noise exposure of B6 and CBA mice. ABR threshold shifts were similar, and temporal threshold shifts were observed in both B6 and CBA mice, which were both significantly elevated at 1 day [F(1, 56) = 574, p < 0.0001; F(1, 63) = 166.9, p < 0.0001, for B6 and CBA mice, respectively, n = 9 and 10, two-way ANOVA] and progressively recovered at 14 days after noise exposure [F(1, 56) = 0.27, p = 0.61; F(1, 63), p = 0.7606, two-way ANOVA, Figures 1A,B]. The first wave of ABR (Wave I) represents the summated activity of responding auditory afferent fibers (Figures 1C,D). Analysis of ABR wave I amplitude revealed that CBA mice exhibited a significant reduction of wave I amplitude reduction at 14 days after noise exposure at high SPLs starting from 80 dB (2.34 ± 0.11 vs. 1.93 ± 0.05 μV, n = 10 for both groups, two-way ANOVA followed by Bonferroni post-hoc test, p < 0.01, Figure 1F), whereas B6 wave I amplitude fully recovered (2.46 ± 0.07 vs. 2.45 ± 0.10 μV at 90 dB SPL, n = 9 for both groups, two-way ANOVA followed by Bonferroni post-hoc test, p > 0.05, Figure 1E). Because wave I of ABR is generated by the synchronous firing of auditory nerve fibers, these results indicate that CBA mice's IHC-SGN synaptic functions were more vulnerable to acoustic overexposure. To verify, we then quantify the changes in the synaptic count.
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FIGURE 1. Auditory brainstem response (ABR) threshold and wave I analysis. (A,B) Hearing threshold of ABR before and after noise exposure. (C,D) Representative traces of ABR response to 80 dB SPL at 8.0 kHz. (E,F) ABR wave I amplitudes, evoked by suprathreshold tones at 8.0 kHz. Data are presented as mean ± SEM; statistical significance was assessed by two-way ANOVA followed by the Bonferroni post-hoc test, *P < 0.05, **P < 0.01, and ***P < 0.001.




Ribbon Synapse Number Was Incompletely Recovered in CBA/CaJ Mice at 14 Days After Noise Exposure

A functional ribbon synapse consists of a presynaptic ribbon and postsynaptic AMPA receptors (Kim et al., 2019). Excessive noise exposure may lead to excitotoxicity that could damage the synapses. By co-staining the presynaptic ribbons (anti-CtBP2) and postsynaptic AMPA-type glutamate receptors (anti-GluA2) of the organ of Corti before and after noise exposure, we show in B6 mice that the number of ribbon synapses was initially reduced at day 1 after noise exposure but then recovered and indistinguishable from the pre-exposure level at day 14 (15.3 ± 0.16, 14.2 ± 0.19, and 15.0 ± 0.20; n = 31, 28, and 24; respectively, of pre, 1 day, and 14 days) after noise exposure (Figures 2A,B), in agreement with the in vivo ABR measurement of wave I amplitude measurement. On the other hand, for CBA mice, there was an incomplete recovery of the ribbon synapses after the noise exposure (15.8 ± 0.32, 13.4 ± 0.47, and 14.2 ± 0.47; n = 34, 19, and 26; respectively, of pre, 1 day, and 14 days), which support the finding of significant and lasting ABR wave I reduction (Figures 2C,D).


[image: Figure 2]
FIGURE 2. Inner hair cell ribbon synapse counts in B6 and CBA mice before and after noise exposure. (A,C) Representative confocal images of IHCs co-labeled for the presynaptic marker CtBP2 (red) and postsynaptic marker GluA2 (green) of B6 and CBA mice at pre, 1 day, and 14 days after noise exposure in the apical turn of the basilar membrane. (B,D) Puncta of co-labeling are presumably ribbon synapses, and the numbers of synapses were counted (mean ± SEM) per IHC. Data were analyzed by one-way ANOVA followed by Bonferroni post-hoc test. *P < 0.05 and ***P < 0.001. N.S., no significant difference was found.




Protein of Bcl-2/Bax Ratio and Cytochrome-C Was Expressed Higher in CBA/CaJ Mice After Noise Exposure

Alterations in calcium homeostasis are widely reported to contribute to synaptic degeneration, and the Ca2+-dependent proteases play a causal role in axonal and synaptic degeneration (Ma et al., 2013). We therefore analyzed the protein levels of calpastatin (0.20 ± 0.16 vs. 0.27 ± 0.10, for B6 and CBA mice, respectively, unpaired t-test, P = 0.71), calpain 1 (0.46 ± 0.15 vs. 0.59 ± 0.10, for B6 and CBA mice, respectively, unpaired t-test, P = 0.50), and calpain 2 (0.19 ± 0.10 vs. 0.33 ± 0.10, for B6 and CBA mice, respectively, unpaired t-test, P = 0.39), but no significant differences were found between the two mouse strains (Figures 3A,B).


[image: Figure 3]
FIGURE 3. Comparison of protein expression at 1 day after noise exposure between CBA and B6. (A) Protein levels of cleaved caspase-3, Bax, Bcl 2, cytochrome-C, calpain 1/2, and calpastatin were detected by Western blotting; GAPDH was used as an internal control. (B,C) Relative protein levels are presented as relative ratio of target proteins to GAPDH. Data were analyzed by one-way ANOVA followed by Bonferroni post-hoc test. *P < 0.05. N.S., no significant difference was found.


Free radicals and oxidative stress also play essential roles in the pathogenesis of NIHL (Liu et al., 2016, 2019c; He et al., 2017; Li et al., 2018b; Chen et al., 2020). Cytochrome-c is a biomarker of oxidative stress, which serves as an indicator of oxidative damage (Yamasoba et al., 2005). The activation of caspase-3, known to trigger widespread damage and degeneration, can also modulate synaptic function (Imbriani et al., 2019). Likewise, Bcl-2 expression is reduced, whereas Bax is increased in IHCs after noise exposure (Chen et al., 2020). Therefore, we investigated the expression of mitochondrial-dependent damage markers, such as Bax and cytochrome-c. As shown in Figure 3C, an increase in the ratio of Bax/Bcl-2 (1.19 ± 0.42 vs. 4.13 ± 0.85, for B6 and CBA mice, respectively, unpaired t-test, P = 0.036) and cytochrome-c release (0.85 ± 0.16 vs. 1.69 ± 0.25, for B6 and CBA mice, respectively, unpaired t-test, P = 0.047) was found in CBA mice after noise exposure. Meanwhile, the expression of cleaved caspase-3 was similar between the two strains. Taken together, these results revealed that noise-induced mitochondrial damage might be associated with the greater susceptibility to cochlear synaptopathy of CBA mice.



Cytosolic Calcium Clearance at the Active Zone Rate Is Slower in CBA/CaJ mice

During noise exposure, the sustained Ca2+ entry could induce mitochondrial dysfunction (Chen et al., 2018). Cytosolic Ca2+ homeostasis is maintained through a delicate balance between the influx and efflux of calcium ions. To probe the reasons for the different outcomes after noise exposure, we further analyzed Ca2+ dynamics at the single active zone level using two-photon Ca2+ imaging (Wong et al., 2014). We loaded IHCs with a Cy3-conjugated Ribeye-binding peptide to locate ribbons (excitation wavelength: 740 nm) and the low-affinity Ca2+ indicator Fluo-4FF (Kd = 9.7 μM, excitation wavelength: 740 nm; Figure 4A). A line scan across the center of fluorescently-labeled ribbons during IHC depolarization (20 ms to −14 mV, 1 kHz) recorded the fluorescence change of Fluo-4FF (Figures 4B–D) (Krinner et al., 2017). The time constant fitted by a double exponential function during the decay phase of the Ca2+ transient represents the rate of cytosolic Ca2+ clearance (Kim et al., 2003; Chamberland et al., 2019). Although the slow-decaying component was similar between the two mouse strains (62.45 ± 26.34 vs. 91.30 ± 49.87 ms, for B6 and CBA mice, respectively, n = 17 and 14; Mann–Whitney test, P = 0.08; Figure 4F), IHCs of B6 mice that had a shorter fast decay time constant (6.62 ± 2.78 vs. 11.93 ± 6.70 ms, for B6 and CBA mice, respectively, n = 17 and 14; Mann–Whitney test, P = 0.001; Figure 4E), suggest that the Ca2+ clearance capability of the IHCs was more efficient in B6 mice.


[image: Figure 4]
FIGURE 4. Two-photon calcium imaging in IHCs from the apical turn of the organ of Corti without noise exposure. (A) IHCs were loaded with Cy3-conjugated peptide binding to the synaptic ribbon to visualize synaptic ribbons at the active zone, and the hotspots of depolarization-evoked Ca2+ influx, visualized by increased fluorescence of the Ca2+ indicator Fluo-4FF. (B) Example line scan of a fluorescently-labeled ribbon and Fluo-4FF fluorescence change at an individual IHC active zone during 20-ms depolarization. (C) Representative recording show the evoked whole-cell Ca2+ current and the depolarization-evoked increase in fluorescence at a single active zone; ΔF from line-scans was normalized to their baseline fluorescence F0 hence ΔF/F0. (D–F) Decay of Ca2+ fluorescence intensity was fitted by a double exponential. Statistical significance was assessed by the Mann–Whitney test, **P < 0.01. N.S., no significant difference was found.




Mitochondria Around a Presynaptic Ribbon and the Expression of Calretinin in Inner Hair Cells Showed No Difference Between C57BL/6J and CBA/CaJ Mice

Mitochondrial calcium overload has been postulated to regulate a wide range of processes involved in NIHL (Wang et al., 2018). The mitochondrial calcium uniporter (MCU) is a major specific calcium channel for calcium uptake, and excessive cellular Ca2+ can rapidly enter the mitochondria through the MCU (Rizzuto et al., 2012). Therefore, we compared the volume with the number of mitochondrial around the presynaptic ribbons (Figure 5). Presynaptic mitochondrial volumes (integrated within a 0.5-μm radius around the center of mass of CtBP2 fluorescence in single confocal sections) were calculated in a total of 488 and 255 regions of six mice's organ of Corti in each group. There was no difference in the distributions of mitochondrial volumes around the presynaptic ribbon between the two animal strains (D = 0.05, two-sample Kolmogorov–Smirnov test, P = 0.76; Figure 5B). In addition, similar results were observed with regard to the number of mitochondria per ribbon within the region (1.45 ± 0.13 vs. 1.26 ± 0.12, for B6 and CBA mice, respectively, unpaired t-test, P = 0.37; Figure 5C).


[image: Figure 5]
FIGURE 5. Immunofluorescence analysis of the presynaptic abundance of mitochondria counts between CBA and B6 mice without noise exposure. (A) Organ of Corti confocal image stacks of B6 and CBA mice, stained for CtBP2 and PNPase, show similar distribution in IHC at the apical turn of basilar membrane. (B) Normalized distributions of volumes of confocal z-sections integrated within a 0.5-μm radius around the center of mass of CtBP2 fluorescence in single confocal sections show near-identical distribution pattern. (C) Number of mitochondria within a 0.5-μm radius around the center of mass of CtBP2. Statistical significance was assessed by two-sample Kolmogorov–Smirnov test and unpaired t-test. N.S., no significant difference was found.



[image: Figure 6]
FIGURE 6. Expression of calretinin in IHCs. (A) Whole-mount preparation of organ of Corti double-stained for calretinin and myosin VIIa. (B) Quantification of calretinin fluorescence at the base of IHCs in apical region without noise exposure. Statistical significance was assessed by unpaired t-test. N.S., no significant difference.


Neuroprotective Ca2+-buffering proteins have been proposed to be related to protection against traumatic noise exposure (Alvarado et al., 2016). Calretinin is a Ca2+-buffering protein with neuroprotective action (D'Orlando et al., 2002), and the absence of calretinin might be associated with the noise susceptibility of the fibers (Sharma et al., 2018). The expression of calretinin was measured by immunofluorescence quantification. Fluorescence intensity was averaged in Gaussian volumes with standard deviations of 1 μm along the X, Y, and Z axes (Michalski et al., 2017), centered around points selected at the base of IHCs of each confocal stack (for a total of 39 B6 IHCs and 32 CBA IHCs in six mice of each group). We showed that the intensity of calretinin was comparable between the two groups (5.443 ± 412 vs. 5.397 ± 450.4, for B6 and CBA mice, respectively, unpaired t-test, P = 0.66; Figures 6A,B). Together with the findings mentioned earlier, we hypothesized that mitochondria in IHCs of CBA mice might take up more Ca2+ under noise exposure and result in mitochondrial Ca2+ overload, resulting in susceptibility to noise-induced synaptopathy.




DISCUSSION

Intense HC stimulation will cause damage to IHC ribbons, as well as to postsynaptic receptors (Kujawa and Liberman, 2009), which has been implicated as a contributor to noise-induced hearing impairment (Henry and Mulroy, 1995), eventually induce apoptotic cell death in HCs, especially the outer HCs of the basal turn (Sun et al., 2014; He et al., 2016; Yu et al., 2017; Li et al., 2018a; Zhang et al., 2019). CBA and B6 mice have been used extensively to explore mechanisms underlying hearing loss for many years (Li and Hultcrantz, 1994; Spongr et al., 1997). B6 mice carry a specific mutation in cadherin23 (Cdh23), which lead to disorganized hair bundles (Noben-Trauth et al., 2003), rendering the mice more susceptible to noise insult (Davis et al., 2001). However, these two animal models exhibited different susceptibilities to noise-induced synaptopathy, in that the ribbon synapse in B6 mice can completely recover (Shi et al., 2015), while not the case in CBA mice. Few studies have been published to focus on this difference and explore the possible mechanisms. Our results identified candidate mechanisms underlying the susceptibility to noise-induced synaptopathy and provide guidance in animal model selection.

As reported in a previous study (Kujawa and Liberman, 2009), we found that CBA mice showed the typical feature of “hidden hearing loss,” in which a temporal threshold shift was detected by ABR and a decreased ABR wave I amplitude was observed. Meanwhile, in B6 mice, the ABR wave I was completely recovered, which was consistent with previously published studies (Kim et al., 2019). The repair/regeneration of ribbon synapses, which could present as changes in ABR wave I amplitude (Kujawa and Liberman, 2009), may depend on animal species, experimental conditions, and the actions of neurotrophic factors after acoustic exposure (Shi et al., 2013; Kim et al., 2019). Thus, we concluded that the IHCs of the two strains underwent different cellular/subcellular changes in response to noise exposure.

Calcium channels in the IHC presynaptic active zones are key signaling elements that transform sound-evoked presynaptic potential into neurotransmitter release. Ca2+ homeostasis of the sensory HCs is particularly critical for presynaptic electrical activities, synaptic transmission, and efferent modulation (Lenzi and Roberts, 1994). Prolonged alterations of intracellular calcium have been shown to cause neuronal excitotoxicity (Arundine and Tymianski, 2004). During noise exposure, more voltage-gated Ca2+ channels continue to open, causing sustained Ca2+ entry into IHCs from the extracellular space and elevated the intracellular free Ca2+ ions, which has been implicated in a variety of pathological conditions (Brookes et al., 2004). Under these circumstances, the capability of modifying intracellular Ca2+ homeostasis appeared to be crucial in maintaining IHC function. Dysfunction of Ca2+ extrusion channels can lead to intracellular Ca2+ overloading and eventually cell death or neurodegeneration (Hajieva et al., 2018). Thus, Ca2+ clearance may play an additional role in neurodegenerative conditions.

The elevation of cytosolic Ca2+ alone may not be a major contributing factor to HC death, but the dysfunction of mitochondria is likely the defining event (Esterberg et al., 2014). Low levels of mitochondrial Ca2+ uptake can feed energetically active cells through ATP production; however, prolonged uptake can be toxic, leading to an increase in the production of reactive oxygen species production and the release of cytochrome c (Giorgi et al., 2008, 2012). The excessive cytosolic Ca2+ uptake by mitochondria through the Ca2+ uniporter could lead to mitochondrial dysfunction, which has been implicated in synaptopathy and can contribute to neurodegeneration (Flippo and Strack, 2017). However, the inhibition of MCU activity could attenuate noise-induced loss of sensory HCs, synaptic ribbons, and ABR wave I amplitudes (Wang et al., 2018). Our results found a slower calcium clearance rate and the same levels of Ca2+ buffering proteins, which indicated that the mitochondrial might uptake more Ca2+. Taken together, we presented a mechanism that presynaptic- and mito-Ca2+ couple to induce the cochlea synaptopathy.

In summary, we demonstrated temporary and persistent alterations of ABR wave I and ribbon synapses in B6 and CBA mice, respectively, and CBA mice showed more susceptibility to noise-induced synaptopathy between the IHCs and SGN. This may be accounted for by the elevated Ca2+ around the ribbon and further leads to mitochondrial dysfunction under noise exposure in CBA mice. Further research is required to clarify the possible mechanism between calcium clearance and presynaptic dysfunction in noise-induced synaptopathy.
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Genomics studies face specific challenges in the inner ear due to the multiple types and limited amounts of inner ear cells that are arranged in a very delicate structure. However, advances in single-cell sequencing (SCS) technology have made it possible to analyze gene expression variations across different cell types as well as within specific cell groups that were previously considered to be homogeneous. In this review, we summarize recent advances in inner ear research brought about by the use of SCS that have delineated tissue heterogeneity, identified unknown cell subtypes, discovered novel cell markers, and revealed dynamic signaling pathways during development. SCS opens up new avenues for inner ear research, and the potential of the technology is only beginning to be explored.
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INTRODUCTION

The inner ear is one of the most intricate parts of the body, located within the petrous portion of the temporal bone with its attendant sensory structures responsible for auditory and balance function (Groves and Fekete, 2012). The cochlea is the auditory portion of the membranous labyrinth, while the vestibular organ collects motion, equilibrium, and spatial orientation information. Previous studies have defined some crucial signaling pathways – such as FGF, Notch, and Wnt – and genes – such as Pax2 and Atoh1 – that play essential roles in the development and maintenance of the inner ear (Scheffer et al., 2015; Zhong et al., 2019). Each region of the sensory epithelium is composed of highly heterogeneous populations of cells depending on the physiological and anatomical criteria of that region (Szarama et al., 2012; Jeng et al., 2020; Ono et al., 2020; Yao et al., 2020), and this highlights the importance of examining the expression of a large number of genes at the single cell level.

Previous genetic studies have mainly focused on analyzing bulk tissue samples composed of millions of cells, and thus have only looked at the average expression of specific transcripts, which is dependent on the expression level of each gene as well as the populations of different cell subtype. Over the past centuries, major advances have been made in genomic studies, and single cell sequencing (SCS) has emerged as a powerful tool for studying the contributions from individual cells (Knouse et al., 2014; Cao et al., 2019; Pijuan-Sala et al., 2019). In this review, we will briefly show the developmental history and utilization of SCS technology in basic research, and we will summarize its utility in inner ear research that has improved our knowledge of inner ear cellular heterogeneity, inner ear development, genetic deafness, and hair cell (HC) regeneration.



THE DEVELOPMENT AND THE ADVANTAGES OF SCS TECHNOLOGY

With the advent of next-generation sequencing, SCS technology has been developed and adopted to obtain genomic, transcriptomic, and epigenomic information from single cells (Tang X. et al., 2019). The data are collected following single cell isolation, capture, and lysis, nucleic acid extraction and amplification, and high-throughput sequencing, as shown in Figure 1A. Tang et al. (2009) modified the previously reported single-cell transcriptome amplification method and analyzed the transcriptomes of individual blastomeres, and this marked the beginning of single-cell omics. Later, Navin et al. (2011) flow-sorted nuclei and investigated copy number variations in liver tumor subpopulations. Further, Smart-Seq was developed as a robust method for improving read coverage and for enhancing the detailed analyses of alternative transcript isoforms and the identification of single-nucleotide polymorphisms (Ramskold et al., 2012).


[image: image]

FIGURE 1. Overview of SCS workflow and applications in the inner ear. (A) Schematic strategy of SCS workflow. After dissociation of the organ or tissue of interest to live single cell, cells are then captured by various methods and lysed to release RNA and DNA fragment, the former is reversed transcribed to synthesized cDNA. DNA fragment or cDNA must be amplified to generate sequencing library. Next-generation sequencing is subsequently performed to generate the readouts that can be assigned to single cells via cell-specific barcodes. (B) Analysis of single cell transcriptome, genome and epigenome data. (C) Diverse fields of basic research that have been impacted by SCS technologies. WGA, whole genome amplification; WTA, whole transcriptome amplification.


The SCS procedures have been continuously updated and modified over the past decade. Advances in single-cell isolation have greatly expanded the fields of research, as cells of various tissue could be isolated and captured by different method. Magnetic-activated cell sorting (MACS), flow-activated cell sorting (FACS), and microfluidic platforms enable high throughput study, while laser capture microdissection (LCM) technology preserves original spatial information which may be of great importance under some circumstances. In addition, numerous methods have been developed for single cell genome, transcriptome, and epigenome study, as shown in Figure 1B. Coverage, sensitivity, efficiency as well as accuracy of these methods differ from each other because of distinct amplification process. Characteristics and suitable applications of different methods are summarized as shown in Tables 1–4.


TABLE 1. Comparison of single-cell isolation methods.
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TABLE 2. Comparison of single-cell DNA sequencing technologies.
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TABLE 3. Comparison of single-cell RNA sequencing technologies.
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TABLE 4. Comparison of single-cell epigenome technologies.
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Furthermore, researchers can now go beyond single-omics studies and can integrate multiple omics in a single cell. For example, the combination of DNA and RNA sequencing by DR-seq (DNA-mRNA sequencing) (Dey et al., 2015) or G&T-seq (genome and transcriptome sequencing) (Macaulay et al., 2015) from the same cell can reveal genomic variations between individual cells, thus explaining changes at the transcription level. Techniques that analyze the epigenome and transcriptome of the same cell have been used to reveal the regulatory role of methylation and chromatin accessibility in gene expression (Angermueller et al., 2016; Hu et al., 2016; Clark et al., 2018), and Hou et al. (2016) have developed scTrio-seq (single-cell triple omics sequencing) that simultaneously obtains genome, DNA methylome, and transcriptome information from a single cell.

There has been an explosion of studies utilizing SCS in recent years due to its remarkable ability compared with traditional sequencing technology to detect new genes that might be missed by bulk sample sequencing and to discern previously unknown cell types (Proserpio and Lonnberg, 2016). In addition, SCS visualization of cell fate transition and possible cell origin has allowed the reconstruction of cell lineage trajectories of many important life activities in cells (Pijuan-Sala et al., 2019), and SCS has proven to be of great importance for illustrating new mechanism of tumorigenesis and metastasis and thus improving the diagnosis and treatment of cancer (Navin et al., 2011). In embryonic organ development, SCS provides genetic information at different stages, thus helping to identify master genes and regulatory signaling pathways in early embryonic development (Tang et al., 2010; Biase et al., 2014) and during the development of the cerebral cortex (Pollen et al., 2014), kidney (Wang P. et al., 2018), lung epithelium (Treutlein et al., 2014), etc. SCS has also promoted the identification of new species of microorganisms and clarified the molecular evolutionary mechanisms and kinetics of infection by obtaining genetic information at the single-cell level (McLean et al., 2013; Combe et al., 2015; Guo et al., 2017b). In studies of the immune system, where the cell subtypes are highly heterogeneous and are even more diversified after gene recombination, SCS has revealed single cell gene-expression networks in immune responses, therefore deepening our understanding of complex immune mechanisms and laying the foundation for advances in immunotherapy (Bossel Ben-Moshe et al., 2019; Rao et al., 2020). In reproduction and heredity studies, SCS is able to detect the dynamic genetic profiles of single germ cells (Hou et al., 2013; Chen et al., 2018; Wang M. et al., 2018) and embryonic cells (Wagner et al., 2018), which is significant for understanding germ cell genesis, alternative splicing patterns, and the key regulators of these processes. SCS also shows promise in reproductive disorders by improving prenatal and preimplantation genetic diagnosis (Li et al., 2017). SCS has also stimulated stem cell research, and embryonic stem cells and induced pluripotent stem cells have been traced by SCS to identify the regulators of embryonic and organ primordium outgrowth (Ealy et al., 2016). Various tissue-specific stem cells have also been explored with SCS, including hematopoietic stem cells (Kowalczyk et al., 2015), intestinal epithelium stem cells (Grun et al., 2015), lung epithelium stem cells (Ikonomou et al., 2020), neural stem cells (Llorens-Bobadilla et al., 2015), and germline stem cells (Guo F. et al., 2015). The single cell genetic patterns provide us with a more comprehensive means of evaluating the dynamic regulatory networks of progenitor cells in vivo, and this has helped to clarify the developmental process and has led to modifications of in vitro induction protocols. Broad applications of SCS in diverse fields of basic research are summarized in Figure 1C.



SINGLE-CELL SEQUENCING IN INNER EAR CELL HETEROGENEITY

Hair cells in the inner ear function in transducing the sound waves into electric signals (Hilding, 1953; Zwislocki, 1975; Balak et al., 1990); while SCs function in supporting the HCs and providing the potential pool for HC regeneration (Corwin and Cotanche, 1988; Balak et al., 1990). Damage from a variety of sources can impair HC function, including mutations in deafness genes, ototoxic drugs, aging, chronic cochlear infections, and noise overexposure (Wright, 1973; Cotanche et al., 1987; Hashino et al., 1991; Jiang et al., 2018). As shown in Figure 2, SCS enables the analysis of vast amounts of genetic data simultaneously at single-cell resolution with unbiased cell clustering, thus leading to the identification of novel markers for inner ear resident cells and new cell subtypes of type II extrastriolar HCs, cochlear supporting cells (SCs), neuromast SCs, and spiral ganglion neurons (SGNs) (Burns et al., 2015; Shrestha et al., 2018).
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FIGURE 2. Applications of SCS in basic research. Applications of single cell sequencing (SCS) in the inner ear enable recognition of previously unknown cell subtype and novel marker genes of hair cells (HCs), supporting cells (SCs), spiral ganglion neurons (SGNs), and cells in the stria vascularis (SV), identification of unappreciated exons and splicing diversity of genetic deafness and reconstruction of developmental trajectory and regeneration process.



Heterogeneity of the Sensory Epithelium

Based on single cell transcriptional profiles of postnatal day (P)1 mouse utricular epithelium, Burns et al. (2015) used known markers to identify three major groups [Gata2, Lmx1a, Slc26a4, and Cldn8 in transitional epithelial cells (TECs); Otog, Otoa, Jag1, Hes1, and Slc1a3 in SCs; Myo7a, Pou4f3, Otof, Calb2, and Ptprq in HCs] and subdivided them into seven subclusters following principal component analysis-based reduction. TECs contained one cluster, whereas SCs comprised two clusters and HCs consisted of four clusters. In unbiased trajectory analysis, HC.i appeared to be in a transitional state between SC.ii and HC.iii–iv, which is consistent with a study confirming the development of HCs from SCs (Wang et al., 2015). Surprisingly, HC.ii was assigned between TECs and HC.iii–iv, which suggested novel TEC-like progenitor cells located outside the sensory epithelium. In addition, striolar HCs and SCs seem to be distinct cell subtypes compared with their counterparts in the extrastriolar region (Wang et al., 2015; Li et al., 2016). Striolar HCs express high levels of oncomodulin and clusterin, while striolar SCs distinctly express the otolithic membrane glycoprotein beta-tectorin, the transcription factor Gata3, and the retinoic acid-inactivating protein Cyp26b1. In addition, P1 striolar SCs have a greater propensity to regenerate into HCs in response to Notch inhibition. Together, these results indicate that the striola is a molecularly distinct region within the utricle. Another study analyzed single utricular HC data from P1, P12, and P100 mice and identified Spp1 as a specific marker for Type I HCs and Mapt and Anxa4 as markers for Type II HCs (McInturff et al., 2018). In addition, Ellwanger et al. (2018) identified two classes of type II extrastriolar HCs based on the discrepant expression of ATP2B2, CCDC50, MYO1H, TMC2, and TNNC2 (Ellwanger et al., 2018).

Burns et al. (2015) adopted a similar process to analyze the single cell transcriptomes of P1 cochlear epithelium tissue and identified four major clusters of cells – HCs, SCs, medial non-sensory cells (NSC.i) and lateral non-sensory cells (NSC.ii). Rasd2, Anxa4, and Pcp4 were found to be novel markers for HCs, and Cdh4 and Mia1 were identified as medial SC markers and Cntn1 as a lateral SC marker. Although genetic heterogeneity within the clusters indicated possible cell subtypes, definitive conclusion was not available in Burns’s study because of the limited sample size, and this highlights the importance of the power of sequencing (Burns et al., 2015; McInturff et al., 2018). Hoa et al. (2020) collected single cell transcriptomes of cochlear SCs and categorized adult cochlear SCs into two subclusters that differentially expressed S100a6, Pla2g7, Tuba1b, and Spry2. S100a6 and Pla2g7 were identified as medial SC markers, and Tuba1b and Spry2 were identified as lateral SC markers.

Comparisons of gene expression between inner HCs (IHCs) and outer HCs (OHCs) provide a deeper understanding of these cells’ unique functions. Using AUC rankings, Ocm and Sri were identified as the top two most upregulated genes in OHCs, both of which are associated with calcium regulation (Ranum et al., 2019). Expressed predominantly by OHCs, Ocm encodes Oncomodulin, a calcium-buffering protein that is essential for mechanoelectric transduction and electromotility amplification (Simmons et al., 2010). Sri encodes sorcin, a regulator of calcium-based excitation-contraction (Fowler et al., 2008). OHCs express Ca2+ release channels/ryanodine receptors in a pattern similar to cardiac myocytes, which raises the possibility that Ca2+ plays a similar role in regulating OHC motility (Grant et al., 2006). The expression of other components required for calcium-mediated excitation-contraction in the OHC transcriptome is consistent with this hypothesis and suggests a unique requirement for the tight regulation of calcium in these cells (Ranum et al., 2019).

Compared with mammals, non-mammalian vertebrates constantly regenerate sensory HCs in lateral line organs in order to replace senescent or injured cells, and this occurs through SC proliferation and differentiation (Steiner et al., 2014; Romero-Carvajal et al., 2015; Chen et al., 2017; Zhang et al., 2018, 2019). Regular RNA-Seq has been extensively used in analyzing the proliferation and differentiation ability of SCs (Waqas et al., 2016a; Cheng et al., 2017; Zhang et al., 2017; You et al., 2018), and scRNA-seq was used to identify quiescent and activated stem cell populations and their spatial arrangements in zebrafish neuromasts (Lush et al., 2019). The SC subtypes included central SCs (Lfng, Ebf3a, Gata2a/b, and Slc1a3a/Glasta), anterior-posterior (A/P) SCs (Cx44.2, Fap, Fgf10a, and Hmx2), dorsal-ventral (D/V) amplifying SCs (Sost, Fsta, Srrt/Ars, Six2b, and Adcyap1b), and dividing/differentiating SCs (Dld, Her4.1, Pcna, and Atoh1b). Dividing/differentiating SCs were considered to be an HC progenitors cluster in the HC lineage with young HCs and mature HCs, which were marked by Atoh1b and Tekt3, respectively. Mantle cells had enriched expression of Cldne, Crb3b, Crip1, and Cts12. The authors then mapped the amplifying divisions to D/V poles and the differentiating divisions to the center and thus identified distinct locations of two SC lineages, while cells in the A/P poles were relatively quiescent. Along this timeline, cells lose their expression of SC and stem cell genes and take on HC-specific markers. Genes related to translation, cell cycle regulation, and Notch signaling (Dla, Dlb, Dlc, Dld) were downregulated, suggesting their roles in early developmental stages rather than subsequent differentiation stages.



Heterogeneity of Cochlear SGNs

After mechanical stimulation of auditory HCs, sound information is conveyed to the dendrites of SGNs via synaptic vesicles containing the neurotransmitter glutamate (Eybalin et al., 1996; Yan et al., 2018; Guo et al., 2019; Liu et al., 2019). The perception of auditory information – including sound frequency, intensity, timbre, and pitch – is a complex process that appears to be associated with SGN diversity (Pfeiffer and Kiang, 1965; Sachs et al., 1974; Liberman, 1982; Temchin, 1988). Based on recent studies of SGN single-cell transcriptomes, three novel subclasses of type I neurons have been identified (Petitpre et al., 2018; Shrestha et al., 2018; Sun et al., 2018). The clustering of type I SGN subtypes in the three studies used almost identical gene sets and obtained similar transcriptional profiles, but the authors named the three subtypes differently. Genes were found to enriched in each subtype, including CALB2, Trim54, Rxrg in type Ia neurons; CALB1, Runx1, and Ttn in type Ib neurons; and Pou4f1, Lypd1, Grm8, Kcnc2, Lypd1, and Runx1 in type Ic neurons (Petitpre et al., 2018; Shrestha et al., 2018; Sun et al., 2018). Shrestha et al. (2018) examined genes involved in synaptic transmission and electrophysiological properties. The expression of AMPA-type glutamate receptor subunit Grik4, metabotropic receptor subunit Grm8, and dopamine receptor subunit Drd1 were highly increased in Ic SGNs, and the cholinergic receptor subunits Chrna1 and Chrna4 were enriched in Ia SGNs. As for the genes encoding K+ channel subunits, Kcnq4 was detected in Ia SGNs, while Kcnd2 and Kcnip2 were expressed in Ib SGNs and Kcnj9 was expressed in Ic SGNs. Cacna1b, Cacna1h, and Cacna2d1 are voltage-gated Ca2+ channels that were enriched in Ia SGNs. The leaky sodium channel Nalcn was detected tin Ib and Ic SGNs, and the voltage-gated sodium channel subunit Scn2b was expressed in an increasing gradient from Ia to Ic SGNs. Based on a previous study that SGNs projecting to different positions along the basolateral surface of IHCs differ in spontaneous firing rate (SR) (Liberman, 1982), Shrestha assumed that type Ia SGNs that projected onto the pillar side of the IHC and formed synapses with small ribbons corresponded to high-SR fibers, that Ib SGNs on the middle of the basolateral surface with medium ribbons corresponded to medium-SR fibers, and that Ic SGNs that projected onto the modiolar side with small ribbons corresponded to low-SR fibers (Shrestha et al., 2018). In addition, enriched gene sets for mitochondrial function and neurofilament formation in type Ia SGNs were consistent with increased mitochondrial content and fiber thickness in high-SR neurons (Sun et al., 2018). They also found tonotopic differences in functionally relevant genes within these subpopulations. Efna1, for example, was condensed in the middle and base compared with the apex within Ib SGNs and was enriched in Ia and Ic SGNs at the base (Shrestha et al., 2018). The transcriptional profiles and anatomical arrangements, combined with their electrophysiological properties, suggested that the heterogeneous neural populations were involved in encoding of sound intensities and for maintaining of hearing discrimination in noisy environments (Petitpre et al., 2018). This diversity of cochlear neurons is established at birth, followed by refinement over the first postnatal week that requires intact HC mechanotransduction activity (Shrestha et al., 2018; Sun et al., 2018).



Heterogeneity of the Stria Vascularis

Hair cell mechanotransduction requires high-K+ endolymph and positive endocochlear potential (EP), both of which are generated by the stria vascularis (SV), a non-sensory epithelial tissue located on the lateral side of the cochlear duct (Wangemann, 2002; Patuzzi, 2011). Marginal cells (MCs), intermediate cells (ICs), and basal cells (BCs) have been identified in the SV and are indispensable for endolymph ionic homeostasis and EP maintenance.

Korrapati et al. (2019) performed single cell RNA-seq and single nucleus RNA-seq to investigate SV cell populations. Known markers, including Kcne1 and Kcnq1 for MCs, Cd44 and Met for ICs, Cldn11 and Tjp1 for BCs, and Slc26a4 for spindle/root cells, were used to define cell identities after unbiased clustering. Gene ontology (GO) analysis showed that MCs had enriched expression of genes involved in positive regulation of K+ transport, Ca2+-transporting ATPase activity, and G-protein–coupled receptor complex formation, that ICs exhibited high expression of H+-transporting ATPase activity, neutrophil degranulation, and interleukin-28 receptor complex formation, and that BCs expressed genes involved in rhodopsin expression regulation and platelet alpha granule lumen. The transcriptional profiles of the SV cell populations suggested roles for MCs and ICs in ion homeostasis maintenance and possible interactions between SV cells (ICs and BCs) and the immune system. In addition, novel markers, including Abcg1 and Heyl in MCs, Nrp2 and Kcnj13 in ICs, Sox8 and Nr2f2 in BCs, and P2rx2 and Kcnj16 in spindle/root cells were discovered and confirmed by smFISH (single molecule fluorescence in situ hybridization).




SINGLE-CELL SEQUENCING IN INNER EAR DEVELOPMENT

Generation of the entire otic lineage from non-neural ectoderm (NNE) through pre- placodal ectoderm (PPE) and the posterior placode fates remains elusive, but in vitro studies have contributed to understanding the molecular mechanism of early otic lineage formation. Ealy et al. (2016) used human embryonic stem cells and induced pluripotent stem cells to test conditions for stepwise induction of NNE to the otic lineage, and the process was monitored by SCS. They successfully developed a protocol that combined BMP, Wnt, and FGF signaling regulations with retinoic acid treatment to generate a lineage that chronologically expressed markers of NNE (Dlx3, Dlx5, Dlx6, Tfap2a, Tfap2c, Gata3, and Gata2), PPE (Eya1, Eya2, Six1, and Six4), and ultimately of the otic lineage (Myosin7a, Foxi3, Fbxo2, Pax2, and Pax8). This breakthrough showed the potential of applying SCS in the refinement of the cell guidance protocol.

The otocyst is regarded as the origin for almost all cells of the inner ear, including sensory epithelial cells and neurons. Durruthy-Durruthy et al. (2014) conducted scRNA-seq of cells from mouse otocysts and neuroblasts at embryonic day (E)10.5, which is the developmental stage at which delaminating and migrating neuroblast cells coexist. Clusters identified by known markers included early neuroblasts (by Neurog1 and Fgf3), post-delaminated neuroblasts (by Isl1, Neurod1, and Eya1), ventral otocysts (by Lfng, Sox2, Pax2, and Gli1), and dorsal otocysts (by Bmp4, Dlx5, Gata2, and Oc90). Because neuroblasts are committed to their lineage, repressed Shh and Wnt signaling was observed, as shown by downregulation of Shh pathway genes (Smo and Ptc2 and Gli3) and Wnt pathway genes (Fzd2, Fzd7, Fzd8, and Axin2). Fgf signaling was also downregulated and Fgf gene (Fgf8 and Fgf10) and Fgfr1 expression was decreased and Fgfr1 antagonist Spry2 expression was increased along the axis of development. However, Notch signaling showed a bimodal distribution, and expression of Dll1, Jag1, Notch2, Hes1, Hes5, and Hey2 declined while expression of Jag2 and Hey1 increased toward the later stages. In addition, two distinct cell populations were identified within the late neuroblasts that expressed Foxg1 and Jag2 asymmetrically, which implied the separation of cochlear and vestibular ganglion neurons (Lu et al., 2011; He et al., 2019, 2020). In the otocysts, Notch signaling was mapped to the dorso-anterior side (Notch2) and ventro-anterior side (Hes1, Hey1, and Hey2), and the Shh receptor gene Ptc2 and effector gene Gli3 were expressed in cells located in the ventral part of otocysts. A small group of cells in the ventral otocyst cell cluster were identified as potential prosensory predecessors due to their enriched expression of prosensory markers (Sox2, Jag1, and Lfng) and weak expression of the early neuroblast marker Neurog1. Signaling pathway analysis of this subcluster revealed active Notch (Hey1, Hey2, Hes1, Hes5, Dll1, Jag1, and Notch2) and Shh signaling (Gli2, Gli3, and Smo) activity and autonomously regulated Fgf signaling (Fgf3, Fgf10, Spry1, and Spry2), indicating the complexity of the signals that need to be integrated to induce the prosensory lineage. Fbxo2 and Otol1 were otic-specific candidate genes in the heterogeneous area that gives rise to the prosensory domains.

The endolymphatic sac forms at E10 and is the earliest structure to arise from the otocyst, and it is important in fluid resorption during inner ear development (Morsli et al., 1998; Raft et al., 2014). The major cell types in the endolymphatic sac are ribosome-rich cells (RRCs) and mitochondria-rich cells (MRCs) (Dahlmann and von During, 1995). Honda et al. (2017) conducted single-cell RNA-seq of the mouse endolymphatic sac from E12.5 to P30. Early RRCs predominantly expressed genes involved in proteins secretion (Dmkn, Clu, Igsf1, and Cyr61), while mature RRCs expressed genes related to innate immunity (Lcn2, Slpi, and Serping1). In contrast, MRCs expressed high levels of genes related to ion transport (Slc26a4, Atp6v1b1, Clcnkb, Slc4a9, Kcnma1, and Slc34a2). These results confirmed that embryonic endolymphatic sac fluid resorption is carried out by MRCs and is dependent on the anion exchanger SLC26A4.

After cell fate commitment, primitive cells undergo a series of changes in gene expression and cellular morphology to become mature cells. McInturff et al. (2018) identified new markers for utricular HCs (Spp1 for Type I HCs and Mapt and Anxa4 for Type II HCs), and they traced these genes to study the temporal and spatial development of utricular HCs. They found that type I HCs develop from the posterior-medial side to the anterior-lateral side and that type II HCs initially develop in the striolar region and extend to the periphery. Marked by Spp1, 90% of type I HCs arise between E11.5 and E14.5, while almost all type II HCs develop postnatally.

In HCs, hair bundle assembly and protrusion are prerequisites for their mechanotransduction function (Ó Maoiléidigh and Ricci, 2019). Although four stages of developing bundles have been defined according to their structural pattern as pre-growth, initial growth, widening, and secondary growth (Tilney et al., 1992), the molecular basis for this division has remained poorly understood. Using SCS, Zhu et al. (2019) found that utricle hair bundle assembly and growth requires regulation of local Ca2+ concentrations. The Ca2+ regulator Calb2 and the calcium pump Atp2b2 were shown to be important for stereocilia growth because the highest level of Calb2 protein occurred at the onset of the secondary growth and Aatatp2b2 protein expression peaked during stereocilia widening (Ellwanger et al., 2018). It has been confirmed that HCs use existing monomeric actin to build hair bundles without significant upregulation of actin gene transcription (Tilney and Tilney, 1988). Zhu et al. (2019) reported the use of single-cell proteomics analysis combined with single-cell RNA-seq to study the utricles of E15 chickens. The authors found previously unannotated proteins that were abundant in different populations, such as GSTO1, GPX2, CRABP1, and AK1 in HCs and TMSB4X and AGR3 in SCs. Single cell proteomics revealed that the actin monomer binding protein thymosin b4 (TMSB4X) was abundant in SCs and that its expression decreased as progenitor cells developed into HCs. Comparative single-cell RNA-seq analysis showed that Tmsb4x transcripts were downregulated when transcription of Atoh1 was activated, which suggested that existing monomeric actin is made available for hair bundle assembly through the degradation of Tmsb4x.



SINGLE-CELL SEQUENCING IN DEAFNESS

Numerous variants in genes related to deafness have been identified, thus illustrating the heterogeneous genetic background of deafness (Shearer et al., 2014). Ranum et al. (2019) used single cell full-length reverse transcriptional analysis with long-read sequencing to identify novel exons and to reveal the unappreciated splicing diversity among deafness-associated genes. They analyzed 12 deafness-associated genes and detected 20 unannotated exons, including exon 1B of Cabp2 and exons 1B, 22B, 9B, and 31B of Cacna1d. Their work showed that the heterogeneity and complexity of genetic deafness is greater than previously believed and suggested that current genetic tests for deafness are incomplete.

Single-cell sequencing technology can also be used to demonstrate the mechanism by which genetic changes lead to specific phenotypes. For example, chromodomain helicase DNA binding protein 7 (Chd7) has been shown to be involved in early inner ear development (E8.5–E10.5) by regulating ATP-dependent nucleosome remodeling (Adams et al., 2007; Bouazoune and Kingston, 2012), and single cell transcriptomes of E10.5 mouse otocysts showed that loss of Chd7 leads to the misexpression of neurogenic genes (Neurog1 and Neurod1), the ventral-associated gene Lfng, and Notch genes (Hey1 and Hey2) in dorsal otic cells (Durruthy-Durruthy et al., 2018). This indicated that Chd7 mutant dorsal otic cells aberrantly adopt mixed dorsal and neurogenic fates, probably because of additional Notch signals. Type II transmembrane serine protease (Tmprss3) is another gene that is required for normal hearing, and mutations in Tmprss3 cause rapid cochlear HC loss between P12 and P14 (Fasquelle et al., 2011). Single cell RNA-seq of inner ear organoid cells revealed elevated expression of apoptosis genes and genes associated with the extracellular matrix in Tmprss3-knockout hair cells, while Kcnma1 (which encodes the α subunits of a Ca2+-activated K+ channel), Ca2+-binding protein genes (Myl1, Pvalb, Cib2, Mylpf, and Tnnc2), and the Ca2+regulator gene Sln were downregulated, suggesting the important role for Tmprss3 in cellular homeostasis (Tang P. C. et al., 2019).



SINGLE-CELL SEQUENCING IN HC REGENERATION

In mammals, the loss of cochlear HCs leads to permanent hearing impairment because these cells only exhibit very limited spontaneous regeneration capacity and only within the first postnatal week, and such regeneration occurs via the mitotic proliferation or transdifferentiation of SCs (Ni et al., 2016; Waqas et al., 2016b; Wu et al., 2016; He et al., 2017; McGovern et al., 2019). Researchers have focused on the genes involved in cell cycle progression in adult cochlear SC transcriptional profiles generated by SCS and found that lateral SCs (pillar and Deiters’ cells) express some of the transcripts that are enriched in Lgr5 + neonatal SCs, including Cdkn1b, Cks1b, Mcm3, Mdm2, and Shc3, while genes involved in G1/S transition are more preferentially expressed in adult cochlear SCs (Hoa et al., 2020). GO molecular function and cellular component analysis indicated that the inability of adult cochlear SCs to reenter the cell cycle was related to cyclin-dependent protein serine/threonine kinase activity and condensed chromatin at the centromere.

Overexpression of Atoh1 can induce SCs to differentiate into ectopic HCs (Zheng and Gao, 2000; Gubbels et al., 2008; Lewis et al., 2012). In work by Yamashita et al. (2018), the Atoh1-overexpression transgene was driven by Fgfr3 (in Deiters’ cells and Pillar cells) in mouse cochleae after tamoxifen-mediated induction at P12, and single-cell transcriptomes were obtained at P12, P26, and P33. Atoh1-induced HCs were divided into three groups based on their developmental stages, from initial HCs cells to mature HCs. Along the regeneration trajectory, the expression of HC markers (Myo6, Rasd2, Chrna9, Pvalb, Pou4f3, and Chrna10) increased. Atoh1 and Pou4f3 were considered to be key reprogramming factors, while other transcription factors, including Barhl1 and Lhx3, improved the conversion efficiency. In addition, the authors found that Isl1 boosted the efficiency Atoh1-mediated SC to HC conversion.

The Notch and Wnt pathways and their interactions were investigated in HC regeneration, and it was shown that Notch signaling downregulation after HC ablation led to the disinhibition of Wnt signaling and the induction of HC regeneration (Romero-Carvajal et al., 2015). The Fgf pathway is downregulated after HC loss in neuromasts (Jiang et al., 2014). To get deeper insights into the mechanism of HC regeneration driven by these three important signaling pathways, scRNA-seq showed that fgf3 in zebrafish is only expressed in central SCs under normal conditions and is downregulated when the overlying HCs die (Lush et al., 2019). Moreover, fgf3-null mutant zebrafish neuromast cells showed that the Wnt inhibitor sost was downregulated and the Wnt target gene wnt10a was upregulated, indicating that Wnt signaling is activated in fgf3-null mutants. The authors demonstrated that loss of fgf3 in central SCs led to increased HC regeneration independent of Notch signaling likely through fgfr1a and fgfr2 receptors.



CONCLUSION AND FUTURE DIRECTION

Over the past decade, SCS technologies have emerged as powerful tools for dissecting cellular heterogeneity and for reconstructing developmental lineages in various tissues, and the application of SCS has brought gene expression studies in inner ear cells to an unprecedented level. SCS provides unbiased research methods for analyzing single cell gene-expression characteristics and global cell heterogeneity in the sensory epithelium, the non-sensory epithelium, and the SGNs, thus allowing the identification of novel marker genes and unknown cell subtypes. AUC ranking and GO analysis point to diverse physiological properties among different cell populations and illustrate the different biological functions of each cell type. The use of SCS in the developing inner ear has revealed dynamic transcriptional profiles, varying signaling pathways, and constantly changing cellular states along the developmental axis, and this has led to the reconstruction of cell lineage progression and the discovery of key regulators of these processes. In addition, SCS supports research into the pathogenic mechanisms of deafness and HC regeneration. With the help of full-length sequencing, the identification of unannotated exons and isoforms of deafness-related genes has expanded our knowledge of the genetic basis of deafness and provides a foundation for new advances in gene therapy.

Despite the wide application of SCS methods in inner ear research, SCS technologies still require further development to reduce background noise, amplification errors, and costs and to improve coverage and sequencing depth. Single-cell isolation methods also need improvement in order to avoid genetic changes during dissociation. Thus, there is great room for improvement and development in SCS technologies. We anticipate that the future application of single-cell profiling in the inner ear will shed substantial light on the cellular heterogeneity involved in inner ear development and hearing and balance functions and will improve the accuracy of regenerative therapies. The potential of SCS technology remains to be fully explored, and single-cell sequencing technologies are likely to yield new discoveries in inner ear research in the future.
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Noise-induced hearing loss (NIHL) is characterized by cellular damage to the inner ear, which is exacerbated by inflammation. High-mobility group box 1 (HMGB1), a representative damage-associated molecular pattern (DAMP), acts as a mediator of inflammation or an intercellular messenger according to its cellular localization. Blocking or regulating HMGB1 offers an attractive approach in ameliorating NIHL. However, the precise therapeutic intervention must be based on a deeper understanding of its dynamic molecular distribution and function in cochlear pathogenesis after acoustic trauma. Here, we have presented the spatiotemporal dynamics of the expression of HMGB1, exhibiting distribution variability in specific cochlear regions and cells following noise exposure. After gene manipulation, we further investigated the characteristics of cellular HMGB1 in HEI-OC1 cells. The higher cell viability observed in the HMGB1 knocked-down group after stimulation with H2O2 indicated the possible negative effect of HMGB1 on cellular lifespan. In conclusion, this study demonstrated that HMGB1 is involved in NIHL pathogenesis and its molecular biology has essential and subtle influences, preserving a translational potential for pharmacological intervention.

Keywords: noise, hearing loss, cochlea, high-mobility group box 1, spatiotemporal distribution


INTRODUCTION

Hearing loss is often induced by loss of sensory hair cells (HCs) in the inner ear cochlea, which functions in the transduction of sound waves into electric signals (Zhu et al., 2018; Liu et al., 2019; Qi et al., 2020). WHO reported that 466 million people suffer from hearing loss worldwide, because of genetic factors, infectious diseases, chronic cochlear infections, aging, exposure to noise, and ototoxic drugs (Gao et al., 2019; Zhang et al., 2019; He et al., 2020). Noise-induced hearing loss (NIHL) is the most common type of sensorineural hearing loss, ranking first among occupational diseases, seriously affecting the lives of patients, and greatly increasing the social burden (Carroll et al., 2017; Murphy et al., 2018). The mechanisms underlying noise-induced damage to critical cochlear cells have been reported to include oxidative damage, mechanical shearing forces, and glutamate excitotoxicity (Zhou et al., 2020), which eventually induce apoptotic cell death in HCs, especially the outer HCs of the basal turn (Sun et al., 2014; Yu et al., 2017; Li et al., 2018a; Zhang et al., 2019).

In recent years, increasing evidence has demonstrated that NIHL could be exacerbated by inflammation of the cochlea (Kalinec et al., 2017; Wood and Zuo, 2017; Hu et al., 2018; Frye et al., 2019). Resident cochlear cells, subsequently infiltrating immune cells, and released cytokines or reactive oxygen species (ROS) have been suggested to all interact toward a positive or negative effect in cochlear pathogenesis (He et al., 2016; Lang et al., 2016; Wood and Zuo, 2017; Hu et al., 2018). Specifically, damage-associated molecular patterns (DAMPs), the cellular byproducts of damage, are known to play an essential role in this inflammation. They could stimulate pattern recognition receptors, leading to the rapid release of proinflammatory cytokines and production of ROS, thus insulting sensorineural cells (Tang et al., 2012; He et al., 2017; Wood and Zuo, 2017). However, the type and function of DAMPs in the cochlea following acoustic trauma is rarely clear.

More specifically, DAMPs include pathogen-associated molecular patterns (PAMPs) and “alarmins,” endogenous molecules that signal tissue and cellular damage. The high-mobility group box 1 (HMGB1) protein, a representative alarmin, is known to act as a mediator of inflammation or an intercellular messenger when it reaches the extracellular environment (Bianchi et al., 2017). Extracellular HMGB1 has been shown to be typically involved in various immune responses, such as neuroimmune, chemokine−and cytokine−like activity via recently elucidated signal, and molecular transport mechanisms (Yang et al., 2013; Bianchi et al., 2017). Blocking the release or activation of extracellular HMGB1 has been proposed as a promising therapeutic target for inflammatory diseases. Due to its relatively independent function accompanying its different cellular localization, a deeper understanding of HMGB1 biology in the cochlea is indispensable for guiding future precise therapeutic interventions. However, the spatiotemporal expression of HMGB1 in cochlea with acoustic injury has not been systemically investigated.

Until recently, the molecular biology of HMGB1, especially it signaling and role in inflammation, has been extensively studied and broadly recognized. Of the receptors important for the activity of HMGB1, the toll-like receptor (TLR)-4 and receptor for advanced glycation end products (RAGE) have been reported to be the 2 critical interacting receptors leading to the upregulation of proinflammatory cytokines via the NF-κB and MAP kinase signaling pathways (Andersson and Tracey, 2011; Harris et al., 2012; Ott et al., 2014; Yang et al., 2015a; Paudel et al., 2019). Correspondingly, our recent study demonstrated that the activation of MAPK and NF-κB could facilitate the morphological damage and dysfunction of inner ear tissues during the immune response (Xia et al., 2019). Besides, Shih et al. showed that noise-induced increasing level of HMGB1 in the spiral ligament was significantly reduced in the group given dexamethasone in the middle ear compared with the control group, suggesting that HMGB1 participated in noise-induced cochlear inflammation (Shih et al., 2019). Overall, HMGB1 could be a potentially significant candidate as the initial factor alarming for cochlear damage due to its unique biology and role in immune events. Furthermore, newborn HMGB1-knockout mice were shown to die of hypoglycemia within 24 h, suggesting its important role in gene transcription. However, the effects on transcription were cell-type specific because cell lines lacking HMGB1 have been reported to be able to survive in vitro (Calogero et al., 1999). Therefore, gene manipulation could be a possible option for further exploring the function of HMGB1 in specific cochlear cell lines.

In the present study, we investigated the spatiotemporal dynamic expression of HMGB1 in the cochlea following noise exposure (NE), which showed a variable pattern of distribution in specific cochlear regions. The cellular biology of HMGB1 in HEI-OC1 cells was also explored in an oxidative stress model following treatment with H2O2, indicating the positive impact of a HMGB1-knockdown on the cellular lifespan. Therefore, selectively targeting HMGB1 at a specific cochlear region with the consideration of temporal factors would offer a novel perspective on the specific intervention for NIHL in the future.



MATERIALS AND METHODS


Animals

A total of 42 male C57BL/6 mice at 4–5 weeks of age were purchased from the Shanghai Songlian Lab Animal Field (Shanghai, China). Animals were maintained in a temperature-controlled room under a 12-h light cycle and were acclimated for at least 1 week before the experiments. All mice were housed in individually ventilated cages (5 per cage) and given access to free water and food. Animals were subjected to auditory brainstem response (ABR) measurements before exposure to ensure they have a normal ABR threshold. Samples from 30 mice (six mice per group) were used for western blotting, while samples from 12 mice (three mice per group) were used for fluorescence immunocytochemical investigations. The cochleae of each side were collected for cryostat sectioning and basilar membrane dissection, respectively. All research protocols involving the use and care of animals were approved by the Ethics Committee of the Shanghai Jiao Tong University Affiliated Sixth People’s Hospital (permit number DWLL2017-0295).



Noise Exposure

Awake mice were exposed to white noise high-pass filtered at 4 kHz and 110 dB SPL for 2 h. The noise signal was released from a loudspeaker with an upper-frequency limit of 22 kHz (Pyramid TW67 Super tweeters, Pyramid, Brooklyn, NY, United States). Generally, four mice (one mouse per metal wire cage, 10 cm × 10 cm × 15 cm) were located in the center of the sound chamber, in which animals were left unrestrained.



Electrophysiological Evaluation

The ABR to tone burst (TB) at different frequencies was evaluated for all mice before and 1-, 3-, 7-, and 14-days after NE. Animals were lightly anesthetized with an intraperitoneal injection of 1% sodium pentobarbital (75 mg/kg), and their body temperature was maintained at 37°C with a heating pad. Acoustic stimuli were delivered using an electrostatic speaker (Fostex FT28D Dome Tweeter; Madisound, Middleton, WI, United States), positioned 10 cm in front of the mouse head. The ABR was recorded with three subdermal electrodes: the recording electrode was inserted at the vertex of the skull, while the reference and grounding electrodes were positioned separately on the mastoid region of the two sides. The biological signals collected by the electrodes were led to a RA4PA preamplifier from Tucker-Davis Technologies (TDT System III; Alachua, FL, United States). Stimulus generation and biosignal acquisition were conducted processed by using the RZ6 BioAMP Processor (TDT System III; Tucker-Davis Technologies, Alachua, FL, United States). Parameters were similar to those used in our previous study (Fan et al., 2020; Zhang et al., 2020). Briefly, the signal of acoustic stimuli is TB for 10 ms at 0.5 ms rise/fall time, and 21.1/s stimulation rate, starting from 90 to 0 dB SPL in decreasing steps of 5 or 10 dB. The ABR threshold was defined as the lowest level of stimulus that yielded a repeatable waveform.



Cell Culture and Hydrogen Peroxide Treatment of HEI-OC1 Cells

HEI-OC1, an inner ear cell line, was purchased from UCLA Technology Development Group (Los Angeles, CA, United States) and cultivated in Dulbecco’s modified Eagle’s medium (Gibco, United States) supplemented with 10% fetal bovine serum (FBS) (Performance Plus; 16000-044; Gibco) and 10 mg/mL ampicillin sodium solution (sterile) (B540722; Sangon Biotech, Shanghai, China) at 33°C in a humidified 5% CO2 atmosphere. After 24 h, cells were grown to 70–80% confluency, and the regular medium was exchanged for medium with or without hydrogen peroxide.



Morphology

Mice were anesthetized and decapitated following the ABR recording at the end point. Both the left and right temporal bones were carefully removed, and the bulla was opened to expose the cochlea. The cochleae were perfused locally with a solution of 4% paraformaldehyde in PBS (pH 7.4) and kept in this fixative for 2 h at 4°C, then rinsed with PBS, and decalcified in 10% sodium EDTA solution (adjusted with HCl to pH 7.4) overnight at 4°C. The cochlea of one side was dissected under a microscope, whereas that of the other side was immersed in 15% sucrose solution for 2 h, followed by overnight immersion in sucrose (30%) at 4°C. Cochleae were embedded in optimal cutting temperature compound (OCT), frozen at −80°C, and cryosectioned at a thickness of 12 μm using a cryostat microtome (Leica CM1860, Leica Biosystems Nussloch GmbH, Nussloch, Germany). Sections were processed at the same time for all staining procedures. All slides and the basilar membrane were washed with PBS, incubated in 1% TritonX-100 for 1 h, and immersed in 5% goat serum for 1 h at 25°C and then in primary antibodies at 4°C overnight. Primary antibodies used included: monoclonal rabbit anti-HMGB1 Ig-G (1:200; ab79823, Abcam) and monoclonal mouse anti-beta III tubulin Ig-G (1:200; ab78078, Abcam). Subsequently, they were incubated with either Alexa-Fluor-488 goat anti-rabbit Ig-G (H + L) (1:500; Invitrogen, Carlsbad, CA, United States) or Alexa-Fluor-555 goat anti-mouse Ig-G (H + L) (1:500; Invitrogen) at 25°C for 2 h in darkness, followed by incubation with DAPI (ab104139, Abcam) for 5 min, and then their edges were sealed with nail polish.

Cells were cultured in coverslips and subjected to different treatments. After removing the culture medium, cells were rinsed twice with PBS, fixed with 4% paraformaldehyde for 15–20 min, and then permeabilized with 0.5% TritonX-100 for 40 min. Subsequently, cells were blocked with 5% normal goat serum for 1 h at 25°C, followed by incubation with primary HMGB1 rabbit monoclonal antibody (1:200 in PBS; Abcam) overnight at 4°C. After three washes in PBS, cells were incubated in the dark with Alexa Fluor 488-conjugated goat anti-rabbit IgG (H + L) (1:500 in PBS; Invitrogen) for 2 h at 25°C. After four washes with PBS (30 min each), cells were also stained with Phalloidin iFlour 555 reagent (1:5,000 in PBS; Abcam) for 10 min, to mark cell structure. After rinsing in PBS, specimens were immersed for 5 min in fresh DAPI solution in the dark to label the nuclei of cells. Immunocytochemistry images of basal turn in each cochlear sample and HEI-OC1 cells were taken under a 20× and 63× magnification lens respectively with identical Z-stack conditions using a confocal laser-scanning microscope (LSM 710 META; Zeiss, Shanghai, China) and analyzed using the ZEN 2011 software (Zeiss, Oberkochen, Germany).



Cell Vitality Assay

Cultured HEI-OC1 cells were plated in each well of a 96-well plate in five copies. After attachment, cells were treated with a gradient concentration of H2O2 (0.1, 0.2, 0.5, and 1.0 mM) for 4, 8, 12, and 24 h. Following treatment, cells were incubated for 2 h with Cell Counting Kit 8 (CCK-8) reagent (100 μL/mL, MCE, Shanghai, China) at 37°C for 2 h, according to the manufacturer’s protocol. Absorbance was measured at 450 nm using a microplate reader (Bio-Rad), with results being normalized to untreated blank control cells (100%).



Small Interfering RNA Gene Silencing

The expression of HMGB1 was knocked down by transfection with candidate HMGB1 small interfering RNA (siRNA) (DNABIO; Shanghai, China). Cells were seeded at 2 × 105 cells per well in a six-well plate the day before transfection. Cells were transfected in 2 mL of culture medium containing 5 μL of HMGB1 siRNA or non-targeting control siRNA using Lipofectamine 3,000 in Opti-MEM medium (Invitrogen, Carlsbad, CA, United States), following the manufacturer’s protocol. After 48 h of transfection, cells were treated as designated. The sequence of siRNA-1 targeting of the mice HMGB1 gene was sense 5′-CCUCAUAUGCAUUCUUUGUTT-3′ and antisense 5′-ACAAAGAAUGCAUAUGAGGAC-3′. The sequence of siRNA-2 was sense 5′-GCUGAAAAGAGCAAGAAAATT-3′ and antisense 5′-UUUUCUUGCUCUUUUCAGCCT-3′.



Western Blotting

The total protein of cell and cochlea samples was extracted using RIPA lysis buffer (EpiZyme; Shanghai; China). The concentration of each protein sample was quantified using a BCA protein assay kit (EpiZyme). Protein samples (30–40 μg) were subjected to 12.5% polyacrylamide gel electrophoresis and then transferred onto a nitrocellulose membrane (Pierce) and blocked with 5% non-fat milk in EZ Buffer H 1 × TBST Buffer (Sangon Biotech; Shanghai, China) for 1 h. The membranes were washed and then incubated with various primary antibodies (1:30,000 rabbit monoclonal anti-HMGB1, Abcam; 1:1,000 rabbit polyclonal anti-caspase 3, CST) at 4°C overnight. After three washes with TBST (1×), membranes were incubated with appropriate secondary antibodies (1:5,000) for 2 h at 25°C. Following extensive rinsing of membranes, the immunoreactive bands were detected using a chemiluminescence imaging system (Bio-Rad). GAPDH (CST, 1:3,000) was used as a sample loading internal control. Bands were quantified using the ImageJ software (National Institutes of Health, Bethesda, MD, United States).



Statistical Analysis

All data were expressed as the mean ± SD. ANOVAs followed by post hoc testing (Holm-Sidak’s method) were performed using SigmaPlot (ver. 14; Systat Software Inc., San Jose, CA, United States). In all analyses, a value of p < 0.05 was considered statistically significant.



RESULTS


Shift of ABR Threshold and Level of HMGB1

Figure 1 shows the shifts in the ABR threshold and the expression of HMGB1 in the cochlea at different time points after NE. For the ABR result (Figure 1A), two-way ANOVA followed by post hoc tests were performed for each group. We observed a significant threshold shift as demonstrated by the effect in time points after NE (F3,60 = 21.214, p < 0.001). Post hoc pairwise tests showed a significant elevation of the ABR threshold shift at 4 kHz in the 1-day post-noise exposure (1dPNE) group as compared with those in the 3dPNE, 7dPNE, and 14dPNE groups (t = 4.286, 6.231, 9.710, respectively, p < 0.001), as well as at 8 kHz with only the 14dPNE group (t = 3.109, p = 0.017).
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FIGURE 1. Shift of ABR threshold and total cochlear level of HMGB1 at different time points after noise exposure. (A) Threshold shifts (±SD) at 1, 3, 7, and 14 day-PNE (4–22 kHz broadband noise at 110 dB SPL for 2 h). (B) Gradual increase in the expression of HMGB1 in the cochlea after noise exposure. (C) Densitometry analysis of total HMGB1 band densities normalized to GAPDH confirmed a significant increase in HMGB1 after noise trauma. Data (C) is presented as means ± SD, n = 3 in each group. PNE, post-noise exposure. *p < 0.05, **p < 0.01, and ***p < 0.001 were significant levels of the difference between groups; “ns”, no significant.


Correspondingly, we evaluated the level of total cochlear HMGB1 using western blot analysis and revealed its significance for each group by performing one-way ANOVA (F4,10 = 14.622, p < 0.001). Post hoc pairwise tests showed a significant increase in the 7dPNE and 14dPNE groups compared with the control (t = 5.324, p = 0.003; t = 3.45, p = 0.037, respectively) and 1dPNE (t = 6.815, p < 0.001; t = 4.941, p = 0.005, respectively) groups. We found that the level of HMGB1 increased significantly in the 3dPNE group (t = 3.706, p = 0.028) but not in the 1dPNE group (t = 1.874, p = 0.315) compared with the control group. Furthermore, no significance was demonstrated across the 3dPNE, 7dPNE, and 14dPNE groups, suggesting that the level of total cochlear HMGB1 was gradually increased toward a plateau 3 days after NE.



Cellular Expression of HMGB1 in the Basilar Membrane

To investigate the cellular expression of HMGB1 in the cochlea, we performed immunofluorescence experiments. We detected the strong dense optical HMGB1 labeling in the nuclei of all cells examined in this study. Figure 2 showed distribution of optical density of HMGB1 labeling in the basal turn from the cochlear basilar membrane at different confocal levels in the control, 1dPNE, 3dPNE, and 7dPNE groups. The absence of outer hair cells (OHCs) presented in Figures 2B′–D′ indicated an irreversible damage caused by NE. Correspondingly, we noted that the arrangement of Deiters cells (DCs) seemed to be disordered in the 7dPNE group because of the increased absence of OHCs. In this study, we mainly focused on several specific confocal levels of immunostaining.
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FIGURE 2. Distribution of optical density of HMGB1 labeling in the basal turn from the cochlear basilar membrane. (A–D) Representative images of HMGB1 immunostaining at different confocal levels in the control, 1dPNE, 3dPNE, and 7dPNE groups, respectively. (E–G) Quantification of punctate labeling in DCs, OHC, and IS, respectively. White arrows point to the optical HMGB1-immunostained particles. Asterisks represent missed OHCs. Square regions with dash and solid line are magnified below. DCs, Deiters cells; OHCs, outer hair cells; IHCs, inner hair cells; IS cells, inner sulcus cells. All data are presented as means ± SD, n = 3 in each group. Scale bars 20 μm (A–D,A′–D′), 5 μm (A′′–D′′,A′′′–D′′′). ∗∗p < 0.01, ∗∗∗p < 0.001.


We observed the punctuate labeling of extranuclear HMGB1 in the basilar membrane of all groups, but with a variety of distribution at different confocal levels. We also evaluated the number of punctate labeling in three regions: DCs, OHCs, and inner sulcus (IS) cells. Using one-way ANOVA, we overall detected significant differences in the OHC (F3,12 = 21.26, p < 0.001) and IS cell (F3,12 = 8.314, p = 0.003) regions, but not in the DC region (F3,12 = 1.2, p = 0.352) across groups. We further found that at the OHC level, the number of punctate HMGB1 labeling was significantly increased in the 1dPNE (t = 4.892, p = 0.001) and 3dPNE (t = 3.805, p = 0.008) groups compared with the control group. In contrast, it was drastically decreased in the 7dPNE group. When compared with the control group, the number of punctate labeling at the IS level was demonstrated to be significantly elevated following NE at the 1dPNE (t = 3.358, p = 0.02), 3dPNE (t = 3.213, p = 0.029), and 7dPNE (t = 4.389, p = 0.002) groups.

We then investigated the pattern of expression of HMGB1 in the region of OHC and DCs after NE. Interestingly, we observed a specific expression pattern of HMGB1 in both OHC and DCs, as demonstrated in images obtained with the same confocal parameters of samples prepared with the same process (Figure 3A). We found that the level of HMGB1 in the OHC region was not evident in the control group, whereas it was shown to subsequently increase to a predominate level at 3dPNE (Figure 3A). Regarding DCs, we noted that the dense labeling of HMGB1 was gradually increased toward a plateau at 3dPNE but was then relatively decreased at 7dPNE.


[image: image]

FIGURE 3. Spatiotemporal dynamics of HMGB1 at the organ of Corti (A), spiral limbus (B), and spiral ligament (C) in the basal turn of cochlea after acoustic trauma. The square and arrows in panel (A) identify the region of outer hair cells and Deiters cells, respectively. (D) Quantitative measurement of average fluorescence density (AFD) in the spiral ligament of panel (C). Data is presented as means ± SD, n = 3 in each group. Scale bars 50 μm (C), 20 μm (A,B). *p < 0.05, **p < 0.01, and ***p < 0.001.




Expression of HMGB1 in the Non-organ of Corti Tissues

Apart from the region of the organ of Corti, we also observed and compared the distinctive expression of HMGB1 in the spiral limbus (Figure 3B), spiral ligament (Figure 3C), and spiral ganglion cells (SGNs) region (Figure 4) at different time points after acoustic trauma. We observed a higher optical labeling density in both the spiral limbus and spiral ligament after NE. Furthermore, we quantitatively measured the average fluorescence density (AFD) of HMGB1 in the spiral ligament region due to its possible essential role in the inflammatory response. Accordingly, using one-way ANOVA we demonstrated a significant difference across groups (F3,8 = 16.966, p < 0.001). A significant elevation of AFD was observed in the 7dPNE group when compared with the AFD of the control (t = 7.039, p < 0.001), 1dPNE (t = 4.082, p = 0.014), and 3dPNE (t = 2.919, p = 0.038), respectively. In addition, the AFD of the 3dPNE group was also shown to be significantly higher than that of the control group (t = 4.12, p = 0.017).
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FIGURE 4. Representative images of immunostaining against HMGB1 (Green) in the SGN region. All images were taken from the cochlear basal turn. White arrows point to glial cells surrounding SGNs with evidently higher density of optical HMGB1. The square region in the merged picture depicts the distribution of HMGB1 in SGNs and glial cells, and is magnified at the right corner. The cytoplasm of SGNs was specifically labeled for tubulin (red), and nuclei were labeled with DAPI (blue). Scale bars 20 μm (A–D,A′–D′,A′′–D′′), 10 μm (A′′′–D′′′).


We did not observe any evidently increased optical density of HMGB1 in the SGN region, across all groups (Figure 4). By specifically labeling the cytoplasm of SGNs for tubulin (red), we could distinguish SGNs and identify their borders from surrounding cells, such as glial cells, as indicated in previous studies (Fang et al., 2018; Liu et al., 2020). The expression of HMGB1 in SGNs was shown to be mainly located in the nucleus and not in the cytoplasm, consistent with two previous reports but contradicting to the results of another study (Ladrech et al., 2017; Fang et al., 2018; Liu et al., 2020). Intriguingly, the proportion of glial cells with a high density of optical HMGB1 was shown to be increased in a time interval-dependent manner post-NE, peaking in the 7dPNE group (white arrows pointed in Figure 4). Moreover, the magnified view in the right corner of the merged image shows the possible evolution of the spatial expression of HMGB1 between SGNs and glial cells. We further noted the continuity of HMGB1 immunostaining across SGNs and glial cells in the 3dPNE group, indicating a possible translocation of HMGB1 across them (Figure 4C′′′).



Impact of HMGB1 Knockdown on the Viability of HEI-OC1 Cells

The HEI-OC1 cell line is known to preserve the specific cell biology of OHCs and it was employed here to explore the underlying molecular mechanisms after acoustic trauma using a gene manipulation method. First, we confirmed the viability of HEI-OC1 cells using the CCK8 test at different time points after stimulation with different concentrations of H2O2 (Figure 5A). Based on these, 0.5 mM H2O2 was identified as the appropriate condition in the following experiments. We accordingly evaluated the level of HMGB1 at 4, 8, and 12 h after treatment with H2O2. We performed a one-way ANOVA followed by post hoc tests for each group and found that no significant intergroup differences were observed (F3,8 = 1.254, p = 0.353).
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FIGURE 5. Molecular behavior of HMGB1 and its impact on cell viability in vitro. (A) Cell viability of HEI-OC1 at 4, 8, 12, and 24 h after stimulation with gradient concentration (0.1, 0.5, and 1 mM) of H2O2. Data (A) is presented as means ± SD, n = 3 in each group. (B) Representative images of immunostaining against HMGB1 from low to high field of view of samples pretreated with 0.5 mM H2O2 (green: HMGB1; red: phalloidin). (C) Level of HMGB1 and caspase-3 at different time points in cells treated with 0.5 mM H2O2. Data (C) is presented as means ± SD, n = 3 in each group. (D) Screening result of two candidate siRNAs on knocking down HMGB1. (E) Impact of HMGB1 knockdown on the viability of HEI-OC1 cells 8 h after treatment with H2O2 (0.5 mM). Data (E) is presented as means ± SD, n = 6 in each group. Scale bars 100 μm (B left panel), 20 μm (B middle panel), 10 μm (B right panel). ***p < 0.001.


As can be observed in the immunostaining image (Figure 5B), however, HMGB1 was found to be extensively translocated from the nucleus to the cytoplasm 8 h after stimulation with H2O2. The edge of the cell membrane outlined by staining with phalloidin indicated that HMGB1 might be released from the cell before cell disintegration. More importantly, it is worth noting that the overall changes in cell morphology were shown to be quite different at this time. We observed varying degrees of vesicular-like budding that might have been related to the apoptosis or death process in HEI-OC1 cells. Interestingly, at 12 h, most cells were demonstrated to revert to their typical structure, with HMGB1 being redistributed within the nucleus.

Using western blotting, we identified target siRNAs for further knockdown of HMGB1 (Figure 5D). Subsequently, we investigated the effect of HMGB1 knockdown on cell viability in the HEI-OC1 oxidative stress model (Figure 5E). We found that compared with the control group and the siRNA-HMGB1 group, the cell viability in groups pretreated with H2O2 was significantly reduced (p < 0.001). However, the group with the HMGB1 knockdown was demonstrated to significantly preserve a higher cell viability compared with the H2O2 and the H2O2 (siRNA-negative control) groups (p < 0.001).



DISCUSSION

Here, we demonstrated the spatiotemporal dynamics of the expression of HMGB1 in the cochlea after NE. We found that the total level of cochlear HMGB1 was gradually increased following NE, exhibiting however a distribution variability in specific cochlear regions and cells. Specifically, noise induced a robust accumulation of HMGB1 in the spiral ligament, but not in the region of SGNs, which coincided with the cochlear level as tested by western blotting. In contrast, despite the extranuclear punctate labeling for HMGB1 revealing a varying distribution, we observed that HMGB1 was primarily located in the nuclei of cochlear cells. In addition, we noted the occurrence of a temporary translocation of HMGB1 from the nucleus to the cytoplasm as well as the extracellular space, in HEI-OC1 cells 8 h after treatment with H2O2. However, nuclear retention of HMGB1 was shown to recur at 12 h after treatment with H2O2, following the completion of apoptotic processes.

Accompanying the activation of the innate immune system in noise-induced cochlear pathologies, HMGB1 might play an essential role as a mediator of inflammation by alarming of the induced cell damage (Tang et al., 2012; Yang et al., 2013; Wood and Zuo, 2017; Frye et al., 2019; He et al., 2020). As a representative DAMP, the biological activity of HMGB1 is known to depend on its location and its interaction with cytokines or other exogenous and endogenous molecules (Andersson and Tracey, 2011). Its dynamic translocation from the nucleus with a state binding DNA to the cytoplasm or extracellular context has been reported to depend on cell activation, injury, or death (Ueda and Yoshida, 2010). In the present study, we investigated the rare high dense extracellular distribution of HMGB1 following NE, even at the local point of absent scattered OHCs. The main reason behind this finding could be the characteristic deposition of HMGB1, which might vary among necrotic and apoptotic cells. Breaking-down cell permeability could facilitate the passive release of HMGB1 from necrotic cells; however, under apoptotic conditions, maintaining nuclear retention of HMGB1 would be necessary for chromatin binding through posttranslational modifications (Scaffidi et al., 2002; Rovere-Querini et al., 2004; Bell et al., 2006; Kazama et al., 2008). Importantly, OHCs are known to be vulnerable to damage induced by excessive noise, with apoptosis appearing to be the most common mechanism of OHC loss (Morrill and He, 2017). Therefore, the release of HMGB1 from the nucleus of OHCs was shown to be highly restricted after acoustic injury. Alternately, a possibility exists that the translocation behavior of HMGB1 could be a temporary process, indicating that more sensitive and intensive detection methodology might be required for the observation of its dynamic distribution (Gaillard et al., 2008). This was consistent with our results here revealing the presence of a high density of HMGB1 in the cytoplasm of HEI-OC1 cells at 8 h that disappeared at 12 h after treatment with H2O2. Furthermore, we evaluated the changes in the expression level of caspase-3 by western blotting. There was a sharp elevation at 12 h after treatment with H2O2, indicating an extensive activation of apoptosis, potentially explaining the molecular event of the retention of HMGB1 in the nucleus (Bell et al., 2006).

Maintaining the structural and functional integrity of the basilar membrane in the cochlea, is known to require a highly orchestrated process for the elimination of damaged OHCs (Hu et al., 2018; Li et al., 2018b; Zhou et al., 2020). This process has been shown to always involve the activation of neighbor cells or professional scavengers, such as macrophages. Although the organ of Corti lacks immune cells, the cochlear resident cells, particularly DCs, are known to preserve their phagocytic activity responding to damaged OHCs (Abrashkin et al., 2006; Du et al., 2011; Yang et al., 2015b). This was supported by strong piece of evidence showing that prestin immunopositive fragments of OHCs were located inside the cytoplasm of DCs (Abrashkin et al., 2006). However, the mechanism by which DCs detect the injury of OHCs remains unclear. Ladrech et al. proposed that DCs might regulate the remodeling of the aminoglycoside-injured organ of Corti by releasing HMGB1 (Ladrech et al., 2013). This hypothesis was strongly supported in immunoelectron microscopy experiments, by the detection of HMGB1 particles encapsulated within cytoplasmic membrane-bound vesicles inside DCs. More importantly, these vesicles were labeled as specific markers of processing secretion, indicating the function of DCs to initiatively secrete HMGB1 (Ladrech et al., 2013). In our present study, we found that the density of optical HMGB1 labeling was drastically increased in DCs after acoustic trauma, especially in the 1dPNE group. Overall, the spatiotemporal dynamics of the distribution of HMGB1 in the organ of Corti suggested a specific pattern of immune activity involving DCs, which might exert a direct impact on the pathogenesis of OHCs after acoustic trauma.

Apart from the organ of Corti, the level of HMGB1 was also tested in non-organ of Corti tissues including spiral limbus, spiral ligament, and SGNs. The density of optical labeling of HMGB1 was found to be greatly increased in the spiral ligament, but not SGNs. In the SGN region, the number of glial cells with high level of HMGB1 was demonstrated to be increased in the 3dPNE group, indicating a possible intercellular event between SGN and glial cells. In the spiral ligament, we found that the tendency of AFD elevated (Figures 3C,D), which was consistent with the change in the total cochlear level of HMGB1 (Figure 1B). Necroptosis-, ferroptosis-, apoptosis- and pyroptosis-mediated mechanism have all been implicated in HMGB1 release from cells (Scaffidi et al., 2002; Bell et al., 2006; Murai et al., 2018; Wen et al., 2019; Volchuk et al., 2020). Specifically, as a marker of cellular damage, the increasing HMGB1 level or the release of HMGB1 in the spiral ligament indicated the activation of cell death pathways. In previous studies, noise-induced apoptosis and necroptosis in the spiral ligament cells have been elucidated, but the pyroptosis and ferroptosis have not been verified and might cause the HMGB1 release here (Wang et al., 2019; Wu et al., 2020). Therefore, our future work will focus on defining HMGB1 sources and secretion pathways in this region during noise-induced inflammation.

In the present study, our in vitro experiments showed that knocking down the HMGB1 gene could protect HEI-OC1 cells against hydrogen peroxide stress damage (Figure 5), indicating potential therapeutic approaches to prevent NIHL. However, it might not be an optimal approach to manipulate the expression of HMGB1 due to its intracellular functions, such as acting as a critical pro-autophagic protein that enhances cell survival and limits programmed apoptotic cell death (Tang et al., 2010, 2011; New and Thomas, 2019). Moreover, enhancing the autophagic flux has been shown to prevent the cochlea from acoustic injury and reduce the percentage of absent OHCs (Yuan et al., 2015). Therefore, the critical point of any potential therapeutic strategy of NIHL targeting HMGB1 should avoid affecting its positive intracellular functions. Recently, treatments based on antagonists that specifically inhibit the release of HMGB1 or extracellular action of HMGB1 have been released. For example, an anti-HMGB1 monoclonal antibody (mAb) has been developed and was shown to be effective in treating many animal models of central nervous system (CNS) diseases, such as Parkinson’s disease, Alzheimer’s disease, and stroke (Yang et al., 2015b).

Nevertheless, an approach of inhibiting the activities of proinflammatory mediators, such as HMGB1, to treat inflammation-induced diseases might have some considerable challenges: (1) targeting HMGB1 might not be sufficient to obtain significant beneficial results because of homologous molecules playing the same role as HMGB1 in the inflammatory process; (2) triggering a compensatory immune response involving an alternative pathway after inhibiting the extracellular function of HMGB1; (3) risks associated with weakening of a natural defense mechanism in the cochlea (Tabas and Glass, 2013). Furthermore, we still need further in vivo experiments to confirm the specific role of HMGB1 in cochlear inflammation in order to fully elucidate the underlying mechanism and be able to intervene to prevent NIHL.
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Phenotypic Heterogeneity of Post-lingual and/or Milder Hearing Loss for the Patients With the GJB2 c.235delC Homozygous Mutation
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Objective: To report the phenotypic heterogeneity of GJB2 c.235delC homozygotes associated with post-lingual and/or milder hearing loss, and explore the possible mechanism of these unconditional phenotypes.

Methods: Mutation screening of GJB2 was performed on all ascertained members from Family 1006983 and three sporadic patients by polymerase chain reaction (PCR) amplification and Sanger sequencing. Next generation sequencing (NGS) was successively performed on some of the affected members and normal controls from Family 1006983 to explore additional possible genetic codes. Reverse transcriptase–quantitative PCR was conducted to test the expression of Connexin30.

Results: We identified a Chinese autosomal recessive hearing loss family with the GJB2 c.235delC homozygous mutation, affected members from which had post-lingual moderate to profound hearing impairment, and three sporadic patients with post-lingual moderate hearing impairment, instead of congenital profound hearing loss. NGS showed no other particular variants. Overexpression of Connexin30 in some of these cases was verified.

Conclusion: Post-lingual and/or moderate hearing impairment phenotypes of GJB2 c.235delC homozygotes are not the most common phenotype, revealing the heterogeneity of GJB2 pathogenic mutations. To determine the possible mechanism that rescues part of the hearing or postpones onset age of these cases, more cases are required to confirm both Connexin30 overexpression and the existence of modifier genes.

Keywords: GJB2, Connexin30, modifier, heterogeneity, hearing loss


INTRODUCTION

Hearing loss is one of the major disabilities world-widely, which is often induced by loss of sensory hair cells (HCs) in the inner ear cochlea. HCs mainly function in transducing sound waves into the electric signals (Wang et al., 2017; Liu et al., 2019; Qi et al., 2019; He et al., 2020). Hearing loss could be caused by genetic factors, aging, chronic cochlear infections, infectious diseases, ototoxic drugs, and noise exposure (He et al., 2017; Cheng et al., 2019; Zhou et al., 2020); and genetic factors account for more than 60% of the hearing loss. GJB2, which encodes the gap junction protein Connexin 26, is the most common cause of genetic non-syndromic hearing loss (NSHL). Among the approximately 200 hearing loss associated GJB2 mutations (Stenson et al., 2017), the c.235delC mutation, a founder mutation (Yan et al., 2003; Shinagawa et al., 2020), is the most frequently known mutation in some East Asian groups, with a carrier frequency of approximately 1% (Yan et al., 2003). The mutation has a significant ethnic specificity, with increasing risk of NSHL in the East Asian and Southeast Asian populations (Dai et al., 2015), but no susceptibility in Oceania and European populations (Yao et al., 2012). Most patients with the GJB2 c.235delC homozygous mutation show pre-lingual severe to profound hearing impairment (Zhao et al., 2011). However, even cases with the GJB2 c.235delC homozygous mutation may be undetected by newborn hearing screening, suggesting that GJB2 c.235delC homozygous mutation-related hearing loss may not always be congenital at onset (Minami et al., 2013; Dai et al., 2019; Wang et al., 2019). Clinically, except for late-onset hearing impairment, some GJB2 c.235delC homozygous patients show post-lingual and/or mild to moderate hearing impairment instead of profound hearing loss with a highly heterogeneous phenotype.

In addition to GJB2, GJB6 is another gene located in DFNB1. GJB6 encodes the gap junction protein Connexin 30, which is co-assemble with Connexin 26 to form hybrid gap junctions (Ahmad et al., 2003). Connexin26 and Connexin 30 are predominant isoforms in the cochlea (Zhao et al., 2006). Deletions in GJB6 are also common genetic factors for NSHL in some populations, with ethnic specificity (del Castillo et al., 2002; Marlin et al., 2005; Falah et al., 2020). Cases with digenic heterozygous mutations in GJB2 and GJB6 are relatively rare in the NSHL population, with various phenotypes, such as prelingual or post-lingual, ranging from mild or moderate to severe or profound hearing loss (Bolz et al., 2004; Cama et al., 2009; Chan et al., 2010; del Castillo and del Castillo, 2011; Mei et al., 2017). In the GJB6 homozygous knockout mouse model, overexpression of Connexin26 restored hearing sensitivity and prevented hair cell death, suggesting that upregulation of Connexin might be a therapeutic strategy for patients with GJB6 mutations (Ahmad et al., 2007). However, there is no animal experiment to verify that the overexpression of Connexin30 can restore the hearing loss caused by GJB2 mutations, since Gjb2 knockout mice are embryonically lethal (Gabriel et al., 1998).

Modifier genes are a perspective for the study of hearing loss to interpret phenotypic variation. Linkage analysis (families) and association studies (unrelated patients) are two strategies can be adopted to identify modifier genes for human disorders (Bykhovskaya et al., 2004; Dunckley et al., 2007; Tao et al., 2019). However, association studies are not always effective, and a previous whole genome association (WGA) study on GJB2 c.35delG homozygous patients showed that phenotypic heterogeneity could not be explained by the effect of a single major modifier gene (Azaiez et al., 2004; Hilgert et al., 2009a).

In this study, we focused on some unconditional cases involving GJB2 c.235delC homozygotes, whose phenotypes were late-onset and/or moderate hearing loss. First, we found a Chinese family (Family 1006983) with the GJB2 c.235delC mutation, which was segregated with all of the recruited members. Unlike other patients with the GJB2 c.235delC homozygous mutation, whose phenotype were pre-lingual severe to profound hearing loss, patients in this family showed post-lingual moderate to profound sensorineural hearing loss. In addition, we further identified three sporadic cases with GJB2 c.235delC homozygotes, the phenotypes of which were post-lingual moderate hearing impairment. To decipher the mechanism of partial or late-onset hearing loss in GJB2 c.235delC homozygotes cases, we performed next generation sequencing (NGS), including targeted genes capture and genome sequencing on some of the affected members and controls from 1006983, but no pathogenic variations or modifier genes were identified. Since Connexin26 and Connexin 30 are co-assembled to form hybrid gap junctions and a previous mouse experiment suggested that up-regulation of Connexin or the slowing of its degradation might be a therapeutic strategy to prevent and treat deafness caused by Connexin 30 mutations (Ahmad et al., 2007), we hypothesised that for some of the patients with a more minor phenotype than other patients with the GJB2 c.235delC mutation, it is the overexpression of Connexin30 that plays a compensatory role. Thus, reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) was also conducted on some of these patients to test the expression of Connexin30, which is encoded by GJB6 (Supplementary Figure 1).



MATERIALS AND METHODS


Ethics Statement

The study was approved by the Committee of Medical Ethics of the Chinese PLA General Hospital. Written informed consents were obtained from all the participants in the family.



Family Recruitment and Clinical Evaluations

A five-generation family (Family 1006983) with 133 members presenting with autosomal recessive non-syndromic sensorineural hearing loss (ARNSHL) was ascertained from the Institute of Otolaryngology, Chinese PLA General Hospital (Figures 1, 2). Three independent sporadic patients with homozygous GJB2 c.235delC were also recruited in our study, who had late-onset moderate hearing impairment (Figure 3). Personal or family medical evidence of hearing loss, tinnitus, vestibular symptoms, and other clinical abnormalities of the participants were identified by a team of experienced physicians and audiologists. Audiometric evaluations included pure tone audiometry (PTA), which was calculated as the average hearing threshold at 0.5, 1, 2, and 4 kHz for the bilateral ears of the ascertained subjects. The severity of hearing impairment was defined as mild (26–40 dB HL), moderate (41–70 dB HL), severe (71–95 dB HL) and profound (>95 dB HL). The speech recognition score was tested and calculated for some patients. Caloric testing was performed on some patients and the normal controls to obtain data on semicircular canal function. Some patients who had tinnitus were estimated by tinnitus assessment. High resolution computed tomography (HRCT) of the temporal bone was conducted for some of the patients.
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FIGURE 1. Pedigree of Family 1006983. Filled symbols for males (squares) and females (circles) represent affected individuals, and empty, unaffected individuals. An arrow denotes the proband. The symbols with a red border represent the cases for whom genome sequencing was performed.
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FIGURE 2. Audiograms of both ears from subjects in Family 1006983. Symbols “o” and “x” denote air conduction pure-tone thresholds at different frequencies in the right and left ear, respectively. dB HL, decibels hearing level; Hz, Hertz. III:13, III:14, III:17, III:20, and IV:54 are the affected cases from Family 1006983 with the GJB2 c.235delC homozygous mutation. III:5 is a normal control from the family with a GJB2 c.235delC heterozygous mutation.
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FIGURE 3. (A,D,G) Pedigree of case 1, case 2, and case 3, respectively. (B,E,H) Audiograms of three sporadic cases. (B) Audiograms of both ears from case 1. (E) Five audiograms of the left ear from case 2 in the last 2 years. Different color audiograms represent audiograms done at different times. (H) Audiograms of both ears from case 3. (B,E,H) Symbols “o” and “x” denote air conduction pure-tone thresholds at different frequencies in the right and left ear, respectively. dB, decibels; Hz, Hertz. (C,F,I) Connexin 30 expression in case 1, case 2, and case 3, respectively. Case 1-F is the father of case 1. Case3-F is the father of case 3, and Case 3-M is the mother of Case 3. Normal control is an independent subject with normal hearing from our institute.


A cohort of two hundred and ninety-five hearing loss cases who had the homozygous GJB2 c.235delC mutation in our institute were chosen as the controls to compare phenotypes (Zhao et al., 2011).



Sanger Sequencing

Genomic DNA was extracted from the whole blood samples using a Blood DNA kit according to the standard protocol (TIANGEN BIOTECH, Beijing, China). PCR and Sanger sequencing were performed on all available members from Family 1006983 and the three sporadic patients and their parents to determine whether the potential mutations in causative genes co-segregated with the disease phenotype in these families. Direct PCR products were sequenced using Bigdye Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems, Foster City, CA) and analysed using an ABI 3700XL Genetic Analyser (primers were GJB2-Exon2-F: 5′-TTGGTGTTTGCTCAGGAAGA-3′ and GJB2-Exon2-R: 5′-GGCCTACAGGGGTTTCAAAT-3′).



Next Generation Sequencing

To examine whether other genetic defects or modifier genes were involved, targeted multi-genes capture and NGS were performed on case III:20, who had moderate hearing impairment in the better ear at the age of 50 years when tested. Targeted genes include 307 known and candidate hearing loss associated genes (Wang et al., 2015). And then genome sequencing was further performed on cases III:13, III:14, III:17 and controls IV;40, IV;44, IV:47. Sequencing was carried out on Illumina HiSeq2500 to generate paired end reads. Biologic information analysis was carried out according to a previous process (Wang et al., 2014), and specific analysis strategies to find the modifier genes were conducted on the genome sequencing data.



RT-qPCR of GJB6

Total RNA was extracted from the white cells of the whole blood samples using the cell RAN kit according to the standard protocol (TRIzol Reagent, Life Technologies). Synthesis of cDNA was carried out with a Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Primers were designed as follows by Primer5: GAPDH-H-F: GGAGCGAGATCCCTCCAAAAT; GAPDH-H-R: GGAGCGAGATCCCTCCAAAAT; GJB6-H-F: CAAGAGGACTTCGTCTGCAAC; GJB6-H-R: GTGGTTTCGTGCCTGTAGTAG. RT-qPCR was conducted according to the protocol of the “Power SYBR Green PCR Master Mix and RT-PCR” by Applied Biosystems. The quantitative analysis conditions were shown in Supplementary Figure 2. Expression stability analysis included geNorm analysis, NormFinder analysis and BestKeeper analysis. Statistical analysis was performed using Graphpad Prism version 5.01. All of the quantitative results were duplicated at least twice.



RESULTS


Clinical Description

In Family 1006983, a total of 22 family members, composed of five clinically affected and 17 unaffected individuals were ascertained in this study. In this family, most of the affected members showed post-lingual, approximately symmetrical, and bilateral non-syndromic sensorineural hearing loss. The average onset age for all the affected cases was 6.2 years old. The hearing loss was presented at all frequencies (Table 1 and Figure 2). For the other three independent sporadic patients in this study, case 1 was a 5 years old girl who had post-lingual, bilateral symmetrical moderate sensorineural hearing impairment, with an onset age of 5 years old (Figures 3A,B); case 2 was a 37-year-old man suffering from sudden hearing loss of left ear accompanied by dizziness and tinnitus when he visited our hospital in 2015, whose hearing threshold had a fluctuation in the last 2 years, and whose onset age was not clear. His hearing threshold was first tested on 16th October, 2014, and the PTAs of the left and right ear were 52.5 and 56.25 dB HL, respectively (Figures 3D,E); Case 3 was a 6 year old boy with post-lingual, bilateral symmetrical moderate sensorineural hearing impairment (Figures 3G,H). All of these three cases had no family history of hearing loss, no symptoms in other organ systems and no other exposure to risk factors. All of the affected cases had associated tinnitus, but no vestibular symptoms or signs were reported except for case 2. HRCT of the temporal bone in the proband of Family 1006983 (III:14) and three sporadic cases showed normal inner ears structure. No exposure history that may account for the hearing impairment existed in any of the affected members.


TABLE 1. Summary of clinical data for hearing impaired members in Family 1006983 and three sporadic cases.

[image: Table 1]Among the 295 cases with the homozygous GJB2 c.235delC mutation, four patients had late-onset hearing loss, an incidence of 1.36% (4/295) (Zhao et al., 2011). The onset ages of these four cases were 4, 4, 5, and 6 years old, with an average onset age of 4.75 years old. Among these four c.235delC homozygous cases, three children had severe hearing loss, and one had profound hearing impairment. There were also eight patients who had pre-lingual moderate hearing loss, an incidence of 2.71% (8/295).



Mutation Detection and Analysis

The c.235delC is a known pathogenic ARNSHL related mutation. Sanger sequencing confirmed the co-segregation of c.235delC with the disease phenotype in Family 1006983, the three sporadic patients and their parents (Figures 3A,D,G). All of the cases with hearing impairment had homozygous c.235delC mutation, and all of the normal controls recruited in this study had either no mutation or heterozygous c.235delC. The genotype frequency in dbSNP137, HapMap, 1,000 Genomes, and local dataset was less than 0.001. This mutation occurred at highly conserved amino acids, and was predicted to be deleterious by the PolyPhen 2, SIFT, and Mutationtaster programs.

A total of 307 hearing loss related genes were captured, and the targeted high-throughput sequencing data were analysed according to the standard process (Wang et al., 2014) and no pathogenic or likely pathogenic variations were identified according to the standards and guidelines for the interpretation of sequence variants (Richards et al., 2015).

To further analyse the modified genes that may exist in the 1006983 family, six samples from the family were selected for genome sequencing analysis. The total amount of data of the whole genome was shown in Supplementary Table 1. After screening, a total of 7,132,601 digits of variation were obtained. A total of 6.6% of them were novel variants. Sample sequencing depth and coverage are shown in Supplementary Table 2. Variation covers many different types. Four strategies were performed to decipher the possible effective genes. First, assuming that there was a modified gene in this family of patients, all of the heterozygous mutations on chromosome 13 shared by the three patients in Family 1006983, with a frequency of less than 0.0001 and functional mutations were selected (non-coding mutations may also be responsible for the possibility of modification, but due to the huge amount of data, so rare functional mutations were focused on first). Candidate mutation information was shown in Supplementary Table 3. Second, genes interacting with GJB2 were analysed emphatically. Third, copy number variants (CNVs) of genes interacting with GJB2 gene were analysed1 by selecting the 20M gene sequence before and after the target genes, with no related CNV were deciphered. Last, related genes located in the GJB2 signal pathway were determined (Supplementary Table 4), and TJP1 and TUBA3E were found to be most likely to be interacting with GJB2.



RT-qPCR of GJB6

The expression of Connexin30 in the affected members of Family 1006983 showed no significant difference from that in the control group (Figure 4). The expression levels in the three sporadic cases revealed no consistent results, with only case1 having double expression compared to normal control (Figure 3C). Case 2 and case 3 showed no significant increase in the expression level from that of the normal controls or the heterozygous controls (Figures 3F,I).
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FIGURE 4. Connexin30 expression of some of the affected members and within-family normal controls from Family 1006983. III:17, III:14, and IV:54 are three hearing loss cases with the GJB2 235delC homozygous mutation, IV:47 is a normal control from Family 1006983. Normal represents the Connexin 30 expression of a person who is not a member of the family.




DISCUSSION


Phenotype-Genotype Correlation Analysis

There is striking phenotypic heterogeneity in the onset age as well as degree of hearing loss caused by GJB2 mutations. For most genotypes, however, there is considerable variation. In clinic, cochlea developmental disorders are the mechanism of congenital hearing loss caused by Connexin26 deficiency, whereas the reduction of cochlea active amplification is the cause of late-onset hearing loss induced by Connexin26 deficiency (Mei et al., 2017). A multicenter genotype-phenotype correlation study showed that inactivating mutations cause a more severe phenotype than non-inactivating mutations (Snoeckx et al., 2005). Among c.235delC homozygotes, the majority do have pre-lingual profound hearing loss, while some c.235delC homozygotes have only post-lingual and/or moderate hearing loss. The phenotypic variances found among the cases recruited in this study are as follows.


Late-Onset Phenotype of Homozygous GJB2 c.235delC

All of the patients from Family 1006983 and the three sporadic cases had late-onset hearing impairment. Previous studies of 295 control cases with homozygous GJB2 c.235delC by our group reported that post-lingual cases accounted for 1.36% of the cohort, indicating a relatively rare variant (Zhao et al., 2011). Though relatively rare, the GJB2 c.35delG homozygous mutation, which is the most prevalent mutation in Caucasians, could also contribute to late postnatal onset hearing loss (Pagarkar et al., 2006). There are also some GJB2 pathogenic mutations associated with post-lingual hearing impairment, such as p.T55N, p.R75Q, p.D179N, and p.C202F (Morle et al., 2000; Primignani et al., 2003; Melchionda et al., 2005; Iossa et al., 2010), which are inherited as autosomal dominant patterns (Wang et al., 2017).



Milder Hearing Impairment Phenotype of Homozygous GJB2 c.235delC

One affected member from Family 1006983 and three sporadic cases had moderate hearing loss, accounting for 50% of the eight cases recruited in this study, and the other four cases from Family 1006983 had severe to profound hearing loss. In fact, among the four severe to profound cases in Family 1006983, the testing age was 33, 59, 61, and 65 years, showing a progressive hearing impairment tendency according to the complaints of these patients.



GJB2 Mutation and Sudden Hearing Loss

Case 2 complained of sudden hearing loss of the left ear when he came to our clinic on 14th September, 2015. In recent years, some studies have proposed that genetic deafness mutations may be associated with the pathogenesis of sudden hearing loss. Bora et al. once screened the GJB2, GJB3, and GJB6 genes in 40 sudden hearing loss patients and 40 normal controls, but the connection between Connexin and sudden hearing loss could not be verified (Bora et al., 2010). In the Chinese population, previous studies showed that the incidence of the GJB2 c.235delC mutation was low in sudden hearing loss patients (2.1%, 5/234) and had no significant difference from that of normal controls, suggesting that GJB2 c.235delC has no correlation with sudden hearing loss (Zhan et al., 2014). In our group, we once screened the GJB2 gene in 93 sudden hearing loss patients and 117 controls with normal hearing. Only two heterozygous c.235delC mutations were identified in the sudden hearing loss group, while five heterozygous c.235delC mutations were identified in the normal control group (data not published).



Genetic Counselling and Clinical Management

Genetic diagnosis and counselling is increasingly affecting the clinical practice of genetic hearing loss, especially genotype-phenotype correlation analysis. GJB2 c.235delC is the most common deafness-related pathogenic variant in the Chinese population, and reporting the phenotypic heterogeneity of GJB2 c.235delC homozygous cases is helpful throughout the genetic counselling procedure, and would contribute greatly to clinical practice. Except for providing information about incidence, recurrent risk and prevention strategies, phenotype heterogeneity should be accounted both before and after gene testing. For example, information if provided on the possible gene testing results and relevant phenotype prognosis before gene testing, phenotype heterogeneity should be taken into consideration; for the management of an individual with GJB2 c.235delC homozygous mutation after gene testing, especially for a baby who has passed newborn hearing screening, audiology follow-up seems to be much more critical than performing cochlear implantation directly. Gene therapy as a potential clinical treatment method have been reported to be efficient in inherit hearing loss in animal models (Tan et al., 2019; Delmaghani and El-Amraoui, 2020; Niggemann et al., 2020). However, there are numerous challenges associated with in vivo gene therapy targeting the human inner ears to be addressed.



Phenotypic Heterogeneity Mechanisms

Cellular and deafness mechanisms underlying GJB2 induced hearing impairment are currently unclear, although numerous clinical reports indicate that Connexin26 mutations are associated with hearing impairment. Few studies have been performed on the pathogenesis of Connexin26 mutations. For example, in one clear functional study on a patient who had the Connexin26 c.35delG mutation and a p.E101G missense mutation, microscopic observation revealed nearly complete degeneration of hair cells and agenesis of the SV but no neural degeneration (Jun et al., 2000). In summary, previous studies on Connexin function showed that the cochlear development disorders lead to congenital deafness instead of hair cell degeneration and endocochlear potential reduction, while the reduction of active cochlear amplification leads to late-onset hearing loss, even though cochlear hair cells have no Connexin expression (Wingard and Zhao, 2015).

Most likely, the phenotypic heterogeneity is caused by modifier genes, but none has been identified to date. Modifier genes can be relatively easily identified in mice by crossing parental inbred strains that carry the disease-causing mutation and exhibit a difference in phenotype, such as the modifier gene Moth1 in the Tubby mouse (Ikeda et al., 2002). However, it is difficult to perform linkage or association analysis to determine the modifier gene in human cases with only one family and a limited number of mild/moderate sporadic patients, such as the situation in this study. In our study, the targeted multi-gene sequence of one of the affected members identified no other variation except for homozygous GJB2 c.235delC. Their identification could substantially contribute to a more accurate diagnosis and more appropriate genetic counselling (Hilgert et al., 2009b). Exome sequencing or genome sequencing may be better choice to find modifier genes in these unconditional cases. However, although we attempted different strategies, it is difficult to analyse the large amount of data of the genome sequencing, with numerous candidate genes being identified, but no further evidence was obtained to confirm the phenotypic correlation. Another family and many more sporadic cases with the GJB2 c.235delC homozygous mutation and late-onset milder hearing impairment may provide the possibility to decipher the molecular mechanism. A WGA study may also an effective way to decipher the major modifier genes of GJB2 c.235delC, as one had been previously performed on a separate set of GJB2 c.35delG cases (Hilgert et al., 2009a). The WGA study needs a second set of cases to replicate the possible SNPs, however, GJB2 c.235delC homozygote cases are limited.

From another point of view, we hypothesised that for some of the patients with more minor phenotypes than those with homozygous GJB2 c.235delC, the overexpression of Connexin30 plays a compensatory role. The mutual pathogenic mechanism of the biallelic GJB2 and GJB6 genes is unclear. These two genes have 77% sequence homology. Connexin26 and Connexin30, which are encoded by these two genes, assemble into a complete heterologous gap junction channel together (Liu et al., 2009), playing a key role in inner ear K+ regulation. GJB2 overexpression can effectively restore hearing impairment in GJB6 knockout mice (Ahmad et al., 2007), suggesting that genetic correction by overexpression may restore hearing function effectively. We found some of the cases overexpressed Connexin3, however, we could not find consistency between the family and sporadic patients in this study. In addition, the total RNA extracted from whole blood could not verify the located expression of Connexin30. Furthermore, biopsy of the human cochlear is impossible for now, and measurement of the gene transcription of Connexins by RT-qPCR and of the protein expression of Connexins by western blots analysis cannot be achieved. We will continue focus on the subjects with the same phenotype in this study, to find out the underlying mechanism of the phenotype heterogeneity. In addition, animal experiments are still needed to find out whether increasing the Connexin30 protein level in Gjb2 knock out background could restore hearing. To all knowledge, there is no data to confirm that up-regulation of Connexin6 expression in Gjb2 knockout mice could not rescue the hearing up to date.



CONCLUSION

In conclusion, we reported a family and three sporadic patients with homozygous c.235delC, who had an unconditional phenotype with post-lingual and/or moderate hearing impairment. Multi-genes sequencing showed no other pathogenic mutations or modifier genes. RT-qPCR of Connexin30 expression revealed that some of these cases overexpressed Connexin30, which may play a compensatory role in hearing impairment. However, the mechanism of the phenotypic heterogeneity and the specific mutation-induced pathological changes in vivo remain unclear, and there is little information is available for humans. Many more experiments and large series are needed to decipher the genetic code to extend this study in the future.
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Attenuation of noise-induced hair cell loss and noise-induced hearing loss (NIHL) by treatment with FK506 (tacrolimus), a calcineurin (CaN/PP2B) inhibitor used clinically as an immunosuppressant, has been previously reported, but the downstream mechanisms of FK506-attenuated NIHL remain unknown. Here we showed that CaN immunolabeling in outer hair cells (OHCs) and nuclear factor of activated T-cells isoform c4 (NFATc4/NFAT3) in OHC nuclei are significantly increased after moderate noise exposure in adult CBA/J mice. Consequently, treatment with FK506 significantly reduces moderate-noise-induced loss of OHCs and NIHL. Furthermore, induction of reactive oxygen species (ROS) by moderate noise was significantly diminished by treatment with FK506. In agreement with our previous finding that autophagy marker microtubule-associated protein light chain 3B (LC3B) does not change in OHCs under conditions of moderate-noise-induced permanent threshold shifts, treatment with FK506 increases LC3B immunolabeling in OHCs after exposure to moderate noise. Additionally, prevention of NIHL by treatment with FK506 was partially abolished by pretreatment with LC3B small interfering RNA. Taken together, these results indicate that attenuation of moderate-noise-induced OHC loss and hearing loss by FK506 treatment occurs not only via inhibition of CaN activity but also through inhibition of ROS and activation of autophagy.

Keywords: noise-induced hearing loss, calcineurin inhibitor, nuclear factor of activated T-cells isoform c4, reactive oxygen species, autophagy


INTRODUCTION

Noise-induced hearing loss (NIHL) acquired from military duty, industrial occupations, and recreation and leisure activities is the most common occupational disease in the US and probably worldwide (Neitzel and Fligor, 2019; Themann and Masterson, 2019). Loss of sensory hair cells in the cochlea, with outer hair cells (OHCs) being more vulnerable than inner hair cells (IHCs), has been well documented in humans and various animal models as a cause of permanent threshold shifts (PTS or permanent hearing loss) (Sha and Schacht, 2017; Wang and Puel, 2018). Although the molecular events occurring after noise exposure are highly complex, the notion of overload of calcium in the endolymph and hair cells, accumulation of reactive oxygen species (ROS), and increased cytokines contributing to the pathogenesis of noise-induced loss of sensory hair cells is well accepted (Ikeda and Morizono, 1988; Fridberger et al., 1998; Ohlemiller et al., 1999; Yamashita et al., 2004; Fujioka et al., 2006; Chen et al., 2012; Hill et al., 2016; Dhukhwa et al., 2019; Fettiplace and Nam, 2019).

Calcineurin (CaN/PP2B) belongs to the protein phosphatase 2B family of Ca2+/calmodulin-dependent protein phosphatases and is activated by binding between Ca2+ and calmodulin (Hashimoto et al., 1990; Morioka et al., 1999). The activation of CaN may contribute to hair cell death as treatment with CaN inhibitor FK506 (tacrolimus) attenuates noise and aminoglycoside-induced hair cell loss and hearing loss (Minami et al., 2004; Uemaetomari et al., 2005; Bas et al., 2012), but the underlying mechanisms are not fully understood. FK506 forms a complex with binding protein FKBP12 (FK506-binding protein), which binds to a common composite surface made up of residues from the catalytic subunit of CaN (Ke and Huai, 2003) and, in turn, inhibits CaN activity. Nuclear factor of activated T-cells (NFAT), a downstream target of CaN, is an attractive candidate as the executor of CaN's detrimental effects. Five NFAT family members, NFAT1 (NFATp or NFATc2), NFAT2 (NFATc1), NFAT3 (NFATc4), NFAT4 (NFATc3 or NFATx), and NFAT5, have been identified (Rao et al., 1997; Crabtree and Olson, 2002). Following increases in intracellular Ca2+, NFATs are dephosphorylated by CaN and subsequently form a complex with CaN that is translocated from the cytoplasm to the nucleus (Shibasaki et al., 1996). Several in-vivo experiments show that the use of constitutively active CaN leads to the translocation of NFAT3 into the nuclei in the brain following ischemia (Shioda et al., 2006, 2007), in Alzheimer's disease (Abdul et al., 2009), and in neuronal apoptosis (Shioda et al., 2007). Therefore, NFAT3 can be used as a marker of CaN activity.

Recently, a report showed that Nfatc3 (NFAT3) deficiency in mice attenuates ototoxicity by suppressing TNF-mediated hair cell apoptosis (Zhang et al., 2019). In fact, overproduction of both ROS and cytokines has been well documented in noise trauma with loss of OHCs (Yamane et al., 1995; Shi et al., 2003; Yamashita et al., 2005; Fujioka et al., 2006; Le Prell et al., 2007; Dhukhwa et al., 2019; Fetoni et al., 2019; Frye et al., 2019). It is speculated that ROS and inflammation have a complex interplay (Fetoni et al., 2019). Additionally, autophagy dysfunction has been suggested to induce several pathological states, like cancer, inflammation, neurodegenerative diseases, and metabolic disorders (Levine and Kroemer, 2008; Arroyo et al., 2013; Ryter et al., 2014). In the inner ear, the lower levels of oxidative stress induced by temporary threshold shift (TTS) noise exposure or lower doses of aminoglycoside treatment inhibit apoptosis and promote hair cell survival via autophagy (Yuan et al., 2015; He et al., 2017). On the other hand, excessive activation of autophagy may induce cell death (Kroemer and Levine, 2008; Bandyopadhyay et al., 2014; Wu et al., 2020b). Interestingly, FK506 also activates the autophagy system by binding to the V-ATPase catalytic subunit A in neuronal cells (Kim et al., 2017; Wang et al., 2017). Autophagy, as a major cellular self-protection mechanism, plays a role in adapting cells and organs to changing micro-environments by eliminating intracellular components and potentially harmful molecules and organelles. Therefore, we speculate that treatment with FK506 not only inhibits CaN but also inhibits ROS and activates autophagy for prevention of NIHL.

In this study, we investigated the attenuation of noise-induced OHC loss and hearing loss by FK506 via inhibition of CaN activity and ROS accumulation and the promotion of autophagy using immunohistochemistry and small interfering RNA silencing (siRNA) techniques in adult CBA/J mice. In agreement with previous results (Minami et al., 2004; Uemaetomari et al., 2005; Bas et al., 2012), our data support the notion that treatment with FK506 prevents NIHL.



MATERIALS AND METHODS


Animals

Male CBA/J mice at 10 weeks of age were purchased from The Jackson Laboratory. All mice had free access to water and a regular mouse diet (irradiated lab diet #5V75) and were kept at 22 ± 1°C under a standard 12:12-h light–dark cycle to acclimate for at least 1 week before conducting baseline auditory brainstem response (ABR) measurements. CBA/J mice at the age of 12 weeks were exposed to noise. The mice were euthanized 2 weeks after auditory functional measurement for hair cell morphological analysis or 1–3 h after noise exposure for immunolabeling of protein expression in OHCs. All mice were specific pathogen-free and housed in the animal facility with controlled noise levels [below 60 dB sound pressure level (SPL)] in the Children's Research Institute at the Medical University of South Carolina. All research protocols were approved by the Institutional Animal Care and Use Committee at MUSC (protocol # IACUC-2019-00752). Animal care was under the supervision of the Division of Laboratory Animal Resources at MUSC. A randomized two- to three-animal block allocation was employed to assign animals to different experimental groups with three to four repetitions for each experiment. No animals were excluded or died during the experiments.



Noise Exposure

Unrestrained male CBA/J male mice at the age of 12 weeks (one mouse per stainless steel wire cage, ~9 cm3) were exposed to broadband noise (BBN) with a frequency spectrum of 2–20 kHz at 101–103 dB SPL for 2 h to induce permanent threshold shifts (PTS) at 16 and 32 kHz with loss of OHCs by 14 days after the noise exposure, referred to as our moderate-PTS-noise conditions. The mice were exposed to BBN at 106–108 dB SPL for 2 h to induce severe permanent threshold shifts (sPTS) at 8, 16, and 32 kHz with loss of sensory hair cells including both OHCs and IHCs by 14 days after the noise exposure, referred to as our sPTS-noise conditions. Noise exposures were conducted in the morning (between 9 and 11 a.m.) to avoid confounding influences of circadian rhythm on hearing function. The sound exposure chamber was fitted with a loudspeaker (model 2450H + 2385A; JBL) driven by a power amplifier (model XLS 202D; Crown Audio) fed from a CD player (model CD-200; Tascam TEAC American). Audio CD sound files were created and equalized with audio editing software (Audition 3; Adobe Systems, Inc.). The background sound intensity of the environment surrounding the cages was 65 dB as measured with a sound level meter (model 1200; Quest Technologies). Noise sound pressure level calibration was performed immediately before each exposure session. The sound levels were calibrated with a Bruel and Kjaer condenser microphone, allowing precise calibration and monitoring of the sound exposure. The noise level varied by a maximum of 1–2 dB across the measured sites within the exposure chamber. The sound levels for noise exposure were measured with a sound level meter at multiple locations within the sound chamber to ensure uniformity of the sound field and measured before and after exposure to ensure stability. Control mice were kept in silence (without use of the loudspeaker) within the same chamber for 2 h.



Drug Administration via Intra-Peritoneal Route

FK506 (tacrolimus, #F4679) was purchased from Sigma-Aldrich, dissolved in dimethyl sulfoxide (DMSO) as a stock solution (20 mg/ml), and stored at −20°C. The stock solution was diluted with 0.9% saline solution immediately before injections. Initially, we tested two doses of FK506 (3 and 5 mg/kg) for prevention of NIHL based on prior literature (Uemaetomari et al., 2005). Since 5 mg/kg of FK506 attenuated NIHL, we used 5 mg/kg for the rest of the experiments. For immunohistochemistry, each animal received a total of three intraperitoneal (IP) injections of FK506 at a dose of 5 mg/kg per injection. The vehicle control mice received the same volume of DMSO (0.1%) in saline. Three IP injections were administered 24 h before, 1 h before, and immediately after the noise exposure. The mice used for the experiments to observe the effects of treatment on ABR thresholds received two additional IP injections on the day following the noise exposure (a.m. and p.m.).



Auditory Brainstem Response Measurements

ABRs were measured before and 2 weeks after the noise exposure. The mice were anesthetized with an IP injection of a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). After anesthesia, the mice were placed in a sound-isolated and electrically shielded booth (Acoustic Systems). Body temperature was monitored and maintained near 37°C with a heating pad. Acoustic stimuli were delivered monaurally to a Beyer earphone attached to a customized plastic speculum inserted into the ear canal. Subdermal electrodes were inserted at the vertex of the skull (active), mastoid region under the left ear, and mastoid region under the right ear (ground). ABRs were measured at 8, 16, and 32 kHz. Tucker-Davis Technologies (TDT) System III hardware and SigGen/Biosig software were used to present the stimuli (15-ms-duration tone bursts with 1-ms rise–fall time) and record the response. Up to 1,024 responses were averaged for each stimulus level. ABR wave II was used to determine the ABR thresholds for each frequency. Thresholds were determined for each frequency by reducing the intensity in 10-dB increments and then in 5-dB steps near the threshold until no organized responses were detected. Thresholds were estimated between the lowest stimulus level where a response was observed and the highest level without response. All ABR measurements were conducted by the same experimenter. The ABR values were assigned by an expert who was blinded to the treatment conditions.



Intra-Tympanic Delivery of LC3B siRNA in vivo

LC3B siRNA (siLC3B, Thermofisher, 4390771) or scrambled siRNA (siControl, Thermofisher, 4390844) was delivered locally via intra-tympanic application as previously described (Chen et al., 2013; Oishi et al., 2013). Briefly, after anesthesia, a retroauricular incision (left ear) was made to approach the temporal bone. The otic bulla was identified ventral to the facial nerve, and a shallow hole was made in the thin part of the otic bulla with a 30-G needle and enlarged with a dental drill to a diameter of 2 mm in order to visualize the round window. A customized sterile micro-medical tube was inserted into the hole just above the round window niche (RWN) to slowly deliver 10 μl (0.6 μg) of pre-designed siLC3B or siControl to completely fill the mouse RWN. After the siRNA was delivered, the hole was covered with the surrounding muscle. Finally, the skin incision was closed with tissue adhesive. The animal was allowed to rest in surgical position for an additional 30–60 min before waking from anesthesia. About 72 h after siRNA delivery, the animals were exposed to noise for 2 h. Based on our previous experiments, local intra-tympanic delivery of siRNA results in a temporary elevation of thresholds that completely recovers to baseline after 48 h (Oishi et al., 2013; Zheng et al., 2014; Yuan et al., 2015). Therefore, noise exposure was performed near 72 h after siRNA delivery.



Immunocytochemistry for Cochlear Surface Preparations

We have followed a procedure as previously described in detail (Fang et al., 2019). Briefly, the temporal bones were removed and perfused locally with a solution of 4% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4, and kept in this fixative overnight at 4°C. Between each step, the cochlear samples were washed at least three times with PBS for 5–10 min each wash. After decalcification with 4% sodium ethylenediaminetetraacetic acid solution (adjusted with HCl to pH 7.4) for 3 days at 4°C, the cochleae were micro-dissected into three turns (apex, middle, and base) and adhered to 10-mm round coverslips (Microscopy Products for Science and Industry, #260367) with Cell-Tak (BD Biosciences, #354240). The specimens were first permeabilized in 2% Triton X-100 solution and then blocked with 10% normal goat serum for 30 min each step at room temperature, followed by incubation with primary antibodies: monoclonal mouse anti-calcineurin (BD Biosciences #610260), monoclonal rabbit anti-NFAT3 at 1:50 (Sigma-Aldrich #SAB4501982), rabbit polyclonal anti-4 hydroxynonenal (4-HNE) at 1:100 (Abcam, #46545), and rabbit anti-LC3B at 1:200 (Cell Signaling Technology, #2775) at 4°C for 48 h. The specimens were then incubated with the Alexa-Fluor-488-conjugated or Alexa-Fluor-594-conjugated secondary antibody at a concentration of 1:200 at 4°C overnight and followed by incubation with propidium iodide (PI) or phalloidin for 1 h at room temperature in darkness. Control incubations were routinely processed without primary antibody treatments.

Surface preparations for counting of hair cells were incubated with Myosin-VIIa (Proteus Biosciences, #25-6790, 1:200) at 4°C overnight and then incubated overnight at 4°C with secondary antibody (biotinylated goat anti-rabbit) at a 1:100 dilution. The specimens were then incubated in ABC solution (Vector Laboratories, PK-4001) overnight followed by incubation in 3,3′-diaminobenzidine (DAB) for 3 h as necessary for sufficient staining intensity. Finally, the specimens were washed to stop the DAB reaction.

After at least three final washes with PBS, all immunolabeling samples (already on round coverslips) were mounted by adding 8 μl mounting agent (Fluoro-gel with Tris buffer, Electron Microscopy Sciences, #17985-10), sandwiched with another round coverslip, and placed on a microscope slide. Finally, the edges were sealed with nail polish. The immunolabeled images were taken with a ×63-magnification lens under identical Z-stack conditions using Zeiss LSM 880.



Semi-quantification of the Immunolabeling Signals From Outer Hair Cells or Outer Hair Cell Nuclei of Surface Preparations

Immunohistochemistry is well-accepted as a semi-quantitative methodology when used with careful consideration of the utility and semi-quantitative nature of these assays (Taylor and Levenson, 2006; Walker, 2006). Immunolabeling for CaN, NFAT3, 4-HNE, and LC3B was semi-quantified from original confocal images with eight-bit grayscale values, each taken with a ×63-magnification lens under identical conditions and equal parameter settings for laser gains and photomultiplier tube gains within linear ranges of the fluorescence using Image J software (National Institutes of Health, Bethesda, MD). The cochleae from the different groups were fixed and immunolabeled simultaneously with identical solutions and processed in parallel. All surface preparations were counterstained with phalloidin (green) or propidium iodide (red) to identify the comparable parts of the OHC or OHC nuclei in confocal images. The regions of interest of individual OHCs or OHC nuclei were outlined with the circle tool based on phalloidin or PI staining. The immunolabeling in grayscale in OHCs was measured in the upper basal region of surface preparations (corresponding to sensitivity to 22–32 kHz) in 0.12-mm segments, each containing about 60 OHCs. The intensity of the background was subtracted, and the average grayscale intensity per cell was then calculated. For each repetition, the relative grayscale value was determined by normalizing the ratio to control. Since there were no significant changes in all assessed immunolabeling in the apex and middle regions of cochlear OHC or OHC nuclei when assessed 1–3 h after the completion of the noise exposure, we performed only semi-quantification of the immunolabeling signals from OHC or OHC nuclei in the basal turn (corresponding to sensitivity to 22–32 kHz). This procedure provided semi-quantitative measurements that are not confounded by protein expression in other cell types of the cochlea.



Hair Cell Counts

Images from the apex through the base of the Myosin-VIIa-labeled and DAB-stained surface preparations were captured using a ×20 lens on a Zeiss microscope. The lengths of the cochlear epithelia were measured and recorded in millimeters. Mapping of frequencies as a function of distance along the entire length of the cochlear spiral was calculated with the equation [d (%) = 156.5 – 82.5 × log (f)] from Müller's paper (Muller et al., 2005). The results are in agreement with the literature (Viberg and Canlon, 2004). OHCs were counted from the apex to the base along the entire length of the mouse cochlear epithelium. The percentage of hair cell loss in each 0.5-mm length of epithelium was plotted as a function of the cochlear length as a cytocochleogram (Zheng et al., 2014).



Cell Culture, LC3B Silencing, and Protein Extraction

HEI-OC1, an inner ear cell line, was kindly provided by Dr. Federico Kalinec at UCLA Health. HEI-OC1 cells were seeded in six-well dishes to about 2 × 105 cells/well and cultivated in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, #11965-084) containing 4.5 g/l glucose and 10% fetal bovine serum (FBS) (Fisher Scientific, #16000044) in a humidified incubator (33°C, 10% CO2, 95% humidity). For LC3B siRNA transfection into cells, the same LC3B siRNA (Thermofisher, 4390771) or scrambled siRNA Control (Thermofisher, 4390844) was used as in in vivo experiments. LipofectamineTM RNAIMAX Reagent (Invitrogen, 13778075) was used for the transfection. The cells were seeded in six-well dishes and cultivated in DMEM containing FBS until reaching 70% confluence; the medium was then replaced with serum-free DMEM before transfection. The cells were transfected with siLC3B or siControl according to the manufacturer's instructions. The transfections lasted for 6 h, and the medium was replaced with fresh DMEM containing FBS and cultured for another 42 h. The cells were digested with 0.25% trypsin. The collected cells were transferred to a 15-ml conical tube (Corning, #430052) and centrifuged at 500 × g for 5 min, the medium was decanted, and the cells were washed with 1 ml of PBS (Invitrogen, #20012). After removing the PBS, total protein was extracted using RIPA buffer (Sigma-Aldrich, #R0278) contained phosphatase inhibitor (Sigma-Aldrich, #04906845001) following the provided instructions. Finally, total protein was stored at −80°C after quantification. In this study, the HEI-OC1 cells used were between 10 and 20 culture passages.



Western Blot Analysis

Protein samples (30 μg) were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis. After electrophoresis, the proteins were transferred onto a nitrocellulose membrane (Pierce) and blocked with 5% solution of nonfat dry milk in PBS−0.1% Tween 20 (PBS-T). The membranes were incubated with monoclonal rabbit anti-LC3B (Cell Signaling Technology, #3868, 1:200) at 4°C overnight and then washed three times (10 min each) with PBS-T buffer. The membranes were then incubated with the appropriate secondary antibody at a concentration of 1:2,500 for 1 h at room temperature. Following extensive washing of the membrane, the immunoblot bands were visualized by SuperSignal West Dura Extended Duration Substrate or Pierce® ECL Western Blotting Substrate (Thermo Scientific). The membranes were then stripped and relabeled for GAPDH (Cell Signaling Tech., #5174, 1:3,000) as a sample loading control.

Western blot bands were scanned by the LI-COR Odyssey Fc imaging system and analyzed using Image J software. First, the background staining density for each band was subtracted from the band density. Next, the probing protein/GAPDH ratio was calculated from the band densities run on the same gel to normalize for differences in protein loading. Finally, the difference in the ratio of the control and experimental bands was tested for statistical significance.



Statistical Analyses

Data were analyzed using SYSTAT 8.0 and GraphPad 5.0 software for Windows. Biological sample sizes were determined based on the variability of measurements and the magnitude of the differences between groups as well as experience from our previous studies, with stringent assessments of difference. Data of OHC loss along the length of the cochlear spiral were analyzed with one-way repeated-measures analysis of variance (ANOVA) with post hoc tests using SYSTAT 8.0. The rest of the analyses were done using GraphPad 5.0. Differences with multiple comparisons were evaluated by one-way ANOVA with multiple comparisons. Differences for single-pair comparisons were analyzed using two-tailed unpaired Student's t-tests. Data for relative ratios of single-pair comparisons were analyzed with one-sample t-tests. A p-value < 0.05 was considered statistically significant. Data are presented as means ± SD or SEM based on the sample size and variability within groups. Sample sizes are indicated for each figure.




RESULTS


Noise Increases Immunolabeling for CaN in Outer Hair Cells and NFAT3 in Outer Hair Cell Nuclei

To determine whether CaN and NFAT3 are linked to noise-induced outer hair cell death, we first assessed the expression of CaN and NFAT3 in sensory hair cells in response to PTS noise because NFAT, a downstream target of CaN, is an attractive candidate for the pathogenesis of the underlying detrimental effects of CaN (Shioda et al., 2006, 2007). Immunolabeling for CaN (red) on surface preparations increased in OHCs 1 and 3 h after noise exposure compared to control mice without exposure (Figure 1A). A semi-quantitative analysis of CaN immunolabeling intensity converted to grayscale in OHCs showed a statistically significant increase, with a ratio of control to 1 and 3 h post-exposure of 1:1.48 (t4 = 6.6388, p = 0.0027) and 1:1.60, respectively (t4 = 12.8305, p = 0.0002, Figure 1B). Although the immunolabeling for CaN remained stably elevated 3 h after exposure, there was no difference between 1 and 3 h post-exposure. Immunolabeling for NFAT3 in OHC nuclei appeared stronger and more punctate 1 and 3 h after exposure (Figure 1C). Semi-quantification of immunolabeling for NFAT3 (converted to grayscale) in OHC nuclei increased when examined 1 h after (t3 = 6.3, p = 0.0078) and continued to increase 3 h after (t6 = 4.1, p = 0.0065) the exposure (Figure 1D). These results support the notion that NFAT3 acts as an indicator of CaN activity.
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FIGURE 1. Noise exposure increases CaN in outer hair cells (OHCs) and NFAT3 in OHC nuclei. (A) Surface preparations of the cochlear epithelium show that immunolabeling for CaN (red) in OHCs was stronger in noise-exposed mice examined 1 and 3 h after the completion of exposure compared to control mice without exposure. Green, phalloidin-labeled sensory hair cells. Images were taken from the basal turn corresponding to sensitivity to 22–32 kHz, and each figure is representative of five individual mice for each condition. Scale bar = 10 μm. (B) Quantification of relative CaN immunolabeling intensity in grayscale in OHCs normalized to control mice confirms significant increases. Data are presented as means ± SD; n = 5 for each condition with one ear analyzed per mouse; **p < 0.01. (C) Surface preparations show that NFAT3 immunolabeling was stronger in OHC nuclei 1 h after, followed by an even greater increase 3 h after exposure. For better visualization, three OHC nuclei were enlarged of the merged panels. This figure is representative of one ear per mouse in five individual mice in each group. Scale bar = 10 μm. (D) Quantification of NFAT3 immunolabeling intensity in grayscale in OHC nuclei confirms a significant increase 1 h after and a further increase 3 h after exposure. Data are presented as means ± SD; n = 5 for each condition, ***p < 0.001.




Treatment With FK506 Attenuates Noise-Induced Hearing Loss and Outer Hair Cell Loss

Based on prior literature (Uemaetomari et al., 2005), we tested two doses (3 and 5 mg/kg) of FK506 against NIHL in our preliminary studies, and both doses of FK506 attenuated PTS. Since the 5-mg/kg dose offered stronger reduction of NIHL, we used 5 mg/kg for all the FK506 experiments. Auditory thresholds of four groups (DMSO alone, FK506 alone, DMSO + noise, and FK506 + noise) at 8, 16, and 32 kHz were measured 5 days before (baseline) and 2 weeks after moderate-PTS-noise exposure, with significant differences at 16 [F(3, 34) = 162.4, p < 0.0001] and 32 kHz [F(3, 34) = 149, p < 0.0001], but not at 8 kHz [F(3, 37) = 1, p = 0.38], as analyzed by one-way ANOVA. Noise exposure significantly increased the auditory threshold shifts at 16 (p < 0.0001) and 32 kHz (p < 0.0001) compared to control mice without exposure (Figure 2A). Treatment with FK506 significantly attenuated noise-induced PTS at both 16 (p < 0.0001) and 32 kHz (p < 0.0001) (Figure 2A). Additionally, DMSO alone as the vehicle did not attenuate moderate-PTS-noise-induced auditory threshold shifts. The auditory thresholds of mice treated with FK506 alone did not differ from those of control mice treated with the vehicle control (DMSO) alone.


[image: Figure 2]
FIGURE 2. Treatment with FK506 prevents noise-induced outer hair cell (OHC) loss and hearing loss. (A) Treatment with FK506 significantly attenuates noise-induced auditory threshold shifts at 16 and 32 kHz measured 14 days after exposure. FK506 alone and vehicle control (dimethyl sulfoxide, DMSO) alone do not alter auditory threshold shifts. Data are presented as individual points measured in the left ears with means ± SD for each group; ****p < 0.0001; ns, not significant. (B) Representative images show Myosin-VIIa-labeled and 3,3′-diaminobenzidine-stained surface preparations from three groups: DMSO without noise, DMSO + noise, and FK506 + noise. Images were taken from the basal turn around 4.5 mm from the apex. Scale bar = 10 μm. (C) The percentage of cochlear OHC loss assessed 14 days after noise exposure, with OHC loss beginning around 3.5 mm from the apex and increasing until reaching 100% OHC loss in the basal region (5 mm from the apex). Treatment with FK506 significantly reduced noise-induced OHC loss. DMSO alone without noise exposure had no effect on hair cell loss. The distances along the cochlear spiral correlating with the frequencies 8, 16, and 32 kHz are indicated. Data are presented as means ± SEM for the left ears; DMSO only: n = 6, DMSO + noise: n = 9, FK506 + noise: n = 6; *p < 0.05, ***p < 0.0001.


To confirm the protective effect of FK506 against moderate-noise-induced hearing loss, we counted the number of OHCs on surface preparations labeled with Myosin-VIIa and stained with DAB. Noise-induced OHC loss was significantly attenuated by treatment with FK506 (Figure 2B). Counts of the total number of missing OHCs along the entire length of the cochlear spiral showed that the loss of OHCs followed a base-to-apex gradient, with OHC loss beginning 3.5 mm from the apex and increasing to complete OHC loss in the base of the cochlear epithelium. Treatment with FK506 significantly reduced the noise-induced OHC loss as analyzed by repeated-measures ANOVA followed by post-hoc tests [F(1, 12) = 35.207, p = 0.000; for detailed post-hoc values, see Table 1 for Figure 2C]. In the basal portion 5 mm from the apex, OHC loss was reduced from 100 to about 20% (Figure 2C).


Table 1. Post-hoc analysis of outer hair cell loss (Figure 2E).
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Furthermore, to test if treatment with FK506 can attenuate hearing loss from even stronger noise insults, we evaluated FK506 against sPTS-noise conditions. In agreement with our previous data, sPTS-noise exposure induced auditory threshold shifts at all three tested frequencies (8, 16, and 32 kHz), with loss of both OHCs and IHCs 14 days after exposure. Treatment with FK506 significantly attenuated sPTS at only 8 kHz (t12 = 2.865, p = 0.0142), but not at 16 and 32 kHz (data not shown). These results suggest that treatment with FK506 can significantly attenuate noise-induced hearing loss in a noise-intensity-dependent manner. The potency of preventive effects was reduced with increasing noise-exposure intensity.



Treatment With FK506 Diminishes Noise-Induced Accumulation of ROS

Accumulation of ROS in noise-induced OHC death is well documented in the literature, including in publications from our lab and others, through evaluation of markers of lipid peroxidation and protein nitration with 4-HNE and 3-NT, respectively (Yamashita et al., 2004; Fetoni et al., 2015; Wu et al., 2020a). To test whether treatment with FK506 prevents NIHL via inhibition of noise-induced accumulation of ROS, we assessed immunolabeling for 4-HNE, a lipid peroxidation product and a consequence of ROS formation acting as a surrogate marker for ROS, in OHCs 3 h after moderate-PTS-noise exposure. In agreement with previous reports, noise exposure increased immunolabeling for 4-HNE in basal turn OHCs, and this increase was significantly inhibited by treatment with FK506 (Figure 3A). Semi-quantitative analysis of immunolabeling for 4-HNE in grayscale in OHCs in the basal turn corresponding to sensitivity to 22–32 kHz confirmed a significant increase after exposure (t8 = 6.233, p = 0.0003), whereas treatment with FK506 significantly inhibited noise-increased 4-HNE (t8 = 5.243, p = 0.0008, Figure 3B). Treatment with FK506 alone showed similar levels as those of DMSO alone. Additionally, noise exposure did not increase immunolabeling for 4-HNE in OHCs in the apical and middle turns. It is worth mentioning that we did observe OHC loss 3 h after the PTS-noise exposure in the lower basal turn (about 4.5–5 mm from the apex). In this region, immunolabeling for 4-HNE was extremely strong in structurally damaged OHCs, but not in scars of lost OHCs (Figures 3C,C′, enlarged OHCs in the right panel).
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FIGURE 3. Treatment with FK506 blocks the induction of lipid peroxidation product 4-HNE by noise. (A) Surface preparations show immunolabeling for 4-HNE (red) in outer hair cells (OHCs) assessed 3 h after the completion of exposure. Noise-increased 4-HNE is inhibited by treatment with FK506. Green, phalloidin labeling of sensory hair cells. Images were taken from the basal turn corresponding to sensitivity to 22–32 kHz, and each figure is representative of five individual mice for each condition. Scale bar = 10 μm. (B) Quantification of relative 4-HNE immunolabeling intensity in grayscale in OHCs normalized to dimethyl sulfoxide control mice confirms inhibition by treatment with FK506. Data are presented as individual points with means ± SD; each condition was examined in one ear per mouse; ***p < 0.001. (C) This representative image shows very strong 4-HNE immunolabeling in structurally damaged OHCs assessed 3 h after exposure. The image was taken from the lower basal turn corresponding to sensitivity to 45 kHz. (C′) For better visualization, three OHCs were enlarged and presented in the right panels with intact OHCs (1), structurally damaged OHCs (2), and scars of lost OHCs (3). This figure is representative of five individual animals per group. Scale bar = 10 μm.




Treatment With FK506 Activates Autophagy in Cochlear Outer Hair Cells

Based on the literature, FK506 activates the autophagy system (Kim et al., 2017; Wang et al., 2017). To determine if autophagy plays a role in the prevention of noise-induced hearing loss by treatment with FK506, we assessed immunolabeling for LC3B in OHCs 3 h after moderate-PTS-noise exposure. In agreement with our previous publication (Yuan et al., 2015), noise exposure (DMSO + noise) did not change the levels of LC3B in OHCs compared to DMSO control mice without exposure when assessed 3 h after exposure, whereas treatment with FK506 increased immunolabeling for LC3B in OHCs in the basal turn compared to noise exposure alone (FK506 + moderate PTS noise vs. DMSO + moderate PTS noise; Figure 4A). Semi-quantitative analysis confirmed significant changes in the basal turn corresponding to sensitivity to 22–32 kHz (t8 = 3.570, p = 0.0073, Figure 4B). There were no differences in LC3B expression in OHCs between the three groups (DMSO alone, FK506 alone, and DMSO + moderate PTS noise). These data indicate that treatment with FK506 induces autophagy after noise exposure.
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FIGURE 4. Treatment with FK506 increases LC3B in outer hair cells (OHCs). (A) Surface preparations show that immunolabeling for LC3B (red) in OHCs was increased after treatment with FK506 when assessed 3 h after the completion of noise exposure. Green, phalloidin labeling of sensory hair cells. Images were taken from the basal turn corresponding to sensitivity to 22–32 kHz, and each figure is representative of three to five individual mice for each condition. Scale bar = 10 μm. (B) Quantification of relative LC3B immunolabeling intensity in grayscale in OHCs normalized to dimethyl sulfoxide control mice confirms enhancement by treatment with FK506. Data are presented as individual points with means ± SD; each condition was examined in one ear per mouse; **p < 0.01.




Inhibition of Autophagy by Silencing LC3B Reduces the Protective Effect of FK506 Against Noise-Induced Hearing Loss and Outer Hair Cell Loss

To confirm if autophagy is involved in the protective effects of FK506, we took advantage of LC3B siRNA techniques to reduce the expression of LC3B in OHCs and then evaluated the protective effect of FK506 against PTS-noise-induced auditory threshold shifts and hair cell loss. Based on our previous results, we selected the 0.6-μg dose of siLC3B or siControl delivered onto the RWN of the left ear of each mouse via intra-tympanic application (Oishi et al., 2013; Yuan et al., 2015). Immunolabeling for LC3B in OHCs on surface preparations was assessed nearly 72 h after siLC3B delivery (Figure 5A). Semi-quantification of the relative immunolabeling for LC3B converted to grayscale in OHCs of the apical, middle, and basal turns showed around 50% reduction compared to that of the siControls (apex: t6 = 10.13, p < 0.0001; middle: t6 = 10.66, p < 0.0001; base: t6 = 6.228, p = 0.0008, Figure 5B). Additionally, we transfected siLC3B to HEI-OC1 cells and analyzed silencing efficiency by Western blot (Figure 5C). Densitometry analysis of both LC3B-I and LC3B-II bands together showed about 50% reduction after silencing with siLC3B (p = 0.0095, Figure 5D). In agreement with our previous results (Yuan et al., 2015), pretreatment with siLC3B only mildly increased moderate-PTS-noise-induced auditory threshold shifts at 16 kHz by less than 10 dB measured 14 days after exposure, with no effect seen at 32 kHz compared to mice treated with siControl. There was no exacerbation of loss of OHCs with pretreatment of siLC3B after moderate PTS-noise exposure. Additionally, there were no differences in auditory threshold shifts between these three groups (moderate PTS noise, surgery + moderate PTS noise, and siControl + moderate PTS noise) when application of surgery or administration of siControl was performed 72 h before exposure to noise. Finally, after 72 h of siRNA pretreatment (left ears), both siControl and siLC3B mice received identical FK506 (5 mg/kg) treatment and noise exposure as described in Figure 2. The auditory threshold shifts (left ears) of mice pretreated with siLC3B were 10 dB greater at 16 (t8 = 3.004, p = 0.017) and 32 kHz (t8 = 2.362, p = 0.046) than those of the siControl mice (Figures 6A–C). To confirm that treatment with FK506 prevented NIHL in these mice, we assessed right-ear auditory threshold shifts in both groups. In agreement with our results described in Figure 2, the right-ear auditory threshold shifts of both groups were similar to the previous treatment with FK506 and significantly attenuated NIHL at both 16 (p < 0.0001) and 32 kHz (p < 0.0001).
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FIGURE 5. Downregulation of LC3B by LC3B-siRNA both in vivo and in vitro. (A) Surface preparations immunolabeled with LC3B reveal decreased immunolabeling for LC3B (red) in outer hair cells (OHCs) assessed 72 h after the intra-tympanic delivery of LC3B-siRNA. The representative images were taken from the basal turn corresponding to sensitivity to 22–32 kHz. The apical and middle turns showed a similar attenuation of LC3B. Green, phalloidin staining for sensory hair cells. Scale bar = 10 μm. (B) Quantification of LC3B immunolabeling intensity in grayscale in OHCs in the apical (corresponding to sensitivity to 8 kHz), middle (corresponding to sensitivity to 16 kHz), and basal turns (corresponding to 22–32 kHz) confirms a significant decrease. Data are presented as means ± SD, n = 4; ***p < 0.001, ****p < 0.0001. (C) Representative blots show that the protein levels of LC3B decreased after 48 h of transfection with the LC3B-siRNA in cells compared to the control group transfected with scrambled siRNA (siCtrl). GAPDH serves as a sample loading control. (D) Semi-quantification of the band density (both LC3B I and II) confirms a significant decrease. Data are presented as means ± SD; n = 4, ***p < 0.001.
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FIGURE 6. Inhibition of autophagy reduces the protective effects of FK506 against noise-induced hearing loss and auditory outer hair cell (OHC) loss. (A–C) Pretreatment with siLC3B reduces the protective effect of FK506 at 16 and 32 kHz when assessed 14 days after exposure. Noise does not induce auditory threshold shifts at 8 kHz. Data are presented as individual points for each mouse and means ± SD for each group; *p < 0.05, ****p < 0.0001. (D) Quantitative analysis of loss of OHCs along the entire cochlear spiral shows that the reduction of OHC loss by treatment with FK506 was partially diminished by pretreatment with siLC3B assessed 14 days after exposure. The distances along the cochlear spiral correlating with the frequencies 8, 16, and 32 kHz are indicated. Data are presented as means ± SD. siControl + FK506 + noise, n = 4; siLC3B + FK506 + noise, n = 6; **p < 0.01, ****p < 0.0001.


Furthermore, counting OHCs along the entire cochlear spiral showed that pretreatment with siLC3B significantly decreased the protective effects of FK506 against OHC loss. In the siLC3B group, noise-induced OHC loss increased in the basal portions between 3.5 and 5 mm from the apex by repeated-measures ANOVA [F(1, 11) = 45.040, p = 0.000; for detailed post-hoc values, see Table 2 for Figure 6D]. At 5 mm from the apex, the siLC3B group showed around 80% OHC loss compared to 30% loss with the siControl mice (Figure 6D). These results indicate that, when autophagy was inhibited by pretreatment with siLC3B, the protective effect of FK506 was partially blocked, indicating that the activation of autophagy is involved in the mechanism of FK506 protection.


Table 2. Post-hoc analysis of outer hair cell loss (Figure 6D).
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DISCUSSION

Consistent with and building upon previous reports (Minami et al., 2004; Uemaetomari et al., 2005), our results show that treatment with the CaN antagonist FK506 attenuates noise-induced loss of OHCs and, consequently, NIHL in adult CBA/J mice. Additionally, attenuation of moderate-PTS-noise-induced hair cell loss and hearing loss by FK506 is significantly stronger than treatment with autophagy agonist rapamycin or antioxidant N-acetylcysteine (NAC) as evaluated in our previous report (Yuan et al., 2015). CaN is activated by a sustained elevation in intracellular calcium levels, which has been shown to be a consequence of traumatic noise exposure (Fridberger et al., 1998; Oliver et al., 2001). In our study, the expression of NFAT3 in OHC nuclei is significantly increased in a time-dependent fashion after exposure to moderate PTS noise, in agreement with the notion that the NFAT transcription factor family can be activated by CaN. OHC death, as a consequence of increased nuclear NFAT3, is compatible with an earlier report that application of an NFAT inhibitor on explants attenuates gentamicin-induced hair cell death (Bodmer et al., 2016) and is in line with the recent report showing that Nfatc3 (NFAT3) deficiency in mice attenuates ototoxicity by suppressing TNF-mediated hair cell apoptosis (Zhang et al., 2019). NFAT forms a cooperative complex with AP-1 or other bZIP proteins through its binding site (Macián et al., 2001). The cooperation of NFAT with AP-1 is required for the transcription of several different genes, including IL-3, IFN-γ, and FasL, and plays an important role in immune responses and determining cell fate (Rao et al., 1997; Macián et al., 2001).

In fact, ROS and inflammation may interplay (Fetoni et al., 2019), as accumulation of both ROS and cytokines has been well documented in noise-induced OHC death (Yamane et al., 1995; Shi et al., 2003; Yamashita et al., 2005; Fujioka et al., 2006; Le Prell et al., 2007; Dhukhwa et al., 2019; Fetoni et al., 2019; Frye et al., 2019). Our results support this notion as we show that the lipid peroxidation product 4-HNE, acting as a surrogate marker for ROS, is highly expressed in damaged OHCs in the basal turn after noise exposure that induces high-frequency hearing loss, while treatment with FK506 inhibits noise-induced accumulation of 4-HNE. Additionally, our previous publication demonstrated that the levels of autophagy in OHCs increase after TTS-noise exposure where no OHC loss occurred, while the levels of autophagy marker LC3B remain close to that of the unexposed control mice after moderate-PTS-noise and even after sPTS-noise exposure (Yuan et al., 2015). Consistent with those findings, our current results show no changes in LC3B in OHCs after moderate-PTS-noise exposure. However, treatment with FK506 activates autophagy as indicated by an increased expression of LC3B in OHCs in the basal turn concurrent with attenuation of NIHL. Indeed lower levels of ROS have the ability to induce cellular defense pathways such as autophagy as seen in brain injury and cortical neuron apoptosis and optic nerve degeneration (Rodriguez-Muela et al., 2012; Wang et al., 2012). The current results support our previous conclusion that low levels of oxidative stress caused by exposure to TTS-noise activate autophagy, which inhibits cell apoptosis and prevents hair cell loss by inhibiting the accumulation of ROS. On the other hand, moderate PTS noise and sPTS noise induce excessive oxidative stress, which may trigger cell death pathways, leading to sensory hair cell death (He et al., 2017; Wu et al., 2020b). Furthermore, this notion is supported by the fact that inhibition of autophagy by siLC3B pre-treatment reduces the protective effect of FK506 against noise-induced loss of OHCs and hearing function. FK506 has previously been reported to be an activator of autophagy. FK506 can activate the translocation of TFEB from the cytoplasm into the nucleus by binding to ATP6V1A and then induce autophagy (Kim et al., 2017). Such a mechanism of FK506 action is in line with studies showing that treatment with FK506 increases the survival rate of myocardial cells via activation of the autophagy pathway (Wang et al., 2017) and is consistent with the general notion that activation of autophagy plays an important role in cellular survival, particularly in stress conditions such as starvation and oxidative stress (Mizushima et al., 2008; Esclatine et al., 2009; Rabinowitz and White, 2010). Our current results delineate that pretreatment with siLC3B mildly reduces the protective effects of FK506 against noise-induced OHC loss and hearing loss. This result is consistent with our previous data showing that pretreatment with siLC3B increased moderate-PTS-noise-induced auditory threshold shifts only minimally, by about 10 dB, compared with mice treated with siControl (Yuan et al., 2015), i.e., autophagy promotes sensory hair cell survival only slightly under certain conditions. This conclusion is supported by the fact that pharmacological activation of autophagy alone is insufficient to counteract ROS generation after moderate-PTS-noise exposure (Yuan et al., 2015). Nevertheless, autophagy may play dual roles in both cell survival early after insults and cell death at later stages (Baehrecke, 2005), although we never observe activation of autophagy in sensory hair cells after moderate-PTS-noise or sPTS-noise exposure.

We should emphasize that attenuation of moderate-PTS-noise-induced hearing loss and hair cell loss by FK506 is significantly stronger than treatment with autophagy agonist rapamycin or antioxidant NAC (Yuan et al., 2015). Attenuation of moderate-PTS-noise-induced auditory threshold shifts at 16 and 32 kHz was on average 40 dB after treatment with FK506 compared to 10–15 dB with rapamycin or NAC treatment. Additionally, reduction of moderate-PTS-noise-induced loss of OHCs was roughly 50% higher with treatment with FK506 than treatment with rapamycin or NAC (Yuan et al., 2015). It is worth noting that exposure of 12-week-old CBA/J mice to moderate PTS noise induces permanent hearing loss with loss of OHCs; the damage is less severe than that from sPTS-noise conditions, which result in loss of both OHCs and IHCs. Treatment with FK506 prevents the majority of damage induced by exposure to moderate PTS noise but only mildly attenuates sPTS-noise-induced damage. This result agrees with the general concept that the more severe the damage, the harder it is to achieve physiologically meaningful protection. This fact could be related to the activation of multiple cell death pathways after exposure to higher-intensity sPTS noise, including the possibility that inhibition of apoptotic OHC death promotes necrotic-like cell death (Zheng et al., 2014). A more effective protection would require further understanding of noise-induced hearing loss pathways and focus on potentially synergistic protective effects. We are aware that moderate-PTS-noise-induced auditory threshold shifts may be influenced by numerous confounding factors, for instance, surgical opening of the middle ear that could activate protective (e.g., heat shock proteins) or damaging (e.g., cochlear inflammation) mechanisms. Appropriate controls are essential before drawing conclusions. In our experiments, noise exposure was performed 72 h after surgery on the left ears. Our results showed there were no differences in auditory thresholds between moderate PTS noise exposure and surgery plus moderate PTS noise exposure. In summary, our results are in agreement with the notion that the noise-induced increase in nuclear NFAT3 in OHCs is a downstream consequence of CaN activation and a target of FK506. Treatment with FK506 inhibits noise-accumulated ROS and promotes autophagy, suggesting that FK506 attenuates noise-induced trauma that occurs not only via inhibition of CaN activity but also through inhibition of ROS and activation of autophagy.
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Sudden sensorineural hearing loss (SSNHL) is a common emergency in the world. Increasing evidence of imbalance of oxidant–antioxidant were found in SSNHL patients. Steroids combined with antioxidants may be a potential strategy for the treatment of SSNHL. In cochlear explant experiment, we found that N-acetylcysteine (NAC) combined with dexamethasone can effectively protect hair cells from oxidative stress when they were both at ineffective concentrations alone. A clinic trial was designed to explore whether oral NAC combined with intratympanic dexamethasone (ITD) as a salvage treatment has a better therapeutic effect. 41 patients with SSNHL were randomized to two groups. 23 patients in control group received ITD therapy alone, while 18 patient s in NAC group were treated with oral NAC and ITD. The patients were followed-up on day 1st (initiation of treatment) and day 14th. Overall, there was no statistical difference in final pure-tone threshold average (PTA) improvement between those two groups. However, a significant hearing gain at 8,000 Hz was observed in NAC group. Moreover, the hearing recovery rates of NAC group is much higher than that in control group. These results demonstrated that oral NAC in combination with ITD therapy is a more effective therapy for SSNHL than ITD alone.

Keywords: sudden sensorineural hearing loss, hair cell, ROS, N-acetylcysteine, steroid


INTRODUCTION

Sudden sensorineural hearing loss (SSNHL) is considered one of the most common emergencies in clinical practice. In the United States, SSNHL is thought to affect between 5–27 in 100,000 individuals, with about 66,000 new cases per year (Alexander and Harris, 2013; Chandrasekhar et al., 2019). In Japan, there are 60.9 cases per 100,000 population diagnosed with SSNHL annually (Nakashima et al., 2014). Further epidemiological investigations have shown that the incidence of SSNHL is increasing globally (Michel, 2011; Kitoh et al., 2020). Currently, high-dose systemic steroid treatment is used as the first-line treatment of SSNHL (Chandrasekhar et al., 2019; Kitoh et al., 2020). However, approximately 50% of patients experience no or limited hearing improvement after systemic steroid treatment (Hunchaisri et al., 2010; Tong et al., 2020). Therefore, those patients with limited hearing improvement (less than 10–20 dB) are considered to have refractory sudden hearing loss (RSHL) (Hunchaisri et al., 2010; Ferri et al., 2012). Although intratympanic dexamethasone (ITD) therapy has been recommended as a salvage treatment for RSHL or after failure of systemic steroid treatment (Moon et al., 2011; Berjis et al., 2016; Sun et al., 2018), its efficacy remains unsatisfactory (Li et al., 2015). It is therefore necessary to devise new strategies for SSNHL.

Steroids combined with another therapy is a common strategy for the treatment of SSNHL. In the United States, hyperbaric oxygen therapy (HBOT) combined with ITD is one option for salvage therapy (Chandrasekhar et al., 2019). Meanwhile, prostaglandin E1 combined with steroids has been recommended by Japanese clinicians for severe to profound SSNHL (Kitoh et al., 2020). Pharmacologically, combination therapy has unique advantages, with potential synergistic effects to achieve better therapeutic outcomes. Recently, antioxidants have been removed from the list of interventions that the American Clinical Practice Guidelines for SSNHL (published in 2019) recommend against using (Chandrasekhar et al., 2019). Although no explanation is given for this change, it indicates that antioxidants may have potential value in the treatment of SSNHL.

To date, a wide variety of antioxidants have been used in the treatment of SSNHL, but their effects remain controversial. Previous studies showed that different combinations or single vitamins (used as antioxidants, vitamin A, C, or E) combined with a steroid were more beneficial for patients with SSNHL (Joachims et al., 2003; Hatano et al., 2008; Kang et al., 2013; Kaya et al., 2015). Similarly, a clinical trial showed that a zinc supplement may enhance the hearing recovery of SSNHL patients by reducing oxidative stress of the cochlea (Yang et al., 2011). However, another study did not find any convincing benefits of a zinc supplement (Niran et al., 2015). Although evidence of an oxidant–antioxidant imbalance was found in SSNHL patients, the therapeutic targets of antioxidants and the mechanism of their interaction with steroids are still difficult to fully elucidate (Jarosław et al., 2019; Ozdamar et al., 2019). Therefore, how to select the effective antioxidant for SSNHL has become a puzzled problem to be solved.

N-acetylcysteine (NAC), as a precursor of glutathione (GSH) and a limiting factor in the process of GSH synthesis, is one of the antioxidants commonly used in the inner ear (Duan et al., 2004; Pathak et al., 2015; Tillinger et al., 2018). It has been clinically proven to be effective as a single therapy in the treatment of SSNHL or cisplatin-induced hearing loss (Riga et al., 2013; Chen and Young, 2016). For initial treatment, combination therapy with corticosteroids plus L-NAC is associated with improved hearing compared to corticosteroids alone (Angeli et al., 2012). Moreover, addition of NAC has been shown to increase glucocorticoid sensitivity in a mouse model of steroid-resistant asthma (Eftekhari et al., 2013). These studies indicate that NAC and steroids may enhance treatment efficacy through synergistic action. Combining a steroid with NAC may be a potential alternative to salvage therapy of SSNHL or RSHL. To prove our hypothesis, in vitro experiments were performed to verify whether NAC and steroid have a synergistic effect on oxidative stress injury. In addition, a clinical trial was designed to compare the therapeutic efficacy of ITD with that of ITD combined with NAC in the salvage therapy of SSNHL.



MATERIALS AND METHODS


Culture of Cochlear Explants and Drug Treatments

C57BL/6 mice at P3 were decapitated after anesthesia, then the cochlear basilar membrane was carefully isolated from the cochlea in transparent Hank’s balanced salt solution (PB180321, ProCell, Wuhan, China). The cochlear basilar membrane containing the organ of Corti was transferred onto a collagen gel matrix. A 15 μL droplet of a 9:1:1 rat tail collagen (Type 1-4236, BD Biosciences, Franklin Lakes, NJ, United States), 10 × Basal Medium Eagle (BME; B9638, Sigma-Aldrich, St. Louis, MO, United States), 2% sodium carbonate (P1110, Solarbio, Beijing, China) mixture was placed on the surface of a 35-mm culture dish and allowed to gel for approximately 30 min at 37°C. Afterward, 1.3 mL medium consisting of 1 × BME (41010109, Gibco, Carlsbad, CA, United States) containing 1% bovine serum albumin (A8020, Solarbio), 10% glutamine (G7513, Sigma-Aldrich), 5 mg/mL glucose and 10,000 U/mL penicillin G (P3414, Sigma-Aldrich) were added to the culture dish. The cochlear explants were placed as a flat preparation on the surface of the collagen gel, and the surface of the basilar membrane was exactly even with the culture medium. All explants were incubated overnight at 37°C in an atmosphere of 5% CO2. On the following day, the culture medium was removed, the explants of the cochlea for primary culture were treated with fresh medium containing drugs for 24 h in vitro, then subjected to immunofluorescent staining. The cochlear explants were divided into four groups and were exposed to 160 U/L glucose oxidase (GO; G3660, Sigma-Aldrich; GO group), 160 U/L GO together with 50 μg/mL dexamethasone (GO + Dex group), 160 U/L GO with 5 mM NAC (A7250, Sigma-Aldrich; GO + NAC group), or 160 U/L GO together with 5 mM NAC and 50 μg/mL dexamethasone (GO + Dex + NAC group). The cochlear explants (n = 3–5 in each group) were incubated at 37°C in 5% CO2 for 24 h and then harvested for further experiments.



Cochlear Tissue Preparation and Fluorescent Labeling

The cochlear explants were fixed in 4% paraformaldehyde in 0.01 M PBS for 1 h at room temperature. After washing three times in 0.01 M PBS, explants were stained with DAPI (C1005, Beyotime Institute of Biotechnology, Jiangsu, China) and phalloidin (0.05 mg/mL, P5282, Sigma-Aldrich) for 10 min each. Images were captured with a laser scanning confocal microscope (Nikon, Tokyo, Japan). Three regions from the apical, middle, and basal turns of the stretched cochlear explants were scanned using a ×60 magnification lens.



Clinical Study Design and Patients

This clinical trial was carried out between March 2017 and March 2019 at the Department of Otorhinolaryngology of Wuhan Union hospital. Eligible subjects were patients with at least 30 dB hearing loss in three contiguous frequencies that had occurred over a course of 3 days, with available previous audiometry data. All patients had a normal otoscopic exam and tympanograms and had not responded to initial treatment. The hearing thresholds of patients were measured at 250–8,000 Hz. Exclusion criteria for the study were: Subjects older than 60 years old (to rule out potential presbycusis); patients with completely hearing loss at 4,000 and 8,000 Hz; patients with Meniere’s disease or other recognized pathologies of SSHL, such as genetic causes, acoustic trauma, previous otologic surgery and so on; any contraindication for the use of NAC and steroids, such as pregnancy or hypertension; MRI scan finding acoustic neuroma or other retrocochlear lesions; disease onset time of more than 14 days; incomplete medical records or inadequate follow-up. All individuals underwent medical history, physical examinations, and laboratory tests, as well as audiologic evaluations that included tympanometry and pure tone audiometry before diagnosis and therapy. All individuals were informed about the procedure and the possible risks. They all agreed to participate in this research and signed an informed consent form. This study was approved by the institutional review board of Wuhan Union hospital.



Therapy Protocol

After screening for eligibility, all subjects were randomly divided into two groups. Randomization was carried out by generating sequential random numbers using computer-based software. Every recruited individual received sequential random numbers placed in closed envelopes. All doctors and patients were aware of the allocation. The physicians that performed the pure tone audiometry and data analysis were kept blinded to the allocation.

All of the eligible subjects had received ITD injections and basic treatment for SSNHL, which included nourishing nerves and improving vascular microcirculation. All patients underwent hearing tests before treatment and 2 weeks later after treatment. The patients were treated by the senior physicians and received ITD administration alone in the control group. In the experimental groups (NAC groups), all patients routinely received combination therapy with ITD plus oral NAC. NAC (Conbe Biopharmaceutical Company, China) was given orally in the form of effervescent tablets at a dose of 600 mg two times daily for 2 weeks, starting with the with the first IT Dex therapy.



Measurement of Auditory Function

The audiometric data of all evaluable patients were analyzed. The pure-tone hearing thresholds were measured at 250, 500, 1,000, 2,000, 4,000, and 8,000 Hz. The pure-tone threshold average (PTA) was calculated by measuring the six-frequency average of the threshold value at 500, 1,000, 2,000, and 4,000 Hz. Thresholds that were not measurable because of the limit of the audiometric equipment were coded with the maximum level of the audiometer that was set at 120 dB (HL). Pure tone audiometry was performed before initiation of treatment and 2 weeks after initiation of treatment. The main end-point of this research was the final mean hearing improvement, which was regarded as the difference between initial and final PTA. PTA values were compared to assess the hearing recovery before and after treatment. According to the criteria in the guidelines for the diagnosis and treatment of sudden deafness of the Chinese society of otorhinolaryngology, “hearing improvement” was defined as more than 15 dB hearing gain, and “no improvement” as less than 15 dB hearing gain.



Cell Culture and Treatment

BxPC3 cells were cultured in high-glucose DMEM (11995500, Gibco) mixed with 5% volume of fetal bovine serum (11054001, Gibco) with antibiotics and incubated in 5% CO2 at 37°C. The levels of ROS in cells were detected by staining with dichlorodihydrofluorescein diacetate (DCFH-DA; D6883, Sigma-Aldrich). The cells were exposed to 80 U/L glucose oxidase (GO, GO group) for 4 h. Cells after treatment were washed in pre-warmed PBS and stained with 10 μM DCFH-DA in serum-free DMEM for 30 min. The cell fluorescence intensity was measured by fluorescence microscopy.



Statistical Analysis

Efficacy was analyzed in all eligible patients. Descriptive statistics were used for the feature description. Paired samples t tests were used to compare the means of quantitative variables in the same group at different points in time. Independent samples t tests were used to compare the means of metric variables between two groups. Categorial variables were compared using Fisher’s exact test or Chi-square test. A difference was considered to be statistically significant when the P value was less than 0.05. All statistical analyses were performed using the SPSS statistical software package (version 22.0; IBM SPSS Statistics for Windows, Armonk, NY, United States). The graphs were created using GraphPad Prism (version 8.2.1).



RESULTS


A Cochlear Explant Model of Oxidative Stress Injury Was Established to Verify the Oto-Protective Synergistic Effect of Dexamethasone Combined With NAC

In patients with SSNHL, some indirect evidence of oxidative stress injury has been found successively (Becatti et al., 2017; Jarosław et al., 2019). Therefore, a cochlear explant model of oxidative stress injury was adopted to explore the effects of combined therapy. In the BxPC3 cell line, 4 h of GO treatment significantly increased the intracellular ROS level. The green fluorescent signal in the GO group detected by DCFH-DA, a probe of reactive oxygen species, was much stronger than that of the control group (Figures 1A–D). Therefore, GO was used to increase the ROS level in cochlear explants. Compared to the control group (Figures 1E–G, n = 3), a moderate degeneration of hair cells was observed in different turns of the GO group (n = 4). After 24 h of GO incubation, half of the outer hair cells (OHCs) had died, while 60.51–71.34% of inner hair cells (IHCs) survived (hair cell loss, white arrows and arrowheads, Figures 1H–J). A low concentration of dexamethasone (50 μg/mL) was added to GO-treated explants (GO + Dex group), and the results revealed that dexamethasone had no protective effect on hair cells at this concentration. The rates of OHC survival were 52.25 ± 6.46, 46.09 ± 6.97, and 48.64 ± 6.32% in the apical, middle and basal turns, respectively (GO + Dex group, n = 5). Meanwhile, approximately 70% of IHC survived in the GO + Dex group (Figures 1K–M). Similarly, a non-therapeutic concentration of NAC (5 mM) was also added to the GO-treated explant (GO + NAC group). In this group, the average OHC survival rates were 48.87–58.80% in different turns, while IHC survival rates fluctuated between 64.09 and 77.56% (Figures 1N–P). However, there was a statistically-significant difference in the OHC survival rate of the apical turn between the GO and GO + NAC groups (GO: 50.16 ± 2.36% vs. GO + NAC: 58.50 ± 3.54%, P = 0.0042). This improvement of OHC survival was fairly limited (less than 9%). Except for the above improvement, there was no statistically-significant difference in hair cell survival rates between the GO + NAC group and the GO group (Figures 1T,U). When Dex and NAC were both added to GO-treated cochlear explants (n = 5), the number of surviving IHCs or OHCs in the basal turn was significantly increased (Figures 1Q–S). Compared with the GO group, the survival rates of OHC and IHC in the basal turn of the GO + Dex + NAC group were significantly increased (OHC, 47.41 ± 3.20 vs. 69.85 ± 8.65%, P = 0.0018; IHC, 71.34 ± 10.56 vs. 90.00 ± 2.00%, P = 0.0057, Figures 1T,U).


[image: image]

FIGURE 1. The changes in the number of hair cells after drug treatment for 24 h in ROS models in vitro were measured by fluorescence. (A–D) The intracellular ROS level in BxPC3 cells was measured in control group and GO group, using a peroxide-sensitive fluorescent probe, DCFH-DA. White boxes in the lower left corner are magnified images. (E–S) Representative confocal images showing hair cells from the three turns of the cochlea labeled with F-actin (red) after culturing for 24 h. Images from the control group and the groups treated with GO, GO + Dex, GO + NAC, and GO + NAC + Dex are shown. White arrowheads indicate the missing of hair cells in three turns. (T) Comparison of the survival rate of inner hair cells in control, GO, GO + Dex, GO + NAC, and GO + NAC + Dex groups. (U) Comparison of the survival rate of outer hair cells in control, GO, GO + Dex, GO + NAC, and GO + NAC + Dex groups. GO, Glucose oxidase; IHCs, inner hair cells, OHCs, outer hair cells; Dex, dexamethasone; NAC, N-acetylcysteine. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s, no significant difference. Scale in panel E represents for 40 μm.




Clinical Trial to Observe the Effectiveness of NAC Combined With Dexamethasone Therapy

There was a total of 64 patients who agreed to take part in this study. Of those, 14 were excluded for not conforming to eligibility criteria, consisting of three patients who had experienced symptoms for more than 14 days, one who had uncontrolled diabetes mellitus, one patient with a history of Meniere’s disease, two patients who had not undergone any initial treatment at other hospitals, four patients who did not have hearing loss in five frequencies, and three participants who declined to take part. The remaining 50 patients who agreed to participate were randomized into two groups for further treatment and analysis. Of the 50 participants included, five were later excluded because of loss of contact from this clinical trial, and four patients were excluded owing to withdrawal of consent. Finally, overall 41 patients were included in our analysis. There were 23 patients in the control group, while 18 patients were analyzed in the NAC group (Figure 2).
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FIGURE 2. Study flowchart.


All 41 patients were recruited at the Department of Otorhinolaryngology of Wuhan Union hospital. Sixteen of the patients were male (39.0%) and 25 were female (61.0%) with an average age of 38.5 ± 14.4 years (range: 14–60). Twenty-three (56.1%) participants were randomized to the control group, and 18 (43.9%) to the NAC group. The initial PTA of all patients was 64.1 ± 21.5 dB HL (66.25 ± 20.17 dB in the control group, 61.3 ± 22.8 dB in the NAC group). The post-treatment PTA of the control group was 54.7 ± 25.4 dB HL, while it was 42.2 ± 26.3 dB HL in the NAC group. For all patients, the mean duration of hospital treatment was 11.8 ± 4.7 days (11.8 ± 4.9 days in the control group; 12 ± 4.5 days in the NAC group). The mean PTA gain of all patients was 14.9 ± 15.5 dB (11.6 ± 17.8 dB in the control group; 19.0 ± 11.1 dB in the NAC group). No statistically-significant differences were found between the control and NAC groups concerning age, sex, days in hospital, initial PTA, final PTA, or mean PTA gain (P > 0.05, Table 1).


TABLE 1. Demographic and audiological features of patients in control group and NAC group.

[image: Table 1]Figure 3 indicates the audiologic outcomes at different frequencies for all patients in the control and NAC groups. The hearing gains of the control group were 17.2 ± 18.5, 17.2 ± 20.7, 12.8 ± 16.1, 8.9 ± 17.6, 7.4 ± 24.1, and 6.1 ± 22.1 dB at 250, 500, 1,000, 2,000 4,000, and 8,000 Hz, respectively. These gains in the NAC group were 15.6 ± 18.5, 18.3 ± 13.7, 20.3 ± 10.8, 17.2 ± 12.6, 20.3 ± 16.6, and 20.8 ± 14.8 dB, respectively, at the corresponding frequencies. Compared with the control group, the mean gain of the NAC group was significantly different at 8,000 Hz (P = 0.019, Power = 0.854, Figure 3G). No statistically-significant differences were detected at any of the other frequencies (P > 0.05, Figures 3A–F).
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FIGURE 3. (A) The mean hearing gain at 0.5–4k Hz in control and NAC groups. (B–G) The hearing gain at 0.25k (B), 0.5k (C), 1k (D), 2k (E), 4k (F), and 8k (G) Hz in two groups. *P < 0.05 and n.s, no significant difference.


In terms of hearing recovery (Table 2), any PTA gain (500–4,000 Hz) greater than 15 dB is considered effective. The percentage of patients who experienced effective recovery in the control group vs. the NAC group was 39.1% (9 of 23) vs. 72.2% (13 of 18). Thus there was a significant difference in the effective rate between control and NAC groups (P = 0.035, Pearson’s chi-squared test).


TABLE 2. Hearing improvements, respectively, in control and NAC group.
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DISCUSSION

Hair cells mainly function in transducing sound waves into the electric signals (Wang Y. et al., 2017; Liu Y. et al., 2019; Qi et al., 2019). Hearing loss could be caused by genetic factors, aging, chronic cochlear infections, ototoxic drugs, and noise exposure (Zhu et al., 2018; Zhang Y. et al., 2019; Zhou et al., 2020). The reported mechanisms of hair cell damage mainly include mechanical shearing forces and oxidative damage to HCs (Liu et al., 2016; He et al., 2017; Li et al., 2018; Zhong et al., 2020), eventually induce apoptotic cell death in HCs, especially the outer HCs of the basal turn. The loss of sensory hair cells is irreversible in adult mammals. Although the neonatal cochlea has very limited hair cell regeneration ability, this regeneration ability is rapidly reduced with age (Wang et al., 2015; Zhang S. et al., 2019, 2020; Zhang Y. et al., 2020). It is still a controversy that the mechanism of SSNHL in the cochlea, Capaccio et al. (2012) had done a research indicating that the patients in SSNHL group had higher serum levels of ROS than in control group, therefore, researcher speculated that hearing loss in SSNHL may be due to antioxidant system failing to handle a sudden rise in ROS. There were studies indicating that excessive ROS, which was produced by noxious stimulation (such as noise, drug) in the cochlea, can destroy hair cell components by oxidizing molecules, such as DNA, proteins (Fechter, 2005; Li and Steyger, 2009). And the unbalance of antioxidant system can activate the programmed cell death pathway in cochlea, causing sensorineural hearing loss (Liu et al., 1998). Therefore, the GO model, a classical oxidative stress model, was used to set up a cochlear explant model of oxidative stress injury for studying SSNHL in vitro in our study. Our data show that NAC and dexamethasone have an obvious synergistic effect in the treatment of hair cell damage induced by oxidative stress in vitro. There is plenty of evidence to suggest that NAC used as an antioxidant can attenuate hair cell degeneration or deafness in vitro or in different animal models of deafness (Kopke et al., 2000; Ohinata et al., 2003; Duan et al., 2004; Wang W. et al., 2017; Liu W. et al., 2019). Moreover, glucocorticoids have strong anti-inflammatory, anti-toxic immunoregulatory effects. Some studies have reported that glucocorticoids can protect hair cells from a variety of adverse factors, such as noise and inflammation (Hirose et al., 2007; Haake et al., 2015; Müller et al., 2017). Evidence from animal and in vitro experiments suggests that hair cell protection may be one of the common therapeutic effects of NAC and glucocorticoid. In our in vitro experiments, the combination of NAC and glucocorticoids was effective in protecting hair cells, although they were administered at concentrations which were ineffective when used alone. Previous research suggests that NAC may be a steroid sensitizer which can help to treat steroid-resistant asthma in mice (Eftekhari et al., 2013). At present, we do not know whether the protection of hair cells is caused by NAC increasing the therapeutic effect of dexamethasone. However, this interesting finding has potential value for clinical application. It may help us overcome steroid-resistant SSNHL or achieve better results with smaller doses of drugs.

N-acetylcysteine combined with ITD therapy can significantly improve hearing loss at high frequency in SSHNL patients. A study by Machado et al. showed that ITD combined with oral prednisone and NAC can improve hearing loss at 4,000 Hz as initial therapy. However, it was not until 6 months later that there was a statistically-significant difference between the steroid alone group and the steroids + NAC group (Angeli et al., 2012). In our study, the onset of hearing loss of all patients was at more than 2 weeks. Therefore, a salvage therapy of ITD was adopted without oral steroids. Considering the safety of the drug, the oral dose of NAC was 600 mg two times daily in our design, which was half of the dose used in the study by Machado et al. Since we observed the protection of hair cells in the high frequency region in vitro, all the patients chosen in this study suffered hearing loss in the high frequency region (4,000 or 8,000 Hz). Our data showed that ITD combined with NAC as a salvage approach was found to significantly improve high-frequency hearing loss in patients with SSHNL.

The protective effect at high frequency may be caused by increasing the sensitivity of the inner ear to dexamethasone through oral NAC. When ITD is used in clinical practice, both injection dose and interval may affect the efficacy (Liebau et al., 2016). Recent studies found that the therapeutic effect of steroids on SSNHL can be significantly improved through use of a microcatheter with an electronic pump, near-continual transtympanic steroid perfusion or ITD administration using saturated Gelfoam (Chou et al., 2013; Li et al., 2013; Lundy et al., 2018). The above evidence suggested that increasing the amount and the effective time of steroids in the inner ear can significantly improve the therapeutic effect on SSNHL. However, the above method requires a complicated operation and corresponding equipment, making it difficult to popularize at present. Our finding, from another perspective, can achieve similar goals. We speculate that oral NAC may increase the effectiveness of steroids by reducing the minimum effective concentration or extending the effective duration. However, NAC may also help the hearing recovery of SSNHL patients through direct antioxidant effects.

Although there were some interesting findings, our study does have some limitations. Firstly, significant hearing improvement occurred only at high frequency. We and Machado et al. failed to observe any effect of this combination therapy on hearing improvement at low frequencies. Different doses of NAC and different methods of administration may need to be tried in the future. Secondly, the specific therapeutic mechanism of this combined therapy remains unknown. Although one study suggested that NAC alone can improve SSNHL, our in vitro experiment indicated that the synergistic effect of NAC and steroids may play a key role in protecting hair cells from oxidative stress. More evidence is needed to determine whether antioxidant therapy alone is effective against SSHNL. Finally, in our clinical trial, it was difficult to perform subgroup analysis of the different deafness types due to the limited numbers of patients. More extensive studies related to the associations between NAC and subtypes of SSNHL will be conducted with larger numbers of patients in future.



CONCLUSION

In this study, we found that NAC combined with dexamethasone may protect against hearing damage by protecting hair cells. The results of our clinical study suggest that the use of NAC in combination with ITD is beneficial in the 8,000 Hz frequency. Combined therapy of NAC and ITD can improve the hearing recovery rate of patients with SSNHL.
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Hereditary hearing loss caused by defective hair cells is one of the most common congenital diseases, whose nosogenesis is still unclear because many of the causative genes remain unidentified. Claudins are one kind of transmembrane proteins that constitute the most important components of the tight junctions and paracellular barrier and play important roles in neurodevelopment. In this study, we investigated the function of claudin h in morphogenesis and auditory function of the hair cell in zebrafish. The results of in situ hybridization showed that claudin h was specifically localized in the otic vesicle and neuromasts in zebrafish embryos. The deficiency of claudin h caused significant reduction of otic vesicle size and loss of utricle otolith. Moreover, the startle response and vestibulo-ocular reflex experiments revealed that loss of claudin h led to serious hearing loss and vestibular dysfunction. Importantly, the confocal microscopy observation found that compared to the control zebrafish, the claudin h morphants and mutants displayed significantly reduced the number of cristae hair cells and shortened kinocilia. Besides, the deficiency of claudin h also caused the loss of hair cells in neuromasts which could be rescued by injecting claudin h mRNA into the mutant embryos at one cell stage. Furthermore, the immunohistochemistry experiments demonstrated remarkable apoptosis of hair cells in the neuromasts, which might contribute to the loss of hair cells number. Overall, these data indicated that claudin h is indispensable for the development of hair cells, vestibular function, and hearing ability of zebrafish.
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INTRODUCTION

Hair cells are one of the sensory cells in the auditory epithelium of the mammalian inner ear which are necessary for transforming sound vibration and mechanical forces including gravity into neural signals that can be interpreted by the brain (Goutman et al., 2015). In mammals, there are two different hair cells classified as outer hair cells and inner hair cells. Outer hair cells that have three rows of cells can mechanically amplify sound-induced vibrations to increase the responsiveness of sensory epithelium, while inner hair cells have only one row of cells and are functional in transmitting the signals to the spiral ganglion neurons (Ma et al., 2018). Therefore, the number and function of hair cells are crucial for hearing (Liu et al., 2019; Qi et al., 2019; He et al., 2020). Hearing loss could be caused by different reasons including genetic factors, aging, infectious diseases, ototoxic drugs, and noise exposure (Zhu et al., 2018; Gao et al., 2019), among which the genetic factors contribute the most by leading to hereditary and progressive hearing loss. To date, the mechanisms of hair cell damage mainly include mechanical shearing forces and oxidative damage to hair cells, which eventually induce apoptotic cell death in hair cells (Liu et al., 2016; Ding et al., 2020; Zhou et al., 2020). The lower vertebrates have the hair cell regeneration ability though life times; while in mammals, although neonatal mice cochlea have limited hair cell regeneration ability, this regeneration ability is rapidly reduced with age (Wang et al., 2015; Zhang et al., 2020).

A typical characteristic of biological development is to separate the compositionally distinct extracellular fluids by sealing off the paracellular spaces (Madara, 1998). The essential structure of this seal formed with epithelial sheets is the continuous band-like networks of neighboring cells that are known as tight junctions (Nakano et al., 2009). Tight junctions that circumscribe the apical end of the cell can make the membranes of the adjacent cells closely connected and thereby split the cells into the basolateral and apical region, and then form a barrier to restrict paracellular permeability of ions and solutes (Dejana, 2004). In recent years, several integral membrane proteins have been identified to be involved in the function of the tight junctions and the specific expression of these proteins in different tissues may account for various “tightness” of tight junctions (Van Itallie and Anderson, 2004; Li et al., 2018). Nowadays, at least three types of transmembrane proteins, occludin, claudin family, and the junction adhesion molecule family, are reported to compose the tight junctions by interacting with the cytoskeleton and other membrane-associated proteins (Furuse et al., 1993; Martin-Padura et al., 1998; Tsukita and Furuse, 2000).

Claudins have been reported to be the primary components of the tight junctions in many tissues to form the backbone of tight junction strands (Tipsmark et al., 2008). The claudins are conserved in different species for the membrane topology with two extracellular loops, one N-terminal cytoplasmic domain and one C-terminal cytoplasmic domain (Li et al., 2011). The extracellular loops are essential for forming the paracellular barrier structure by polymerizing the intercellular claudins into strands, while the C-terminal cytoplasmic domains of claudins can coordinate with the scaffolding proteins to link the tight junctions to the actin cytoskeleton (Wen et al., 2004; Krause et al., 2008). The epithelia of mammalian nephric tubules utilize abundant tight junctions to transport ions selectively between the intercellular regions (Gong and Hou, 2017). Many different claudins are reported expressing in different segments of nephric tubules and are necessary for kidney function as selective paracellular pores or barriers to regulate the diffusion of different ions and water via tight junctions (Van Itallie et al., 2006; Angelow et al., 2007; Milatz et al., 2010; Li et al., 2011). For example, it has been reported that in the porcine kidney epithelial cell line, Claudin-7 can form a paracellular barrier to Cl-, but serve as a paracellular channel for Na+ (Alexandre et al., 2005). In addition, there are some claudins which are not merely expressed in tight junctions, but also in some other cellular parts play important roles in embryonic development (Gregory et al., 2001; Kollmar et al., 2001).

The zebrafish has become an excellent model organism in biological research to investigate otic vesicle and neural development which are closely related to the human diseases. The greatest advantage of using zebrafish for research is the convenience for recording and tracking of the developmental process by imaging (Downes and Granato, 2004; Bandmann and Burton, 2010). Moreover, the otic vesicle of zebrafish separates the distinct paracellular fluids compositionally and therefore becomes a great model for investigating the function of claudins and tight junctions on hearing and balance. Recently, loss of both claudin7b and claudin j was found to lead to the abnormal otolith formation and hair cell function and further cause the inner ear dysfunction in the zebrafish (Hardison et al., 2005; Li et al., 2018). However, the functions of other claudins in the inner ear remain unclear, and thus it promoted us to establish a loss of function model to study the role of claudins in hearing function.

In this study, we found that claudin h (claudin 3 in mammals) were expressed in the otic vesicle and neuromasts of zebrafish embryos by in situ hybridization. Loss of function treatments by either morpholino injection or CRISPR-cas9 could both cause hearing loss and vestibular dysfunction. We further found that these dysfunctions might be caused by abnormal otolith formation, hair cell loss, and otic vesicle morphological defects. Moreover, claudin h deficiency could induce hair cell apoptosis, which explained the decrease in number of the hair cells. In summary, our study proved that claudin h was essential for the formation of hair cell and otoliths and the normal hearing function of the inner ear in zebrafish.



MATERIALS AND METHODS


Zebrafish Husbandry

The zebrafish embryos and adults were maintained in the zebrafish Center of Nantong University under conditions following our previous protocols (Gong et al., 2020). Wild-type (AB) control and Tg(Brn3c:GFP) transgenic zebrafish whose hair cells were labeled by GFP were used in this study (Xiao et al., 2005).



Whole Mount in situ Hybridization

Whole-mount in situ hybridization (WISH) was performed according to our previous procedures (Huang et al., 2013). A 409 bp cDNA fragment of claudin h was amplified from zebrafish embryo cDNA library with specific primers (Table 1) and inserted into pGEM-T-easy vector. Digoxigenin-labeled antisense probes were synthesized with the linearized pGEM-T inserting with claudin h construct by DIG-RNA labeling kit (Roche, Switzerland). Zebrafish embryos without pigment at different developmental stages were collected and fixed with 4% PFA overnight at 4°C. After incubated with the probe overnight, an alkaline phosphatase-conjugated antibody against digoxigenin and AP-substrate NBT/BCIP solution (Roche, Switzerland) was used to detect the digoxigenin-labeled RNA probe.


TABLE 1. Summary of primers used.
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Morpholino and mRNAs Injections

Splicing-blocking Morpholino (5′- ATGAATGTCATTTACCAA GTGTCGA -3′) that was specific for claudin h gene was synthesized by Gene Tools. Tg(Brn3c:GFP) zebrafish were naturally mated to obtain embryos for microinjection. The Morpholino was diluted to 0.3 mM with RNase-free water and injected into one cell stage embryos and then raised in E3 medium at 28.5°C for imaging.



Immunohistochemistry

The larvae at 96 hpf were fixed with 4% PFA for 2 h at room temperature and then washed with PBST for 30 min followed with antigen retrieval at 98°C for 15 min. After washed three times with PBST, the larvae were incubated in blocking solution for 1 h and then were transferred to the primary antibody solutions (anti-GFP, 1:1000 dilution; Abcam, Cambridge, United Kingdom and anti-cleaved caspase-3, 1:500 dilution; Cell Signaling Technology Inc., Danvers, MA, United States) overnight at 4°C. Then, the Alexa Fluor 488 and Alexa Fluor 647 conjugated secondary antibodies were added to larvae at a dilution of 1:500 in blocking solution and incubated for 1 h at room temperature after washed three times with PBST. Nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI) (1:1000 dilution; Invitrogen, Carlsbad, CA, United States) for 20 min at room temperature and then mounted for imaging.



sgRNA/Cas9 mRNA Synthesis and Injection

Cas9 mRNA was obtained by in vitro transcription with the linearized plasmid pXT7-Cas9 by the mMESSAGE mMACHIN Kit according to the manufacturer’s instruction. For the sgRNA synthesis, a forward primer that contained the claudin h specific primers and a universal reverse gRNAR primer (Table 1) were used for sgDNA amplification with pT7 plasmid as the template, and then transcribed into sgRNA using the MAXIscript® kits according to the manufacturer’s instruction. One-cell stage zebrafish embryos were injected with 2–3 nl solution containing 250 ng/μl Cas9 mRNA and 15 ng/μl sgRNA. At 72 and 96 hpf, zebrafish embryos that developed normally were randomly sampled for the confocal imaging and genomic DNA extraction to determine the mutations by DNA sequencing.



mRNA Rescue Experiments

The claudin h mRNA was transcribed in vitro using linearized artificial PCS2+ vector with the claudin h open reading frame cDNAs by the mMESSAGE mMACHIN Kit according to the manufacturer’s instruction (Ambion, United States). After purified using RNeasy Mini Kit (Qiagen, Germany), 2 nl capped mRNA was co-injected with claudin h Mo into one-cell stage embryos.



Vestibulo-Ocular Reflex (VOR) Testing

The zebrafish larva was gently mounted in the larva-shaped chamber in a dorsal-up position with the tail glued by 5% methylcellulose and covered with a piece of glass coverslip on the chamber. After adding E3 embryo media in the head region, the chamber unit was then mounted on a device for quantifying linear vestibulo-ocular reflex (VOR) from Southern University of Science and Technology (Sun et al., 2018). After aligning the larval eyes to the center of the infrared camera, the platform started to rotate back and forth around a horizontal axis at a speed of 30 rpm, and the VOR was recorded by the camera.



Acoustic Startle Reflex

About 20 larvae were put in a thin layer of culture media in a petri dish attached to mini vibrator. The response of larvae to sound stimulus (a tone burst 9 dB re. m s–2, 600 Hz, for 30 ms) generated by the vibrator was recorded from above by an infrared camera over a 6 s period. The mean moving distance and peak speed were used to quantify the startle response.



Microscopy and Statistical Analysis

After being anesthetized with tricaine, the zebrafish embryos were mounted in 0.8% low melt agarose, and then photographed by Leica TCS-SP5 LSM confocal microscope. For the in situ hybridization, photographs were taken using an Olympus stereomicroscope MVX10. Statistical analyses were performed by one-way analysis of variance (ANOVA), student’s t-test or chi-squared test, and P values < 0.05 were considered statistically significant.




RESULTS


Claudin h Gene Is Evolutionarily Conserved and Expressed in the Otic Vesicle and Hair Cells

To determine the relationships of zebrafish claudin h with other homologous genes, the multiple alignments of claudin h from different species were performed and the phylogenetic tree of the claudin h was constructed using the Neighbor-joining method. As shown in Figure 1A, the zebrafish claudin h gene had significantly high amino acid sequence similarities to other species. The NJ tree of claudin h showed that the claudin h from osteichthyes and birds were clustered in a separate clade from rodents and primates claudin h (Figure 1B).
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FIGURE 1. The phylogenetic and expression analysis of zebrafish claudin h. (A) The alignment of claudin h amino acid sequences from different species, and the identical aa residues among all the aligned sequences are labeled with color. (B) Phylogenetic analysis of claudin h. Neighbor-joining tree was produced with the Mega 5.0 software and the red star marked the zebrafish. (C,D) At 72 hpf, the in situ hybridization signal of claudin h is localized in the otic vesicle and neuromast. The red dotted line marked the boundary of the otic vesicle and the red arrow head marked the neuromast in the head and posterior lateral line. (C′,D′) The magnified figure of the positive signals in otic vesicle and neuromast line.


To investigate the role of claudin h during embryonic development, we tested the expression profile of claudin h in zebrafish by WISH with a digoxigenin-labeled claudin h probe. The results showed that at 24 hpf, claudin h was expressed in the otic vesicle, posterior lateral line primordium and pronephros (Supplementary Figure 1A), while from 36 hpf, the gene started to be localized in lateral line neuromasts (Figures 1D,D’ and Supplementary Figure 1B). Besides, the claudin h was also detected in the neuromasts of the head with continued development (Figures 1C,C’ and Supplementary Figure 1). Together these results suggested that claudin h might be vital for the development of otic vesicle and neuromast.



Deficiency of Claudin h Caused Developmental Defects of Otic Vesicle and Otoliths

Since a significant expression of claudin h was found in the otic vesicle, we examined the morphology of otic vesicle and otolith in the claudin h knocking down zebrafish by confocal microscopy at 72 and 96 hpf to investigate whether claudin h regulates the formation of otic vesicle. The results showed that although the morphants had no remarkable malformation, the otic vesicle size was significantly smaller compared to that in the control fish at both 72 and 96 hpf (Figures 2A–C). Moreover, the claudin h morphants also showed obvious defects in both number and shape of the otoliths. Different from the wild type zebrafish who possessed a big otolith (saccular) and a small otolith (utricle), 83% of claudin h morphants either lost the utricle otolith or had an abnormal saccular otolith (Figures 2D–E).
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FIGURE 2. Loss function of claudin h caused the defects of otic vesicle and otoliths. (A,D) Imaging analysis of otic vesicle and otoliths in control and claudin h knocking down groups at 72 and 96 hpf. The yellow dotted line marked the boundary of the otic vesicle. Scale bar = 50 μm. (B,C) The statistical analysis of otic vesicle area in the control and claudin h morphants at 72 and 96 hpf. (E) Quantification of zebrafish embryos with abnormal otolith (defects in both number and shape of otoliths: claudin h morphants lost the utricle otolith or had a unnormal saccular otolith). Each bar represents the mean ± SE. Values with **** above the bars are significantly different (P < 0.0001).




Deficiency of the Claudin h Caused Vestibular Dysfunction and Hearing Defects

To test whether abnormalities of the otic vesicles and otoliths in the claudin h morphants caused defects of balance perception or vestibular dysfunction, we tested VOR of AB zebrafish and claudin h morphants at 5 dpf using a customized VOR testing system (Figure 3A, Sun et al., 2018). The results showed that compared with the AB zebrafish who had robust eye movements, most of the claudin h morphants showed slight eye movements while rotating in the vertical plane in the machine (Figure 3B). The statistical analysis also showed that the amplitude of eye movements in claudin h morphants was significantly lower than that in AB zebrafish during VOR (P < 0.0001, Figures 3C,D).
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FIGURE 3. Loss function of the claudin h caused the vestibular dysfunction and hearing defects. (A) The schematic diagram shows the rotatory trajectory of the larva during VOR. (B) The heads and eyes of control and claudin h morphants acquired during VOR test at extreme tilting positions. (C,D) The vestibular function of zebrafish larvae at 5 dpf is evaluated by vestibular head tilt response measurement (right and left eyes, respectively). (E) The schematic diagram shows the startle response testing equipment. (F) The swimming trajectory of the control and claudin h morphants. (G,H) Swimming distance and peak velocity of zebrafish larvae at 5 dpf that reflected the auditory function of zebrafish larvae by examining the startle response. Values with *, ***, and ****above the bars are significantly different (P < 0.05, P < 0.001, and P < 0.0001, respectively).


To test whether malformation of the otic vesicles could also result in hearing dysfunction, a startle response experiment was performed. The results showed that the movement trajectory, swimming distance, and velocity of the claudin h morphants zebrafish larvae were significantly decreased compared to that of the controls at 5 dpf in startle responses (Figures 3E–H). These results indicated that the zebrafish hearing might be impaired by the claudin h Mo injection.



Deficiency of the Claudin h Led to Decreased Hair Cells and Neuromasts

As we know, the hair cells in the inner ear of zebrafish are involved in balance perception and hearing. Therefore, to further investigate the cellular mechanisms of claudin h regulation on the ear function, morpholino-mediated gene knockdown was performed in the transgenic zebrafish line Tg(Brn3c:mGFP) where the hair cells are specifically labeled by GFP. The imaging results showed that although the three different cristae hair cell clusters, anterior cristae hair cells, lateral cristae hair cells, and posterior cristae hair cells still existed, the numbers of hair cells in each cluster were significantly decreased after the claudin h Mo injection at 72 and 96 hpf (Figures 4A–D). In addition, the growth of the cilia in the three different hair cell clusters was also affected by loss of claudin h and the statistical analysis demonstrated that the lengths of kinocilia in the claudin h morphants were significantly shorter than that in the control zebrafish at 72 and 96 hpf (Figures 4E,F).
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FIGURE 4. Claudin h deficiency suppressed cristae hair cells development. (A) The schematic for three different cristae hair cells in the otic vesicle. ACHC, anterior cristae hair cells; LCHC, lateral cristae hair cells; PCHC, posterior cristae hair cells. (B) Confocal imaging analysis of cristae hair cells in the otic vesicle of control and claudin h deficiency zebrafish at 72 and 96 hpf. The red dotted circle line marked the three different cristae hair cell clusters and magnified lateral cristae hair cell clusters (yellow arrow head) was shown in right and the yellow dotted square line marked the cilia of cristae hair cells. (C,D) The statistical analysis of the numbers of different cristae hair cells in the control and claudin h morphants at 72 and 96 hpf. (E,F) The statistical analysis of the cilia lengths of different cristae hair cells in the control and claudin h morphants at 72 and 96 hpf. Values with *, ***, and ****above the bars are significantly different (P < 0.05, P < 0.001, and P < 0.0001, respectively).


The WISH results showed that claudin h was also localized in the neuromasts of the trunk. As we know the hair cells in the lateral line are crucial for perceiving changes in the surroundings. Therefore, we further detected whether claudin h was also involved in the formation of neuromasts in the trunk. Interestingly, the results showed that the number of hair cell clusters in the posterior lateral line of claudin h morphants were remarkably reduced (Figures 5A–C). Besides, in order to detect whether hair cells in the remaining clusters were affected, we further imaged and counted the number of L1 hair cells and found that it was significantly decreased after the morpholino injection at 72 and 96 hpf (Figures 5D–G). Moreover, we also performed WISH using the probe of eya1 gene, which was reported to be localized in neuromasts of zebrafish (Qian et al., 2020), and the result indicated that the loss of the claudin h could also reduce the numbers of neuromasts in the lateral line of zebrafish (Figure 6I).
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FIGURE 5. Claudin h knockdown decreased hair cell in the posterior lateral line of zebrafish. (A) The imaging analysis of control and claudin h morphants at 72 and 96 hpf in bright field and fluorescent field. Scale bar = 500 μm. (B,C) Quantification of the number of hair cell clusters in the posterior lateral line of control and claudin h morphants at 72 and 96 hpf. (D) The schematic for different hair cell clusters in the posterior lateral line. Scale bar = 10 μm. (E) Confocal imaging analysis of L1 hair cell clusters in the posterior lateral line of control and claudin h deficiency zebrafish at 72 and 96 hpf. (F,G) Quantification of the number of hair cells per L1 neuromast in the control and claudin h morphants at 72 and 96 hpf. Values with **, ***, and ****above the bars are significantly different (P < 0.01, P < 0.001, and P < 0.0001, respectively).
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FIGURE 6. Overexpression of claudin h could rescue the development defects of hair cells in claudin morphants. (A) Imaging analysis of otic vesicle and cristae hair cells in control, claudin h morphants, and rescue group at 96 hpf. The yellow dotted line marked the boundary of the otic vesicle. Scale bar = 50 mm. (B,C) The statistical analysis of otic vesicle area in different groups at 96 hpf. (C,D) The statistical analysis of the number of different cristae hair cells and the cilia lengths in different groups at 96 hpf. (E) WISH results of the eya1 gene and the imaging analysis of control, claudin h morphants and rescue zebrafish at 96 hpf in bright field and fluorescent field. Scale bar = 500 μm. (F) Quantification of the number of hair cell clusters in the posterior lateral line of different groups at 96 hpf. (G) Confocal imaging analysis of L1 hair cell clusters in the posterior lateral line of different groups at 96 hpf. (H) Quantification of the number of hair cells per L1 neuromast in the control, claudin h morphants, and rescue zebrafish at 96 hpf. Values with *, **, ***, and ****above the bars are significantly different (P < 0.05, P < 0.01, P < 0.001, and P < 0.0001, respectively). (I) At 72 hpf, the in situ hybridization signal of claudin h in the control zebrafish, claudin h morphants, and rescue zebrafish.




The Reduction of Hair Cells in the Claudin h Deficient Zebrafish Was Caused by Cell Apoptosis

To investigate cellular mechanism for the loss of the hair cells, immunohistochemistry assay was performed on the claudin h deficient and control zebrafish at 72 hpf with the antibody against cleaved caspase-3, one of the apoptosis markers. In the results, though very little signal was detected in controls, much more cleaved caspase-3-positive cells emerged and overlapped with the hair cells in the claudin h morphants (Figure 7), indicating the lack of hair cells might be caused by the hair cells apoptosis.
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FIGURE 7. Claudin h deficiency caused the hair cells apoptosis. (A) DAPI and cleaved caspase-3 staining for the L1 hair cell clusters in the posterior lateral line of the control zebrafish and claudin h morphants. Scale bar = 10 μm. (B) Quantification of zebrafish embryos with the hair cell apoptosis in the control and claudin h morphants. Values with **** above the bars are significantly different (P < 0.0001).




The Defective Phenotype of the Claudin h Morphants Could Be Rescued by Claudin h mRNA

In order to confirm that the hair cell morphological defects were specifically caused by the claudin h deficiency, we co-injected the in vitro synthesized claudin h mRNA containing an intact open reading frame with claudin h Mo into one cell stage zebrafish embryos to test whether exogenous claudin h could rescue the phenotype that was found in the claudin h morphants. Interestingly, the claudin h mRNA co-injection could partially rescue the abnormal phenotypes including the smaller size of the otic vesicle and the reducing number of hair cells in the otic vesicle compared to the claudin h morphants (Figures 6A–D). Similarly, both the number of hair cell clusters in the lateral line and in each L1 cluster were also partially recovered after the claudin h mRNA coinjection (Figures 6E–H). Taken together, these results indicated that those otic vesicle and hair cell defects found in this study were specifically caused by loss of claudin h.



CRISPR/Cas9-Mediated Claudin h Mutation Disrupts Hair Cell Development

In order to further validate the function of claudin h during the hair cell development, the CRISPR/Cas9 system was utilized to knockout claudin h in Tg(Brn3c:mGFP) transgenic zebrafish. As shown in Supplementary Figure 3A, we chose a sgRNA target site near the translation start codon (ATG) in the exon1 of claudin h for CRISPR/Cas9-mediated mutation to abolish the protein translation. The mutations were successfully induced into the targeting site which was verified by PCR and sequencing (Supplementary Figure 3B).

Similar to the results of the claudin h morphants, the otic vesicle size of the claudin h mutants was remarkably smaller than that of the control fish at 96 hpf (Figures 8A,B). Meanwhile, the number of hair cells in the anterior cristae, lateral cristae, and posterior cristae was significantly decreased and the lengths of the hair cell cilia were shortened as well in the claudin h mutant zebrafish at 96 hpf (Figures 8C,D). Moreover, we also found that the number of hair cell clusters and the number of hair cells in each neuromast in the lateral line were also decreased significantly after knocking out of claudin h, which was consistent with the claudin h morphants (Figures 8E–H).


[image: image]

FIGURE 8. Knocking out of claudin h caused the defects of otic vesicle and impaired the development of cristae hair cells and neuromast hair cells. (A) Imaging analysis of otic vesicle and cristae hair cells in control and claudin h mutants at 96 hpf. The yellow dotted line marked the boundary of the otic vesicle. (B) The statistical analysis of otic vesicle area in control and claudin h mutants at 96 hpf. (C,D) The statistical analysis of the number of different cristae hair cells and the cilia lengths in control and claudin h mutants at 96 hpf. (E) The imaging analysis of control and claudin h mutants at 96 hpf in bright field and fluorescent field. (F) Confocal imaging analysis of L1 hair cell clusters in the posterior lateral line of control and claudin h mutants at 96 hpf. (G,H) Quantification of the number of hair cell clusters and the number of hair cells per L1 neuromast in the posterior lateral line of control and claudin h mutants at 96 hpf. Values with *, ***, and ****above the bars are significantly different (P < 0.05, P < 0.001, and P < 0.0001, respectively).





DISCUSSION

It is well known that tight junction strands composed of claudins are crucial for the function of permeability barrier of the emunctory like the kidney. However, more and more studies found that many claudins, such as claudin a, claudin b, claudin j, claudin 7b, claudin 9, and claudin14, are expressed in the inner ear and necessary for its development, implying that tight junctions in the inner ear might also contain multiple claudins to tightly seal the different regions to regulate the function of the ear including hearing and balance perception during the development (Ben-Yosef et al., 2003; Hardison et al., 2005; Nakano et al., 2009; Li et al., 2018). In this study, the claudin h was also found to express in the otic vesicle and the lateral line neuromast, indicating claudin h might be also involved in the formation and function of otic vesicle and lateral line.

The development of otic vesicle and formation of otoliths were clearly impaired in the zebrafish lacking claudin h in this study. Similarly, it has been reported that though the deficiency of claudin j did not directly affect the generation of the calcium carbonate and protein complex, it remarkably prevented these crystallites from efficiently aggregating into the otoliths (Hardison et al., 2005). Moreover, claudin 7b was also reported to regulate the formation of otoliths in zebrafish (Li et al., 2018). As we know claudins are necessary for the tight junctions to separate the extracellular fluids by sealing off the paracellular spaces, and many studies have shown that altering or removing the claudins in the tight junctions can alter the ionic permeability barrier (Furuse et al., 2001; Colegio et al., 2003). During the development of zebrafish, the otic vesicle gradually develops into a well-balanced ionic and fluid-filled vesicle with compositional division of the distinct paracellular fluids with tight junctions and thereby to support the normal development of hair cells and otoliths (Li et al., 2018). Therefore, the otolith phenotype might be due to the loss of claudins which disrupted the ionic composition in the otic vesicle and further prevented the fusion of crystallites, which was indispensable for normal otolith formation (Hardison et al., 2005).

Otoliths can transmit acoustic vibrations and acceleration forces to the hair cells. The utricular otolith is indispensable for vestibular function, while saccular otoliths are only necessary for hearing (Popper and Fay, 1993; Riley and Moorman, 1999). It has been reported that in zebrafish, claudin j expressed in the otic placode and loss of function of claudin j caused severe reduction in otoliths size, insensitivity to tapping stimulus, and inability to control balance, which indicated that the hearing and vestibular function were significantly affected by the deficiency of claudin j (Hardison et al., 2005). Nowadays, eyes movement detected by VOR have been used to assess the vestibular function. In this study, significant vestibular dysfunction was also detected in the claudin h morphants by VOR, which was consistent with the loss of the utricle otolith in claudin h morphants. In addition, the startle response of zebrafish that has been used as a reliable evaluation of hearing (Yang et al., 2017) was also performed in this study, and revealed an auditory defect in the claudin h morphants (Figures 3F–H). Overall, these results clarified that the loss of claudin h could lead to the defects of otic vesicle and otolith, and further result in vestibular dysfunction and auditory handicap.

Sensory hair cells in the membranous labyrinth of otic vesicle and lateral line neuromasts in zebrafish serve as the receptors for the acoustic signals and pressure acceleration in the surrounding area which then transform these signals or mechanical pressure into chemical or electrical signals to activate auditory or vestibular circuitry (Baxendale and Whitfield, 2016). A large number of studies have shown that hair cell damage is a leading cause for hearing loss (He et al., 2016; Yu et al., 2017; Zhang et al., 2019). Therefore, investigating whether the development and formation of the hair cells were affected by the claudin h deficiency could further illustrate the potential cellular mechanisms of the vestibular and auditory dysfunction found in this study. It has been reported that claudin14 was expressed in the outer hair cells, cochlear and supporting cells in mice, and the deletion of this gene would lead to significant degeneration of both cochlear outer hair cells and inner hair cells which further cause the congenital hearing deficiency during the first 3 weeks of life (Ben-Yosef et al., 2003). Similarly, we also found the hair cell numbers were remarkably decreased in both otic vesicle and lateral line of claudin h morphants and mutants, though most of the hair cell clusters still existed. Moreover, the growth of the hair cell kinocilia was also significantly suppressed by the defects of claudin h in this study. These results indicated that the abnormal morphogenesis and formation of hair cells might be a crucial reason for the inner ear dysfunction. Nowadays, many claudin genes, such as claudin a, claudin b, claudin 7b, claudin f, and claudin j, have been reported to be expressed in otic vesicle or lateral line neuromasts during zebrafish larvae development1 and mutation of them might cause different developmental defects. For example, claudin 7b was indispensable for the otic epithelial structure, the otolith formation and sound stimulation sensitiveness by sustaining initial integrity of otic epithelia during embryogenesis; nevertheless, it had no impact on the number and morphology of hair cells (Li et al., 2018). Moreover, although similar otolith phenotype and hearing defects were also found in the claudin j mutants, the epithelial structure of the otocyst does not seem to be protruding disrupted (Hardison et al., 2005). Taken together, these results indicated that multiple claudins are involved and properly orchestrated to regulate the development and function of the otic vesicle during zebrafish larvae development.

In this study, apoptosis analysis results showed that more cleaved caspase-3-positive cells that were colocalized with the hair cell emerged in the claudin h morphants, indicating the lack of hair cells was caused by the hair cell apoptosis. Apoptosis is one of the common pathways for cell death which was characterized by DNA degradation (Morrill and He, 2017). Nowadays, apoptosis is also considered to be one of the mechanisms for the sensory hair cell death induced by acoustic trauma and the caspase-3 activation is a key step during this process (Qian et al., 2020). As the most important components of the tight junctions, claudins play a central role in regulation of paracellular permeability and could create charge-selective channels in the paracellular space with varied combinations or expression levels of claudins (Ben-Yosef et al., 2003). It has been reported that claudin 9 is necessary to form a paracellular ion permeable barrier for Na+ and K+. Knocking out of the claudin 9 in mice would eliminate this ion barrier function and thereby increase the K+ concentration in the basolateral fluid of the hair cells (Nakano et al., 2009). Similarly, claudin 14 mutation was also reported to induce the hair cell degeneration by altering ionic permeability of the paracellular barrier for K+ to further cause human deafness (Ben-Yosef et al., 2003). Besides, longtime exposure in high concentration of K+ was significantly toxic to hair cells and could suppress hair cell repolarization which eventually led to the hair cells death (Hibino and Kurachi, 2006). Altogether, we hypothesize that the deficiency of claudin h in the otic vesicle might have changed the ionic composition through the disruption of paracellular ionic permeability which then induced the hair cell apoptosis and further caused the hearing loss and vestibular dysfunction. However, more details need to be confirmed in future studies. In summary, our characterization of the claudin h morphants and mutants not only revealed the biological significance of claudin h for the development and function of the hearing organs, but also provided new insights into the pathogenesis of human deafness due to loss of claudin proteins.
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Supplementary Figure 1 | Claudin h expression analyses in the otic vesicle and hair cells. (A) At 24 hpf, the in situ hybridization signal of claudin h is localized in the otic vesicle, posterior lateral line primordium, and pronephros. (A’) The magnified figure of the region squared in dashed line. (B–D) Claudin h expressed in the in the otic vesicle and neuromast.

Supplementary Figure 2 | The verification of fgfbp3 Mo efficiency. (A) Schematic diagram for the transcription after fgfbp3 Mo injection. (B) The result of RT-PCR of wild type zebrafish and fgfbp3 morphants.

Supplementary Figure 3 | Generation of zebrafish claudin h mutant using CRISPR/Cas9 system. (A) Schematic diagram showing the targeting site of the sgRNA on the first exon of claudin h gene. (B) Mutations occurred in the target site of the claudin h gene in mutant zebrafish compared to the wild-type fish.

Supplementary Sequences | The sequencing results for claudin h mutant and wildtype zebrafish.
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Spatiotemporal Developmental Upregulation of Prestin Correlates With the Severity and Location of Cyclodextrin-Induced Outer Hair Cell Loss and Hearing Loss
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2-Hyroxypropyl-beta-cyclodextrin (HPβCD) is being used to treat Niemann-Pick C1, a fatal neurodegenerative disease caused by abnormal cholesterol metabolism. HPβCD slows disease progression, but unfortunately causes severe, rapid onset hearing loss by destroying the outer hair cells (OHC). HPβCD-induced damage is believed to be related to the expression of prestin in OHCs. Because prestin is postnatally upregulated from the cochlear base toward the apex, we hypothesized that HPβCD ototoxicity would spread from the high-frequency base toward the low-frequency apex of the cochlea. Consistent with this hypothesis, cochlear hearing impairments and OHC loss rapidly spread from the high-frequency base toward the low-frequency apex of the cochlea when HPβCD administration shifted from postnatal day 3 (P3) to P28. HPβCD-induced histopathologies were initially confined to the OHCs, but between 4- and 6-weeks post-treatment, there was an unexpected, rapid and massive expansion of the lesion to include most inner hair cells (IHC), pillar cells (PC), peripheral auditory nerve fibers, and spiral ganglion neurons at location where OHCs were missing. The magnitude and spatial extent of HPβCD-induced OHC death was tightly correlated with the postnatal day when HPβCD was administered which coincided with the spatiotemporal upregulation of prestin in OHCs. A second, massive wave of degeneration involving IHCs, PC, auditory nerve fibers and spiral ganglion neurons abruptly emerged 4–6 weeks post-HPβCD treatment. This secondary wave of degeneration combined with the initial OHC loss results in a profound, irreversible hearing loss.

Keywords: cyclodextrin, prestin, Niemann-Pick C1, spiral ganglion neurons, outer hair cells, inner hair cells, otoacoustic emissions, compound action potential


INTRODUCTION

Cyclodextrins are widely used in many industries because they can encapsulate hydrophobic compounds within a hydrophobic shell (Okamura et al., 2002; Laza-Knoerr et al., 2010; Loftsson and Brewster, 2010). Consequently, cyclodextrins are often employed as excipients because they enhance the solubility, absorption, and stability of these compounds (Otero-Espinar et al., 2010), making them extremely useful for drug delivery (Davis and Brewster, 2004; Tang et al., 2006; Ren et al., 2010; Wu et al., 2013). At the doses normally employed commercially, cyclodextrins have negligible side effects (Marttin et al., 1998; Uchenna Agu et al., 2000; Stella and He, 2008) and are considered safe (FDA; Notices 000155, 000074, 000046).

Because cyclodextrins can remove lipids and cholesterol from cells, they are being evaluated as potential therapeutics to treat vascular, kidney, liver, and neurodegenerative diseases caused by the cellular accumulation of cholesterol (Lirussi et al., 2002; Walenbergh et al., 2015; Coisne et al., 2016; Zimmer et al., 2016; Mitrofanova et al., 2018; Bessell et al., 2019; Cho et al., 2019; Kim et al., 2020). 2-Hydroypropyl-beta-cyclodextrin (HPβCD) is currently being evaluated as an investigational new drug to treat Niemann-Pick Type C1 disease (NPC1) (ClinicalTrials.gov Identifier: NCT02534844), a fatal neurodegenerative disease caused by the buildup of unesterified cholesterol in brain (Kolodny, 2000; Ory, 2000; Newton et al., 2018). Unesterified cholesterol plays an important role in plasma membrane turnover, which in neurons, is estimated to be more than 20%/day (Dietschy and Turley, 2004). In the brain, inactivation of NPC1 leads to the sequestration of unesterified cholesterol in endosomes and lysosomes resulting in neurodegeneration (Aqul et al., 2011). Mutant npc1–/– mice, an animal model of NPC1 disease, develop severe pulmonary, hepatic and neurodegenerative disorders. However, when npc1–/– mice are treated with high systemic doses of HPβCD, the compound overcomes the cholesterol transport deficits allowing the release of excess sterols thereby alleviating symptoms (Liu et al., 2010; Ramirez et al., 2010; Taylor A. M. et al., 2012). Although HPβCD slows NPC1 neurodegeneration, the high therapeutic doses employed can cause hearing loss (Ward et al., 2010; Crumling et al., 2012; King et al., 2014; Cronin et al., 2015; Maarup et al., 2015; Liu et al., 2020). Cyclodextrin-induced hearing loss has an abrupt onset due to the rapid degeneration of outer hair cells (OHC; Crumling et al., 2012, 2017; Cronin et al., 2015; Takahashi et al., 2016). Over time, the inner hair cells (IHCs), spiral ganglion neurons (SGNs), and auditory nerve fibers (ANFs) eventually degenerate following high-dose cyclodextrin treatment, but the time course over which this occurs is unclear (Liu et al., 2020; Ding et al., 2021). Because HPβCD initially destroys only OHCs and because cholesterol modulates OHC electromotility mediated by prestin (Rajagopalan et al., 2007), it was assumed that this selective damage was related to the expression of the electromotile protein prestin located in the plasma membrane along the OHC lateral wall (Takahashi et al., 2016; Crumling et al., 2017). Because mutant mice with a non-electromotile version of prestin continued to be vulnerable to HPβCD ototoxicity; it was concluded that electromotility per se was not a critical factor in HPβCD ototoxicity (Zhou et al., 2018). On the other hand, OHCs in the middle and basal turn of prestin knockout mice were substantially less susceptible to HPβCD toxicity than wild type (WT) mice. Despite the absence of prestin, approximately 20% more OHCs were damaged by HPβCD in the knockout mice compared to saline controls (Takahashi et al., 2016). Moreover, there was still considerable OHC loss in the apical turn of prestin knockout mice. While these results indicate that prestin is important, other factors may contribute to cyclodextrin ototoxicity.

Prestin undergoes a developmental spatial and temporal upregulation in altricial mammals. In rodents, prestin expression in the OHC lateral wall progressively increases from postnatal day 0 (P0) reaching adult-like levels in the basal turn at approximately P9, in the middle turn around P11 and in the apical turn around P12 (Belyantseva et al., 2000; Jensen-Smith and Hallworth, 2007). In contrast, cholesterol expression in the OHC lateral wall decreases slightly from P3 to P21 (Jensen-Smith and Hallworth, 2007). If prestin expression is a key element in cyclodextrin ototoxicity, then high-dose HPβCD should only damage basal turn OHCs if the drug is administered in early postnatal life, but OHC damage should progressively increase and spread from the base to the apex of the cochlea from P0 to adulthood. To test this hypothesis, the developmental expression of prestin was evaluated in OHCs along the length of the cochlea and compared to the cochlear frequency-dependent functional deficits and time-dependent histopathological damage patterns in the cochlea. By carefully assessing the time course of cyclodextrin ototoxicity over several months, we were able to show that HPβCD, in addition to causing early onset OHC damage, also caused a large, secondary wave of damage to IHCs, ANFs and SGNs between 4- and 6-weeks after HPβCD treatment.



MATERIALS AND METHODS


Subjects

Sprague-Dawley rats (Charles River) were used for all experiments. In Experiment #1, the developmental upregulation of prestin was evaluated in the OHCs of postnatal day 5 (P5, n = 4), day 10 (P10, n = 4), day 15 (P15, n = 4) and day 28 (P28, n = 4) rats. In Experiments #2, P5 (n = 6), P10 (n = 6), P15 (n = 6), and P28 (n = 6) Sprague-Dawley rats were treated subcutaneously with a single dose of 4,000 mg/kg of HPβCD and a Control group (n = 10) was treated similarly with saline. The cochleae from these animals underwent histological analysis 8-weeks post-treatment (n = 6/group). DPOAEs and CAPs were measured from the P5 (n = 6), P10 (n = 6), and P15 (n = 6) groups 8-weeks after HPβCD treatment. DPOAEs (n = 10) and CAPs (n = 8) were also measured from the saline Control group. In Experiments #3, which was designed to assess the time-course of degeneration, the extent of hair cell, nerve fiber and SGN loss was evaluated in adult rats (∼12 weeks old at time of HPβCD treatment) as a function of time after treatment with 4,000 mg/kg of HPβCD. Sprague-Dawley rats were evaluated 1-week (n = 5) and 4- (n = 4), 6- (n = 6) or 8-weeks (n = 4) post-treatment and the results compared to a saline Control group (n = 6) 8-weeks post-treatment.



HPβCD Treatment

2-Hyroxypropyl-beta-cyclodextrin was administered subcuta-neously to rats at a dose of 4,000 mg/kg of HPβCD in sterile saline (volume: 0.2 ml for P5, P10, P15, and P28 rats and 1 ml for adult rats). This high 4,000 mg/kg dose was used in order to destroy OHCs over the length of the cochlea in order to assess the developmental upregulation of prestin from the base to apex of the cochlea. Rats in the Control group (n = 6) were subcutaneously injected with the same amount of sterile saline. One ear of each rat in the experimental group was used to prepare cochlear surface preparations; the other was used to prepare temporal bone sections. Animals were sacrificed for histological analysis at 1-week or 4-, 6- or 8-weeks after the saline or HPβCD treatments. All experimental procedures were approved by the Institutional Animal Care and Use Committee (HER05080Y) at the University at Buffalo in accordance with NIH guidelines.



Cochlear Preparations

Rats were anesthetized with ketamine (50 mg/kg, i.p.) and xylazine (6 mg/kg, i.p), decapitated and the bullae quickly removed. Openings were carefully made in the cochlear apex, round window, and the oval window and then the cochleae were perfused with 10% formalin in phosphate buffered saline (PBS) and immersed in the fixative overnight.



Cochleograms

One cochlea from each animal was stained with Ehrlich’s hematoxylin solution as previously described (Johnson et al., 2017). Afterward, the samples were mounted as a flat surface preparation in glycerin on glass slides, coverslipped and examined with a light microscope (Zeiss Standard, 400X). IHCs, OHCs, and pillar cells (PCs) were counted along successive 0.12–0.24 mm intervals from the apex to the base of the cochlea by a second person blind to the experimental conditions. A hair cell or PC was counted as present if both the cuticular plate and cell nucleus were clearly visible and considered missing if either were absent. The percentages of missing IHCs, OHCs and PCs were determined for each animal based on lab norms and a cochleogram constructed showing the percentage of missing OHCs, IHCs, and PCs as a function of percent distance from the apex of the cochlea. Position in the cochlea was related to frequency using a rat tonotopic map (Müller, 1991). Mean percent OHC, IHC, and PC losses were computed over 5% intervals of the cochlea.



Immunolabeling

In Experiment 1, cochleae from postnatal rats were incubated for 24 h with a primary rabbit anti-SLC26A5 antibody (Millipore Sigma, AV44176, 1:100 dilution) and then incubated for 2 h in a fluorescently labeled (Alexa Fluor 555) goat anti-rabbit secondary antibody (Abcam, ab15008, 1:100 dilution). The specimens were then doubled-labeled with for 1 h with Alexa Fluor 488 conjugated phalloidin (1:200, Invitrogen 474685) to label the hair cell stereocilia and cuticular plate. Specimens were mounted on glass slide, cover slipped, and examined under a confocal microscope with appropriate filters as described previously (Ding et al., 2010).



Spiral Ganglion Neurons and Auditory Nerve Fibers

To determine if HPβCD resulted in degeneration of SGNs and NFs fibers in the habenula perforata, the temporal bones from rats in Experiment 3 were fixed with 0.25% glutaraldehyde in phosphate-buffered saline for 2 h and then treated with 2% osmium tetroxide for 2 h as described in earlier publications (Ding et al., 1999; Wang et al., 2003). The temporal bones were decalcified for 48 h (Decal, Baxter Scientific Immunoreactivity Products), dehydrated through a graded series of ethanol solutions ending at 100% and then embedded in Epon 812 resin. The Epon-embedded blocks were cut parallel to the axis of the cochlear modiolus at a thickness of 4 μm using an ultramicrotome (Reichert Supernova) equipped with glass knives. Serial sections were collected on glass slides, stained with toluidine blue and examined under a light microscope (Zeiss Axioskop). Specimens were photographed with a digital camera (SPOT Insight, Diagnostic Instruments Inc.) and processed with imaging software (SPOT Software, version 4.6; Adobe Photoshop 5.5). Sections cut tangential to the habenula perforata were used to count the number of fibers passing through each habenula perforata canal. For each experimental condition, the numbers of nerve fibers were counted from 10 habenula perforata canals located in the middle of the basal turn (∼70%-distance-from-apex) of the cochlea of each animal. Measurements were obtained from each animal in the control group (n = 6) and each animal in the groups treated with 1,000, 2,000, 3,000, or 4,000 mg/kg HPβCD (n = 6/group) (Ding et al., 1999; Fu et al., 2012). Sections cut through the modiolus were used to count the number of SGNs in Rosenthal’s canal in the middle of the basal turn (∼70%-distance-from-apex) of the cochlea as described previously (Ding et al., 1998; McFadden et al., 1999; Fu et al., 2012). For each experimental condition, the number of SGNs in Rosenthal’s canal was counted in each section; data were obtained from five separate sections in each animal (sections separated by 20 μm) and a mean value was computed for each animal. Mean numbers of SGNs per section were computed for each experimental group and the Control group (n = 6/group).



DPOAE and CAP

Our procedures for measuring DPOAEs and CAPs have been described in a recent publication (Liu et al., 2020). The rats in Experiment #2 that were treated with a single 4,000 mg/kg dose of HPβCD at P5, P10, or P15 and the saline Control group were evaluated 8-weeks post-treatment. The animals were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.), placed on a heating pad to maintain normal body temperature and DPOAEs were measured with an Extended-Bandwidth Acoustic Probe System (ER10X, Etymotic Research, Elk Grove Village, IL, United States) containing two loudspeakers and a low-noise microphone. Custom software was used to generate pairs of primary tones, f1 and f2, and the microphone was used to measure the primary tones and DPOAEs in the ear canal. The higher frequency, f2, of the pair of tones was presented at a frequency 1.2 times greater than the lower frequency, f1 (i.e., f2/f1 = 1.2). The intensity of the lower frequency, L1, was set 10 dB greater than the intensity of the higher frequency, L2. The stimuli were presented for 90 ms at the rate of 5 Hz and repeated 32 times. The acoustic signal in the ear canal was recorded with the low-noise microphone, digitized (RME Babyface Pro, 192 kHz sampling rate, 24 bit A/D converter) and the intensity of f1, f2 and 2f1-f2 calculated using a fast Fourier transform (FFT). DPOAE input/output functions were constructed at f2 frequencies of 4, 8, 16, 24, 30, and 45 kHz by plotting the amplitude of 2f1-f2 at L2 intensities from 15 to 70 dB SPL in 5 dB SPL steps. DPOAEs were measured eight weeks after HPβCD treatment.

Our procedures for recording the CAP are described in a recent publication (Liu et al., 2020). Tone bursts were generated (5 ms duration, 1 ms rise/fall time, cosine2-gated, 2–60 kHz, TDT RX6 Multifunction Processor, 200 kHz sampling rate) and sent to a half-inch condenser microphone/sound source (ACO ½” microphone driven in reverse). The sound source, located within a speculum-like assembly was inserted in the ear canal. The sound source was calibrated with the aid of a ½” microphone (model 2540, Larson Davis), microphone preamplifier (Model 2221, Larson Davis) and A/D converter (RME Babyface Pro) connected to a personal computer and custom sound calibration software.

Rats were anesthetized (ketamine/xylazine cocktail; 100 mg/kg, i.p./30 mg/kg, i.p.), mounted in a custom head-holder, and placed on a temperature controlled heating blanket (Harvard Apparatus). The right cochlea was surgically opened and a recording electrode (Teflon-coated gold wire) was placed on the round window membrane and a silver chloride ground electrode placed in the neck muscle. The electrode output was amplified (1000X, DAM-50 amplifier, WPI), filtered (0.1 Hz–10 kHz), delivered to an A/D converter (100 kHz sampling rate, TDT RX6 Multifunction Processor) and averaged (100X) using custom data acquisition and filtering software (MATLAB 6.1) optimized to exclude the cochlear microphonic potential and isolate the CAP. CAP amplitude was defined as the voltage difference between the first negative peak (N1) and following positive peak (P1). CAP amplitude was plotted as a function of stimulus intensity level to construct CAP input/output functions at 4, 8, 16, 24, 30, and 45 kHz.



Analysis

GraphPad Prism (ver. 5) and/or Sigma Stat (ver. 3) software were used to plot and/or analyze the results as described below. HPβCD-induced losses of SGNs and ANFs were evaluated using a one-way ANOVA followed by Tukey’s post-hoc comparison.

This research was approved by the University at Buffalo Institutional Animal Care and Use Committee and carried out in accordance with NIH Guidelines.



RESULTS


Prestin Is Developmentally Upregulated Along the Cochlear Tonotopic Axis in Rat OHCs

Prestin immunolabeling was used to identify the location and relative abundance of prestin in P5, P10, P15, and P28 rats. Strong prestin immunolabeling was only evident in OHCs in the basal turn of the cochlea at P5 (Figures 1A–J) and P10 (Figures 1K–S). However, prestin expression spread to OHCs in the middle turn at P15 (Figures 2A–J) and to OHCs in the apical turn at P28 (Figures 2K–S) consistent with previous reports related to the spatiotemporal developmentally upregulated expression of prestin in OHCs in rats and other rodents (Belyantseva et al., 2000; Jensen-Smith and Hallworth, 2007).
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FIGURE 1. Prestin is only expressed in the basal turn of normal rats on postnatal day 5 (P5) and day 10 (P10). Representative phalloidin-labeled images, prestin-labeled images and merged confocal images of cochlear surface preparations from the apical, middle and basal turn of normal P5 rats (A–J) and P10 rats (K–S). (I,R) Note strong prestin immunolabeling in basal turn outer hair cells (OHCs), but absence of prestin labeling in inner hair cells (IHCs).
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FIGURE 2. Prestin labeling present in outer hair cells (OHCs) in basal and middle turn at P15 and labeling spreads to OHCs in apical turn at P28. Representative phalloidin-labeled, prestin-labeled and merged confocal images of cochlear surface preparations from the apical, middle and basal turn of normal P15 rats (A–J) and P28 rats (K–S). (I,R) Note strong prestin immunolabeling in OHCs at P15 and P28, but absence of prestin labeling in inner hair cells IHCs.




DPOAE Deficits Greater When HPβCD Administered at P15 Than P5

The exquisite sensitivity and frequency selectivity of the auditory system is dependent on the nonlinear, electromotile properties of OHCs, which contribute to the generation of distortion products that can be detected in the ear canal using DPOAEs (Brownell, 1990; Liberman et al., 2002). Thus, DPOAEs provide a non-invasive method for assessing OHC function. DPOAEs were evaluated 8-weeks after P5, P10, and P15 rats were treated with 4,000 mg/kg of HPβCD or in P5 rats treated with saline. To aid in the interpretation of the results, the mean (n = 10) DPOAE input/output functions of the Control group are presented with their 95% confidence intervals and compared to the mean (n = 6/group, +/–SEM) input/output functions obtained from the groups treated with HPβCD at P5, P10, or P15 HPβCD (Figure 3). The DPOAEs in the group treated with HPβCD at P15 were largely abolished at frequencies from 8 to 45 kHz and greatly reduced at 4 kHz. In contrast, the groups treated with HPβCD at P5 and P10 had DPOAE input/output functions at 4, 8, and 16 kHz that were completely normal (Figures 3A–C). The P5 DPOAE input/output function at 24 kHz was within normal limits whereas P10 DPOAE amplitudes were slightly below normal at high intensities (Figure 3D). P5 and P10 DPOAE amplitudes at 30 kHz were far below normal; however, the deficits were consistently less for P5 than P10 (Figure 3E). P5 and P10 DPOAE amplitudes were barely detectable except at L2 intensities greater than 60 dB SPL. Thus, HPβCD almost completely eliminated DPOAEs in the P15 group whereas in the P5 and P10 groups it only reduced DPOAE amplitudes at the high, but not the low frequencies.
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FIGURE 3. DPOAE deficits are more severe in adulthood if HPβCD is administered to postnatal rats at P15 than P5 or P10. Mean DPOAE input/output functions measured in the adult Control group (n = 10, +/-95% confidence interval) compared to mean (+/–SEM, n = 6/group) DPOAE input/output functions measured in adults 8-weeks after the rats were treated with 4,000 mg/kg HPβCD at P5, P10 or P15. Data shown for (A) 4 kHz, (B) 8 kHz, (C) 16 kHz, (D) 24 kHz, (E) 30 kHz and (F) 45 kHz.




CAP Deficits Greater When HPβCD Administered at P15 Than P5

Type I auditory nerve fibers make one to one synaptic contact with IHCs. Tone burst-evoked activation of IHCs results in the sudden release of neurotransmitter from the base of the IHC onto afferent terminals resulting in synchronous neural discharges that generate the CAP (Bourien et al., 2014). The CAP, which reflects the neural output of the cochlea relayed from the IHCs, was measured 8-weeks after the P5, P10, and P15 rats had been treated with 4,000 mg/kg of HPβCD and compared to measurements from rats in the saline Control. The CAP waveforms elicited by 80 dB SPL tone bursts presented at 8 kHz are shown in Figure 4A; results are presented for a representative rat in the saline Control group and rats treated with HPβCD at P5, P10, or P15. The CAP measurement were obtained 8-weeks post-treatment. Large N1 and N2 responses were present in the Control, P5 and P10 rats, whereas N1 and N2 response were absent in the P15 rat. To visualize the age-dependent effects of the HPβCD treatment, the mean (n = 8) CAP input/output functions of the Control group are presented with their 95% confidence intervals and the results compared to the mean (n = 6/group, +/–SEM) CAP input/output functions measured 8-weeks after the P5, P10, and P15 groups had been treated with 4,000 mg/kg HPβCD (Figures 4B–G). CAP responses in the P15 group were largely abolished from 8 to 45 kHz; the CAP was present at 4 kHz, but the amplitude was greatly reduced (Figure 4B). In contrast, CAP responses in the P5 and P10 group were similar to the Control group from 4 to 24 kHz (Figures 4B–E), slightly reduced at 30 kHz (Figure 4F) and greatly reduced at 45 kHz compared to the Control group (Figure 4G). The deficits at 45 kHz were slightly greater at P10 than at P5 (Figure 4G). HPβCD was thus much more ototoxic when administered at P15 than P5 or P10 and the ototoxic effects were more severe at the high frequencies.
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FIGURE 4. Adult CAP deficits are more severe when HPβCD is administered to postnatal rats at P15 than P5 or P10. (A) Representative CAP waveforms elicited by 8 kHz tone bursts presented at 80 dB SPL. Note large reduction in CAP amplitude in adult rats when HBβCD was administered at P15 and nearly normal response when the drug was administered at P5 or P10. Mean (n = 8, +/-95% confidence interval) CAP input/output functions at (B) 4 kHz, (C) 8 kHz, (D) 16 kHz, (E) 24 kHz, (F) 30 kHz and (G) 45 kHz in Control rats compared to mean (+/–SEM, n = 6/group) input/output functions obtained 8-weeks after the rats were treated with 4000 mg/kg HPβCD at P5, P10 or P15. CAP amplitudes in the P5 and P10 group were much larger than those in the P15 group. At 45 kHz, CAP amplitudes in the P5 and P10 group were much smaller than in the Control group.




Cochlear Lesions Greater When HPβCD Administered at P28 Than P10 or P15

To determine if the cochlear histopathologies from HPβCD treatment were age-dependent, mean cochleograms (n = 6/group, +/–SEM) were prepared 8-weeks after the P5, P10, P15, and P28 rats had been treated with 4,000 mg/kg of HPβCD. The smallest cochlear pathologies occurred in the group treated with HPβCD at P5 (Figure 5A). The OHC losses in this group decreased from 100% at the base to less than 10% approximately 70% distance from the apex (DFA). Small (<25%) IHC and PC losses were present 90–100% DFA. The OHC losses in the P10 group were similar to those seen in the P5 group (Figure 5B), but the IHC and PC losses in the P10 group, which were more severe than at P5, approached 90% at the most basal location. The cochlear lesions were much more extensive and severe in the P15 group (Figure 5C). All of the OHCs were missing over the basal half of the cochlea followed by a decrease in OHC loss to less than 10% loss ∼30% DFA. All of the IHCs and PCs were missing over the basal two-thirds of the cochlea; the loss decreased to less than 10% approximately 45% DFA. There was a further apical expansion of the lesion in the group treated with HPβCD at P28 (Figure 5D). The OHC lesion decreased from 100% over the basal two-thirds of the cochlea to ∼30% at the extreme apex. Unlike the P15 group, the IHC and PC lesions in the P28 group hovered around 80% over the basal two-thirds of the cochlea followed by a gradual decline to less than 10% IHC and PC loss in the extreme apex. Thus, the OHC lesion was confined to the base of the cochlea when HPβCD was administered at P5 or P10 and the OHC lesion was only slightly greater at P10 than P5. The OHC lesion rapidly expanded toward the apex when the drug was administered from P15 to P28 (Figure 5E), a pattern consistent with the developmental upregulation of prestin expression in rat OHCs (Belyantseva et al., 2000). HPβCD also caused extensive damage to IHCs and PCs, but the damage was restricted to cochlear locations where the drug also caused at least 30% or more OHC loss. IHC and PC damage was never observed at cochlear locations where nearly all the OHCs were present. The IHC lesion also rapidly expanded toward the apex when HPβCD was administered at P15 or P28 (Figure 5F).
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FIGURE 5. Mean (+/–SEM, n = 6) cochleograms showing percent missing outer hair cells (OHCs), inner hair cells (IHCs), and pillar cells (PCs) plotted as function of percent distance from the apex (DFA). Frequency-place map of rat cochlea below abscissa (Müller, 1991). Data obtained 8-weeks after (A) P5, (B) P10, (C) P15, and (D) P28 rats were treated with 4,000 mg/kg of HPβCD. Large OHC lesion present 70–100% DFA at P5 and P10 (A,B). OHC lesion spreads toward the apex from P15 (C) to P28 (D). Minimal IHC and PC losses in base of cochlea at P5 (A). IHC and PC losses increase dramatically and spread from the base toward the apex of the cochlea from P10 to P28. Comparison of mean (n = 6/group) (E) OHC loss and (F) IHC loss when HPβCD administered at P5, P10, P15 or P28. Note rapid expansion of OHC and IHC losses from P5 to P28.




Delayed Onset Between OHC Loss and IHC and PC Degeneration

2-Hyroxypropyl-beta-cyclodextrin was originally believed to only damage prestin-bearing OHCs (Crumling et al., 2012; Cronin et al., 2015; Takahashi et al., 2016). However, more recent work indicates that HPβCD also leads to the delayed destruction of IHCs and PCs (Liu et al., 2020). To determine when the IHCs and PCs degenerated, we treated adult rats with 4,000 mg/kg of HPβCD or saline and evaluated their cochleae from 1- to 8-weeks post-treatment. The mean cochleogram (n = 6) from the saline Control group showed no loss of OHCs, IHCs, or PCs 8-weeks post-treatment (Figure 6A) whereas massive OHC loss was evident over most of the cochlea 1-week after HPβCD treatment (Figure 6B). The magnitude and extent of the OHC lesion was roughly the same at 4-, 6-, and 8-weeks post-treatment (Figures 6C–E). There was little evidence of IHC or PC loss 1-week after HPβCD treatment. After 4-weeks, a mild IHC/PC lesion emerged near the base of the cochlea, but at 6-weeks post-treatment the IHC/PC lesion underwent a massive expansion to match the large OHC pathology (Figure 6D). A large IHC/PC lesion that followed the general contour of the OHC pathology was also present 8-weeks post-treatment. To illustrate the delayed, but rapid expansion of IHC lesion between 4- and 6-weeks, Figure 6F compares the mean IHC lesion at 1-, 4-, 6-, and 8-week(s) post-treatment. The massive IHC/PC lesions present at 6- and 8-weeks post-treatment were associated with a flattened sensory epithelium composed of large cuboidal cells (Figures 7C,D) that had replaced the highly stereotyped network of sensory cells and support cells that comprise the partially damaged (Figure 7B) or normal organ of Corti (Figure 7A).
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FIGURE 6. Inner hair cell (IHC) and pillar cell (PC) losses dramatically increase in adult rats 4–8 week after 4,000 mg/kg HPβCD treatment. Mean (+/–SEM) cochleograms showing percent missing OHCs, IHCs and pillar cells (PC) plotted as function of percent distance from the apex (DFA) in adult rats. Rat cochlear frequency-place map shown below abscissa (Müller, 1991). (A) Mean (n = 6) data from saline Control group 8-weeks post-treatment (n = 6). Mean cochleograms obtained from adult rats treated with 4,000 mg/kg HPβCD and evaluated (B) 1-week post-treatment (n = 5), (C) 4-weeks post-treatment (n = 4) (D) 6-weeks post-treatment (n = 4), and (E) 8-weeks post-treatment (n = 4). Massive OHC loss 1-week after 4,000 mg/kg treatment, but no IHC and PC loss (B), but massive IHC and PC loss occurs 6- to 8-weeks post-treatment (D,E). (F) Mean cochleogram showing percent IHC loss as a function of percent distance from the apex (DFA) of the cochlea; cochlear frequency-place map shown on the abscissa. Note large increase in IHC loss between 4- and 6-weeks post-treatment.
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FIGURE 7. Massive inner hair cell (IHC) and pillar cells(PC) loss occurs 6–8 weeks after treatment with 4,000 mg/kg HPβCD. Representative photomicrographs of hematoxylin and eosin stained cochlear surface preparation from middle of the basal turn (60–80% distance from apex) of the cochlea. Representative photomicrograph shown for (A) 8-weeks after saline treatment and (B) 1-week, (C) 6-weeks, and (D) 8-weeks after treatment with 4,000 mg/kg of HPβCD. (A) Three orderly rows of outer hair cells (OHC), single row of inner hair cells (IHC) and pillar cells present in saline controls. (B) IHCs and PCs present, but most OHCs missing 1-week after treatment with 4,000 mg/kg HPβCD. (C,D) Massive OHC, IHC and PC loss results in flattened sensory epithelium that is replaced by many large, cuboidal cells (yellow arrowhead).




Delayed Nerve Fiber and Spiral Ganglion Degeneration

Massive loss of hair cells and support cells often leads to the degeneration of nerve fibers that innervate the cochlea (McFadden et al., 2004). To determine if and when the nerve fibers were degenerating after administering 4,000 mg/kg of HPβCD, we counted the number of nerve fibers in the habenula perforata in the basal turn of the cochlea 1-, 4-, 6-, and 8-week(s) after treatment with 4,000 mg/kg of HPβCD. The habenula perforatae were densely packed with nerve fibers in the Control cochlea (Figure 8A) and there was only a slight hint of a reduction in fiber density at 1- and 4-weeks post-treatment (Figures 8B,C); however, there was a massive reduction in fiber density in the habenula perforatae at 6- and 8-weeks post-treatment (Figures 8D,E). The mean (n = 6/group, +SEM) number of nerve fibers per habenula perforata was approximately 116 (n = 6 rats) in the saline Control group (Figure 8F). The mean (n = 6 rats/group) numbers of nerve fibers decreased to 106, 99, 28, and 5, respectively when rats were evaluated at 1-week or 4-, 6-, or 8-week(s) after treatment with 4,000 mg/kg HPβCD. The numbers of nerve fibers in the 6- and 8-weeks groups were significantly less than those in the Control group [one-way analysis of variance (F (4, 25) = 62.47, p < 0.0001, Tukey’s multiple comparison, p < 0.05].
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FIGURE 8. Massive loss of nerve fibers occurs in habenula perforata 6- to 8-weeks following 4,000 mg/kg treatment with HPβCD. Representative photomicrograph of methylene blue-stained 4 micron sections taken tangent to the habenula perforata in the middle of the basal turn from an adult rat in the (A) saline Control group 8-weeks post-treatment and from adult rats treated with 4,000 mg/kg HPβCD and evaluated (B) 1-week, (C) 4-weeks, (D–E) 6- and 8-weeks post-treatment. Nerve fibers densely packed in habenula perforata of (A) saline control; nerve fiber packing density slightly reduced at 1- and 4-week post-treatment followed by a massive reduction in nerve fiber density 6- and 8-weeks post-treatment (C,D). (F) Mean numbers (+SEM, n = rats/group) of nerve fibers per habenula perforata in saline Control group and groups treated with 4,000 mg/kg HPβCD and evaluated 1-, 4-, 6- or 8-weeks post-treatment.


The nerve fiber loss in the habenula perforatae was accompanied by a corresponding loss of SGNs. Rosenthal’s canal in the middle of the basal turn of the cochlea was packed with SGNs in the saline Control group together with IHCs and OHCs in the organ of Corti adjacent to the spiral limbus (SL) (Figure 9A). The OHCs were missing 1-week after treatment with 4,000 mg/kg of HPβCD, but numerous SGNs were still present in Rosenthal’s canal (Figure 9B). The modest reduction of SGNs in Rosenthal’s canal at 4-weeks post-treatment was followed by a massive loss at 6-weeks post-treatment (Figure 9D) and a nearly complete loss at 8-weeks post-treatment (Figure 9E). Despite the massive loss of hair cells, SGNs and collapse of the organ of Corti, the SL appeared relatively normal (Figure 9D). The loss of SGNs was quantified in the different groups in the middle of the basal turn. The mean (n = 6, +SEM) number of SGNs per Rosenthal’s canal was approximately 49 in both the saline Control group and the group evaluated 1-week after treatment with 4,000 mg/kg HPβCD (Figure 9F). The mean (n = 6 rats/group, +SEM) number decreased slightly to 43 at 4-weeks post-treatment followed by a dramatic reduction to 14 at 6-weeks and nearly a complete loss of SGNs at 8-weeks post-treatment. The numbers of SGNs in the 6- and 8-weeks groups were significantly less than in the Control group (one-way analysis of variance (F (4, 25) = 179.9, p < 0.0001, Tukey’s multiple comparison, p < 0.05).


[image: image]

FIGURE 9. Massive loss of spiral ganglion neurons (SGN) in Rosenthal’s canal 6- to 8-weeks following 4,000 mg/kg treatment with HPβCD. Thin sections (4 μm) through the modiolus in the middle of the basal turn of the cochlea. (A) Saline control showing inner hair cell (IHC), outer hair cells (OHC), and spiral limbus (SL). Rosenthal’s canal filled with SGNs. (B–E) Sections from adult rats treated with 4,000 mg/kg of HPβCD and evaluated 1-, 4-, 6- and 8-weeks post-treatment: Numbers of SGNs in Rosenthal’s canal (B) normal at 1-week post-treatment, (C) slightly reduced at 4-weeks post-treatment and greatly reduced at (D) 6-weeks and (E) 8-weeks post-treatment. (F) Mean (n = 6, +SEM) numbers of SGNs in Rosenthal’s canal in the saline Control group versus the groups treated with 4,000 mg/kg HPβCD and evaluated 1-, 4-, 6- and 8-weeks post-treatment. Numbers of SGNs in HPβCD-treated groups evaluated at 6- and 8-weeks post-treatment were significantly less than in the saline Control group.




DISCUSSION


Prestin Upregulation Determines Spread of High-Frequency Auditory Impairment

2-Hyroxypropyl-beta-cyclodextrin-induced hearing loss is associated with the rapid destruction of OHCs (Crumling et al., 2012, 2017; Cronin et al., 2015; Ding et al., 2020, 2021). This rapid destruction of OHCs can be tracked non-invasively by serially measuring DPOAEs. In adult rats, the 4,000 mg/kg dose of HPβCD completely eliminated the DPOAE 2-days post-treatment (Liu et al., 2020). Although several mechanisms have been suggested (Crumling et al., 2017), selective cyclodextrin ototoxicity is believed to be correlated with prestin expression in OHCs because knockout mice missing this protein are more resistant to cyclodextrin damage than wild type mice (Takahashi et al., 2016) or mutant mice with a non-electromotile form of prestin (Zhou et al., 2018).

In order to investigate the developmental upregulation of prestin in OHCs from base to apex, we employed a high 4,000 mg/kg dose of HPβCD that would destroy OHCs over the entire length of the rat cochlea (Liu et al., 2020). The functional deficits observed in our postnatal rats treated with HPβCD were closely correlated with the temporal and spatial upregulation of prestin in OHCs indicating that prestin, or some other unknown factor associated with its expression, is critically important for initiating cyclodextrin-induced OHC loss. If HPβCD was administered to rats at P5 or P10, when prestin was absent from OHCs in the apical and middle turn, then low- and mid-frequency DPOAEs and CAPs measured 8-weeks post-treatment were normal, i.e., the absence of prestin in OHCs when HPβCD was administered prevented cyclodextrin ototoxicity at the low- and mid-frequencies. Prestin was already present in basal turn OHCs at P5 and P10 and when rats were treated with HPβCD at these ages, high-frequency DPOAEs and CAPs measured 8-weeks post-treatment were greatly depressed. When HPβCD was administered to rats at P15, when prestin was also expressed in middle-turn OHCs, then mid-frequency DPOAEs and CAPs measured 8-weeks post-treatment were also depressed. Thus, the developmental spatiotemporal upregulation of prestin in OHCs determined when the OHC loss and cochlear hearing loss spread from high to low frequencies.

The postnatal time at which HPβCD was administered together with the spatiotemporal expression of prestin determined the location and breadth of the HPβCD-induced OHC lesion (Figure 5F). The OHC lesion was confined to the high-frequency, basal third of the cochlea when HPβCD was administered at P5 or P10, consistent with the presence of prestin in the base of the cochlea. However, the OHC lesion expanded to cover the basal two-thirds of the cochlea when cyclodextrin was administered at P15, at which time prestin expression had expanded from the base to the middle turn of the cochlea. Importantly, prestin was expressed in the apical turn, as well as middle and basal turns, at P28. Only then did the OHC lesions appear in the most apical region of the cochlea. Thus, the expansion of the OHC lesion toward the apex of the cochlea was closely correlated with the developmental base to apex upregulation of prestin, which finally appeared in the cochlear apex at P28. Our apical turn results might account for the lack of OHC loss in the apex of the cochlea of WT mice treated with 8000 mg/kg of HPβCD on P21 (Takahashi et al., 2016). The absence of OHC damage in the apex of the WT mouse cochlea is most likely due to the fact that prestin was expressed at such a low level on P21 that HPβCD was unable to damage OHCs in the most apical portion of the cochlea.



Mechanisms of HPβCD OHC Damage

Several different mechanisms could contribute to the cyclodextrin-induced OHC death (Crumling et al., 2012, 2017), but interactions between cholesterol and prestin have garnered the most attention. Prestin is expressed in the lateral wall of mature OHCs and has also been reported in the cytoplasm of vestibular hair cells although its cytoplasmic expression has not been independently verified (Belyantseva et al., 2000; Adler et al., 2003). Systemic administration of cyclodextrin, however, does not damage adult vestibular hair cells (Ding et al., 2020, 2021), nor does it damage postnatal OHCs lacking prestin. Prestin is heavily expressed along the OHC lateral wall, adjacent to the actin-spectrin cortical lattice and subsurface cisternae (Jensen-Smith and Hallworth, 2007; Legendre et al., 2008). Prestin appears to interact with cholesterol (Takahashi et al., 2016) and experimental manipulations of cholesterol affect OHC stiffness, electromotility, the lateral mobility of prestin in the membrane and prestin function (Nguyen and Brownell, 1998; Rajagopalan et al., 2007; Kamar et al., 2012). Imaging studies have revealed high levels of cholesterol staining at the apical and basal poles of normal OHCs. In contrast, low-levels of cholesterol are present along the lateral wall of OHCs in WT mice whereas cholesterol labeling is more abundant in the lateral wall of prestin knockout mice (Nguyen and Brownell, 1998; Rajagopalan et al., 2007; Brownell et al., 2011; Takahashi et al., 2016). Treatment of isolated OHCs with cyclodextrin often leads to rapid cell death associated with rupture of the cell’s membrane. In contrast, OHCs in prestin knockout mice are largely resistant to cyclodextrin (Rajagopalan et al., 2007; Takahashi et al., 2016). In cochlear organotypic cultures, HPβCD-induced OHC death was initiated by the extrinsic caspase-8 apoptotic pathway that is triggered by ligands that bind to death receptors on the cell’s membrane (Salvesen, 2002; Cheng et al., 2005; Ding et al., 2020). Because of the low-abundance of cholesterol in the lateral wall of normal OHCs, further cyclodextrin-induced depletion of cholesterol from this region likely leads to the breakdown of the plasma membrane in the lateral wall of OHCs leading to rapid onset of caspase-8 mediated cell death (Garofalo et al., 2003; Schonfelder et al., 2006). Caspase-8 inhibitors could be used to test this hypothesis (Wang et al., 2004; Bozzo et al., 2006).



Time Course of IHC, PC, and SGN Degeneration

Much of the previous literature on HPβCD ototoxicity in mice has focused on its early, selective destruction of OHCs with little evidence of damage to IHCs, ANFs, or SGNs (Crumling et al., 2012, 2017; Takahashi et al., 2016; Zhou et al., 2018). However, recent studies from our lab have revealed that HPβCD unexpectedly causes massive, delayed degeneration of rat IHCs, PCs, ANFs, SGNs, and much of the organ of Corti (Ding et al., 2020; Liu et al., 2020). The abrupt onset of this massive secondary loss of IHCs, ANFs, and SGNs differs from the progressive loss of SGNs seen after most other ototoxic drug insults or traumatic noise exposures (Koitchev et al., 1982; Bichler et al., 1983; Yagi et al., 2000; Lin et al., 2011). The abrupt onset of this second wave of degeneration may have been missed in previous mouse studies because the bulk of the damage occurred well beyond the time period when degeneration of OHCs and IHCs typically occurs. From our previous studies, it was unclear exactly when the IHC, ANF, and SGN damage occurred. Our results indicate that this secondary degenerative process occurs suddenly, starting in the base of the cochlea 4-weeks post-treatment and expanding to virtually all of the cochlea by 8-weeks post-treatment (Figures 5, 8, 9). The sudden increase in these IHC, ANF and SGN pathologies occurred between 4- and 6-weeks post-treatment. We are unaware of any ototoxicity studies showing an abrupt, massive upsurge of IHC, ANF and SGN damage more than a month after the initial damage to OHCs occurs. In some cases, nearly 100% of the IHCs and PCs were missing in regions with complete OHC loss (Figure 6), but in other cases only ∼80% had degenerated (Figure 5). Additional studies are needed to determine if all the IHCs, support cells and SGNs eventually degenerate with longer survival times or if the degenerative processes are essentially complete by 8-weeks post-treatment. Although high doses of HPβCD are highly ototoxic, studies have shown that very little of the drug actually crosses the blood-brain barrier when it is administered systemically (Ramirez et al., 2011; Pontikis et al., 2013; Vecsernyes et al., 2014). Therefore, the levels of HPβCD in the cochlea would be expected to be low unless the blood-labyrinth barrier was uniquely permeable to HPβCD or if the drug disrupted the blood-labyrinth barrier. Systemically administered HPβCD is rapidly cleared from the body within a few hours; however, its effects on cholesterol synthesis may be long lasting (Aqul et al., 2011) raising the possibility of more prolonged degenerative effects.

2-Hyroxypropyl-beta-cyclodextrin-induced OHC degeneration occurs rapidly within hours after intracerebral administration and within 1 day after subcutaneous dosing (Crumling et al., 2017). The acute damage to OHCs has been repeatedly observed (Figure 6; Crumling et al., 2012; Cronin et al., 2015; Takahashi et al., 2016; Ding et al., 2020). In contrast, the onset of IHC, PC, ANF and SGN degeneration did not begin until 4-weeks post-treatment, but during the following two weeks there was a large increase in the magnitude and apical expansion of the lesion (Figures 6F, 8F, 9F; Liu et al., 2020; Ding et al., 2021). The PC losses were highly correlated with the IHC lesions suggesting that the survival of these two structures depended on some common factor such as loss of neurotrophic support (Mueller et al., 2002; Pickles and Chir, 2002; Fritzsch et al., 2004). Reintroducing one or more neurotrophic factors into the cochlea at specific times following HPβCD treatment could aid in identification of specific neurotrophic factors that enhance the survival of IHCs, PCs, ANFs or SGNs (Atkinson et al., 2012; Chen et al., 2018; Leake et al., 2019; Ma et al., 2019). Cholesterol depletion is known to disrupt intercellular communication and tight junctions and lead to anoikis-like cell death (Lambert et al., 2007; Park et al., 2009; Zhang et al., 2018), disruption of the reticular lamina and/or dedifferentiation of the organ of Corti (Favre and Sans, 1991; Kiernan et al., 2005; Oesterle and Campbell, 2009; Taylor R. R. et al., 2012). In order to account for the delayed degeneration of these structures, HPβCD would need to induce long-lasting changes in sterol homeostasis.

The early, massive loss of OHCs could lead to chronic cochlear neuroinflammation associated with release of toxic substances from dying cells or the subsequent invasion and/or upregulation of phagocytic cells (macrophages/microglia) (Wood and Zuo, 2017). Chronic macrophage/microglia activation begins around 4-weeks after intense noise exposure (Baizer et al., 2015). The proinflammatory molecules which these immune cells release (Dheen et al., 2007) could contribute to the delayed HPβCD-induced IHC, PC, ANF, and SGN degeneration. This hypothesis could be tested by administering therapeutic compounds that suppress neuroinflammation (Lee et al., 2016; Tillinger et al., 2018). Finally, if the secondary wave of IHC, ANF, and SGN degeneration is caused by an inflammatory storm initiated by the massive degeneration of OHCs, then HPβCD-induced damage to these structures would be expected to be minimal in animals in which the OHCs have been already be eliminated by genetic or other manipulations. However, if this secondary wave of degeneration is due to long term disruption of cholesterol homeostasis, then HPβCD would be expected to cause delayed damage (second wave) to IHCs, ANFs and SGNs in animals with missing OHCs.



Synthesis

Figure 10 is a schematic that attempts to synthesize and integrate the general findings of the current study as well as the results from earlier reports (Ding et al., 2020, 2021; Liu et al., 2020). At P5, prestin is most heavily expressed in the base of the cochlea (Figure 10A). When HPβCD is administered at P5, it initially (early phase 1-week post-treatment) destroys only the OHCs in the base of the cochlea eliminating or greatly reducing high frequency DPOAEs. Because of OHC amplification, the input to the IHCs is reduced during the early phase of damage thereby increasing the threshold and reducing the CAP amplitude that is initiated by IHC neurotransmitter release (Dallos and Harris, 1978). Between 4- and 8-weeks after HPβCD treatment, the IHCs, ANFs, and SGNs abruptly die off during the late phase of degeneration; this further exacerbates the CAP loss. If HPβCD is administered at P10 when prestin expression in OHCs expands further toward the middle of the cochlea (Figure 10B), the OHC, DPOAE, and CAP losses expand further toward the apex and to lower frequencies during the early phase of damage (1-week post-treatment). During the late phase, the IHCs, ANFs, SGNs suddenly die off and CAP losses are exacerbated. Now the losses include both high- and mid-frequencies. If HPβCD is administered at P15 or later when prestin in OHCs is expressed throughout the cochlea (Figure 10C), the OHC, DPOAE, and CAP losses expand toward the apex and lower frequencies during the early phase of damage. During the late phase, the IHCs, ANFs, and SGNs also die off and CAP losses are further exacerbated. Thus, the greatest and most widespread damage from HPβCD occurs after prestin expression has reached adult levels.
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FIGURE 10. Schematics in panels (A–C) showing the approximate location of prestin in outer hair cells (OHCs) in the base, middle, and apex of the cochlea on postnatal day 5, 10, and 15 (P5, P10, and P15) when HPβCD was administered. Each panel shows the approximate cochlear location and frequency of the loss and/or damage to OHCs, distortion product otoacoustic emissions (DPOAEs), the compound action potential (CAP), inner hair cells (IHCs), auditory nerve fibers (ANFs), and spiral ganglion neurons (SGNs) approximately 1-week (Early phase) and approximately 8-weeks (Late phase) after HPβCD treatment. The least damage/loss occurs when HPβCD is administered at P5 when prestin is mainly expressed in the base of the cochlea. The greatest damage/loss occurs when HPβCD is administered at P15 when prestin is expressed over most of the cochlea. CAP loss is observed in the early phase because the OHC and DPOAE losses affect the input to the IHCs. CAP losses are exacerbated during the late phase because of the additional loss of IHCs, ANFs and SGNs.




Clinical Implications

2-Hyroxypropyl-beta-cyclodextrin ameliorates many of the clinical disorders associated with NPC1 and slows the progression of the disease, but a major side effect is rapid onset sensorineural hearing loss that spreads from high to low frequencies (Ward et al., 2010; Crumling et al., 2012; King et al., 2014; Cronin et al., 2015; Maarup et al., 2015). The initial reports in animals suggested that the HPβCD-induced hearing loss was caused by early damage to the OHCs consistent with the results presented here, but recent results indicate that there is massive, delayed damage to IHCs, ANFs and SGNs that occurs between 4 and 8-weeks post-treatment (Figures 6, 8, 9; Liu et al., 2020; Ding et al., 2021). This second, delayed wave of degeneration implies that HPβCD ototoxicity is worse than previously believed. The clinical consequences of IHC and SGN degeneration is that it greatly reduces the benefits of hearing aids and cochlear implants for patients receiving HPβCD treatments. Given that the delayed degeneration of IHCs, ANFs, and SGNs occurs over a well-defined 4- to 8-week time window following HBβCD treatment, researchers could use this animal model to test out various therapeutic interventions to prevent the secondary degeneration of the remaining IHC, ANFs and SGNs using antioxidants, neurotrophins or a cocktail of the two (Rybak and Whitworth, 2005; Atkinson et al., 2012; Leake et al., 2019; Chen et al., 2020). The optimal time for delivering these therapies would seem to be from approximately 7-days after HPβCD treatment to 8-weeks post-treatment and possibly longer.
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Objective: To describe and study the population statistics, hearing phenotype, and pathological changes of a porcine congenital single-sided deafness (CSSD) pedigree.

Methods: Click auditory brainstem response (ABR), full-frequency ABR, and distortion product otoacoustic emission (DPOAE) were used to assess the hearing phenotype of the strain. Tympanogram was used to assess the middle ear function since birth. Celloidin embedding–hematoxylin–eosin (CE-HE) stain and scanning electron microscopy (SEM) were used to study the pathological changes of cochlear microstructures. Chi-square analysis was used to analyze the relation between hearing loss and other phenotypes.

Results: The mating mood of CSSD with CSSD was most efficient in breeding-targeted CSSD phenotype (47.62%), and the prevalence of CSSD reached 46.67% till the fifth generation, where 42.22% were bilateral hearing loss (BHL) and 9.00% were normal hearing (NH) individuals. Hearing loss was proved to have no relation with coat color (P = 0.0841 > 0.05) and gender (P = 0.4621 > 0.05) by chi-square analysis. The deaf side of CSSD offspring in the fifth generation had no relation with that of their maternal parent (P = 0.2387 > 0.05). All individuals in this strain exhibited congenital severe to profound sensorineural hearing loss with no malformation and dysfunction of the middle ear. The good hearing ear of CSSD stayed stable over age. The deaf side of CSSD and BHL presented cochlear and saccular degeneration, and the hair cell exhibited malformation since birth and degenerated from the apex to base turn through time. The pathology in BHL cochlea progressed more rapidly than CSSD and till P30, the hair cell had been totally gone. The stria vascularis (SV) was normal since birth and degenerated through time and finally exhibited disorganization of three layers of cells.

Conclusion: This inbred porcine strain exhibited high and stable prevalence of CSSD, which highly resembled human non-syndromic CSSD disease. This porcine model could be used to further explore the etiology of CSSD and serve as an ideal tool for the studies of the effects of single-sided hearing deprivation on neural, cognitive, and behavioral developments and the benefits brought by CI in CSSD individuals.

Keywords: porcine (pig) model, deafness (hearing loss), ABR, DPOAE, pathology


INTRODUCTION

Single-sided deafness (SSD) is defined as profound sensorineural hearing loss in one ear with normal hearing on the opposite side. Congenital SSD (CSSD) often refers to those who did not pass the newborn hearing screening and then was diagnosed with unilateral hearing loss at birth. The incidence of sensorineural hearing loss is estimated to be 1.86 per 1,000 newborns; among them, 30–40% are unilateral (Fitzpatrick et al., 2017; van Wieringen et al., 2019), but the CSSD incidence varies among researches because populations of different ages were involved, for children from 6 to 19 years old. The estimated CSSD incidence was 0.7–0.8% (Ross et al., 2010). In South Korea, the prevalence of unilateral hearing loss (UHL) was 9.31%, among which SSD accounts for 5.98% in the population over 12 years old; however, the prevalence of CSSD was unknown (Jun et al., 2015). Because of the lack of international or regional epidemiology study, the incidence of CSSD needs further study.

Many researches had tried to find etiologies of CSSD; some identified risk factors including cochlear nerve deficiency (Clemmens et al., 2013; Lipschitz et al., 2020), congenital cytomegalovirus, congenital inner ear malformation, and bacterial and viral meningitis, but more than 60% of the CSSD was of unknown etiology (van Wieringen et al., 2019). Unilateral and asymmetric hearing loss in a Waardenburg Syndrome Type 2 (WS2) pedigree was reported to be caused by mutation in KIT or KITLG. KIT-KITLG signaling pathway and MITF were suggested to mutually interact in the migration process of melanocyte from the neural crest to stria vascularis (SV). The imbalanced migration and distribution of melanocytes in stria vascularis might be cause by laterality of hearing (Zazo Seco et al., 2015; Hamadah et al., 2019). However, most cases of CSSD in the clinic were non-syndromic and reported to be not correlated with other systematic symptoms.

Besides the high prevalence, CSSD gradually catches clinical physicians’ attention because there is a growing consensus that children with CSSD have difficulties in hearing, sound localization, and speech discrimination in a noisy environment. Moreover, CSSD also negatively influences the neural, cognitive, language, and behavioral development and neural network working mode (Kral and O’Donoghue, 2010; Maslin et al., 2013). A large body of researches had verified that the duration and onset of UHL were two key factors impacting the auditory restoration, cochlear implantation (CI) outcome, and cortical speech processing (Kral and Sharma, 2012; Vanderauwera et al., 2020). Clinically, CI might be the only way to restore hearing, but its outcome was controversial. A longitudinal study on six CSSD infants with early CI intervention demonstrated that children showed beneficial outcome in language, cognitive development, and hearing compared to non-implanted samples (Sangen et al., 2019). Additionally, early CI also helped avoid neurofunctional dominance of the hearing ear and would be beneficial to the neural development in deaf cats (Kral et al., 2013), indicating early CI in the case of CSSD.

Few clinical studies separate CSSD and acquired SSD (ASSD) in neuroscientific studies. The mechanism and the onset of neural reorganization might differ for CSSD and ASSD, which should be considered (Vanderauwera et al., 2020). Since clinical research cannot reveal the pathological changes and the observation period for brain and auditory system function changes is usually very long, researchers referred to animal models. Different species of animals have been used in the hearing research, including chinchilla, white deaf cats, mouse, rat, and dogs with pigmentation. Various methods have been tried to establish the SSD animal model, among which cochlear ablation is the most often used method. Other ways include local injection of high dose of gentamicin or neomycin at early postnatal days to cochleae to mimic the congenital SSD to study the impact of monaural hearing deprivation on cortical development or deafening adult animals by injecting drugs to the middle ear, posterior canal, and round window at different ages to study the impact of sudden SSD on the trajectory changes of cortical, visual, and language processing (Jakob et al., 2016; Liu et al., 2016; Banakis Hartl et al., 2019; Cheng et al., 2019; Ding et al., 2020; Zhong et al., 2020).

The postnatal artificial SSD could not fully mimic congenital SSD, and the influence of CSSD on cortical development started long before birth. How imbalanced sound signal input affect the neural development since embryo stage remains unknown because of lack of CSSD animal models. Congenitally unilateral deaf animal was reported in feline, canine, and horse breeds. Various reports indicated that deaf white cats (DWCs) were feline homolog of the human Waardenburg syndrome (Schwartz and Higa, 2009) because the coat and iris pigmentation were correlated with hearing loss and several relating genes had been reported, like PAX3 and KIT (David et al., 2014). Andrej Kral explored how unilateral hearing affected cortex plastic reorganizations by using two CSSD white cats (Kral et al., 2013), which were reported and inbred by Heid et al. (1998). However, the CSSD phenotype in cats were very rare and appeared occasionally instead of in a stable inheritable mood. Congenital canine deafness had been observed since 1896 in over 80 breeds (Strain, 2004) with prevalence from 7.0 to 32.3%, among which CSSD accounted for 1.3–18.0% (Rak and Distl, 2005). Most studies focused on the Dalmatian because of its highest hearing loss prevalence with approximately 5.3–8% bilateral deafness and 9.4–21.9% CSSD, or total of up to 30% affected (Strain et al., 1992; Rak and Distl, 2005). Hearing loss in most not all canine breeds also positively corelated with blue iris and coat color pigmentation (Famula et al., 1996). However, the inheritance mechanism and responsible genes remained unknown; the most possible candidate genes include merle (M locus) and piebald allele (S locus), which would influence the differentiation and migration of melanocytes in cochlea during embryogenesis (Rak and Distl, 2005). People also failed to inbreed a canine pedigree with stable prevalence of deafness.

Although the above animal breeds exhibited high prevalence of deafness, however, few hereditary components were verified, and nearly all breeds mentioned above mimicked the phenotypes of human Waardenburg syndrome, and the prevalence of CSSD was casual. In our study, we describe a naturally occurring inbred CSSD porcine pedigree with high and stable prevalence of CSSD. Auditory physiology and pathological presentations of different hearing phenotypes in the pedigree were uniform and detailly described.



MATERIALS AND METHODS


Animals

All animals of this inbred Bama Miniature pig pedigree in this paper were provided by the Laboratory Animal Science Center of College of Basic Medicine in the Army Military Medical University (Chongqing, China). All animals were raised in a standard pathogen-free (SPF) condition. Animals younger than P30 were raised in the Lab Animal Science Center in Chongqing; animals older than P30 were delivered to the Lab Animal Center of PLA General Hospital and being raised in the same condition.



Anesthesia

In all experiments, animals were anesthetized with 1.5–5% Isoflurane in 3:3 mixture of oxygen and air by inhalation machine for animal use (Medical Supplies and Services Int. Ltd., United Kingdom). Animals were put on a heating pad to maintain body temperature.



Click-ABR Tests

Since the full-frequency auditory brainstem response (ABR) measurement would take about 2 h, pigs under P30 could not stand long-time anesthesia. Therefore, for the pigs younger than P30, only stimulus click (Intelligent Smart EP, United States) was used to diagnose if they are deaf or not, and hearing tests were taken in a small sound-proof booth for animals. Insert ear plug was put into the ear and sealed the external ear canal. Ground electrode was put at the apex nasi; reference electrodes were put in the ipsilateral earlobes of the tested ear, and recording electrode was inserted into the skin of the calvaria along the centerline. The click ABR tests only took about 10 min each pig.



Full-Frequency ABR Tests

Tucker Davis Technology RZ6 (TDT RZ6) was used to apply the full-frequency—from 1 to 32 kHz—ABR tests in pigs over P30. Electrodes were put in the same position as described above. This part of hearing tests was conducted in a standard soundproof booth. A loudspeaker (MF1 2356) was put in the external ear canal meatus, and the untested ear was masked by a calibrated 60 dB SPL white noise by an inserted earphone.



Tympanogram and DPOAE

Titan (Interacoustics, Denmark) was used to do the tympanometry, which reflected the function of the middle ear, and parameters like middle ear compliance and volume were obtained. Distortion product otoacoustic emission (DPOAE) from 500 to 10 kHz was measured by Titan, which reflected the function of outer hair cells (OHCs). Tympanogram and DPOAE were tested at P1 and P30.



Celloidin Embedding–Hematoxylin–Eosin Stain and Scanning Electron Microscopy

Celloidin embedding–hematoxylin–eosin (CE-HE) stained cochlear section and scanning electron microscopy (SEM) samples were made following the methods described in our previous studies. Animals were sacrificed in accordance with the Care and Use of the of Laboratory Animals. Cochleae were extracted from the temporal bone within 10 min and being postfixed in 4% paraformaldehyde (CE-HE) or 2.5% glutaraldehyde (SEM) at 4°C overnight. After being washed in 1% phosphate-buffered saline (PBS) three times, each time 10 min, the cochleae were shifted into 10% ethylenediaminetetraacetic acid (EDTA) solution for decalcification at room temperature (RT) on a shaker for 2 weeks.

For the HE staining, the cochleae were dehydrated using graded ethanol (50, 75, 80, 90, 95, and 100%), and each grade would take 2 days. Then, the cochleae were transferred into graded celloidin (2.5, 5.0, 8, 10, 12.5, and 15%), and each grade would take 7 days at RT. The cochleae were embedded in 15% celloidin in a glass dish for 1–2 months until solidification. Then, the samples were put into 75% ethanol for 2–5 days. The samples were sectioned (15 μm each slice) using a freezing microtome (Leica CM1900) and stained with hematoxylin and eosin. The images were visualized and captured using a Leica DMI3000 microscope. For the SEM, decalcified cochleae were postfixed for 2 h in 1% osmium at RT, dehydrated in graded ethanol (50, 75, 80, 90, 95, and 100%), treated with 2% tannin acid for 2 h at RT, rinsed in 0.24 M phosphate buffer (pH 7.4) for 2 h at RT, and dried in a critical point dryer (HCP-2, Hitachi) using liquid CO2. Fixed sections were then coated using a sputter coater and examined under a scanning electron microscope (Helios Nanolab 600i).



Spiral Ganglion Cell Counting of the CE-HE Specimen

Spiral ganglion cells were counted, using the CE-HE specimen under a Leica DMI3000 light microscope. Two cochleae of each hearing phenotype were counted; 12 serial sections, 15 μm each specimen, containing modiolus were counted, and for each specimen, apical, middle, and basal turn ganglion cells were counted, respectively. The mean values of the above 12 serial sections at each turn were used as the ganglion cell counting number for each turn. Only the cells with clear nucleus were counted (Supplementary Figure 4).



Statistical Methods

Prism GraphPad 8.4.0 was used to do statistical analysis and draw graphs. Chi-squared test was used to analyze the possible hereditary mode. Unpaired t-test was used to analyze the statistical difference of tympanogram parameters and ganglion cell counting number of each group compared to the normal group, and P < 0.05 was considered as statistical different.



Ethical Approval

All experiments and procedures in this paper were conducted under the guidelines of the Care and Use of the Laboratory Animals and approved by both the Animal Ethics Committee of Army Military Medical University and PLA General Hospital.



RESULTS


The Mating Strategy of CSSDs Female With Male Individuals Was the Most Efficient Way to Stabilize the Pedigree

Figure 1A showed the family tree of this porcine pedigree. In order to explore the most efficient mating strategy to build up the pedigree and rise the occurrence rate of targeted hearing phenotypes, we tried different mating strategies to explore the phenotype distribution. Under the strategy of CSSD mating with CSSD individuals, the number of targeted CSSD phenotype reached the highest with 20 CSSDs accounting for 47.62% of all offspring, 19 bilateral hearing losses (BHLs) for 45.24%, and only 3 NHs for 7.14%. When CSSD was mating with BHL, the BHLs (10/71.42%) exceeded CSSDs (2/14.28%) by four times. In the mode of BHL mating with BHL, BHL equaled NHs by six (37.5%), and four CSSDs accounted for about 25% of the offspring. When BHL mated with NH, 31 (88.57%) were NHs with only 3 (8.57%) CSSDs and 1 (2.86%) BHL (Figure 1E and Table 1). Thereafter, we mated CSSDs in the fourth generation to get the fifth generation for further studies.
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FIGURE 1. Congenital single-sided deafness (CSSD) pedigree information. (A) CSSD pedigree information that consists five generations. (B) Hearing phenotype distribution of the fifth generation with different mating strategies. (C) Relation of the deaf side between CSSD siblings and their parents. (D) Relation between CSSD deaf side and gender. (E) Hearing phenotypes distribution under a different mating strategy. L-CSSD, left-sided CSSD; R-CSSD, right-sided CSSD. The individuals with red star in Panel (A) were selected to do whole genome resequencing.



TABLE 1. The Iris color and the hearing loss in 5th Generation.
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Coat Color Had No Relation With Hearing Loss

The wild type Bama Miniature pig exhibited “liang-tou-wu” coat color with black head; the hip and tail and other parts of the body exhibited white color. However, in this pedigree, we observed pigmentation. The association between hearing loss and coat color in the fifth generation is listed in Table 2. In NHs, normal and abnormal coat color accounted for 50 and 50%, respectively, while in hearing loss populations, the proportions were 7.5 and 92.5%, respectively. As shown by chi-square with Yates correction (chi-square = 2.984, df = 1), no correlation between hearing loss and coat color changes was observed (P = 0.0841 > 0.05). Since we also observed the pigmentation of iris color in some pigs within the pedigree, we listed the iris color change in different phenotypes (Table 3). As shown by chi-square with Yates correction (chi-square = 0.003, df = 1), p = 0.9568 > 0.05, hearing loss had no correlation with iris pigmentation.


TABLE 2. The phenotype distribution under different mating strategies in 4th generation.
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TABLE 3. The Coat color and the hearing loss of 5th Generation.
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The Deaf Side of CSSDs Had No Relation With Gender

In the whole pedigree, female individuals amounted to 16 (55.17%) and male individuals 13 (44.83%). The ratio of female CSSD to male CSSD was 1.23:1, close to 1. In the whole pedigree, L-CSSDs amounted to 14 (48.28%), and R-CSSD totaled 15 (51.72%) with a ratio of 1:1.07. Among female CSSDs, the proportion of L-CSSD (9/56.25%) to R-CSSD (7/43.75%) was 1.28:1. Among the male CSSDs, the proportion of L-CSSD (5/38.46%) to R-CSSD (8/71.54%) was 1:1.6 (Figure 1D). As shown by the Fisher’s exact test, no correlation between gender and the deaf side of CSSD was observed (P = 0.4621 > 0.05).



The Deaf Side of CSSDs Showed No Relation With That of Their Parents

In the fifth generation, there were 45 siblings with 21 (46.67%) CSSD individuals, 19 (42.22%) BHL individuals, 4 (9.00%) NH individuals, and 1 (2.11%) unknow phenotype (died at P1 because of diarrhea before hearing test) (Figures 1A,B). In the fifth generation, L-CSSDs were 11 (52.38%) with R-CSSD 10 (47.62%); the ratio between them was 1.1:1.

Next, we explored the relation of deaf laterality between the offspring and their parents. The paternal pig of the fifth generation was the same R-CSSD male pig; the maternal pigs included both L-CSSD and R-CSSD individuals. Under the mating strategy of Male R-CSSD with female L-CSSD, two (25.00%) of the offspring were R-CSSDs and six (75.00%) were L-CSSDs, and under the strategy of male R-CSSD mating with female R-CSSD, eight (61.64%) of the offspring were R-CSSDs and five (48.36%) were L-CSSDs (Figure 1C). As shown by the Yates corrected chi-square test, no correlation between the maternal deaf side and that of the offspring was observed (P = 0.2387 > 0.05).



CSSD and BHL Presented Congenital Profound Sensorineural Hearing Loss

bilateral hearing losses and the deaf ear of CSSD individuals presented congenital profound sensorineural hearing loss since P1 through all frequencies. NHs and the normal side of CSSD showed normal hearing thresholds since P1 through all frequencies (Figure 2A). The hearing function of both normal and deaf side of CSSD remained stable through age, the normal side would not be influenced by the loss of hearing of the contralateral side (Figure 2B). In NHs and the normal side of CSSD ABR waveforms, seven waves could be evoked by each stimulus from click to 32 kHz (Figure 2C and Supplementary Figure 1). In BHLs and the deaf side of CSSD, no waveform of clear response could be identified at all frequencies (Figure 2D and Supplementary Figure 1).
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FIGURE 2. Auditory brainstem response (ABR) hearing thresholds of congenital single-sided deafness (CSSD) pedigree. (A) ABR thresholds from 1 to 32 kHz of different hearing phenotypes in CSSD pedigree. (B) ABR thresholds changes in the CSSD individuals with age compared to NHs. In Panels (A,B), the threshold of 105 dB SPL means that no response was evoked at 100 dB SPL. (C,D) ABR waves triggered by click of NH and normal side of CSSD, respectively. (E,F) ABR waves triggered by click of deaf side of CSSD and bilateral hearing loss (BHL), respectively.


The volume and the compliance of middle ear showed that there were no statistical differences among each group of the CSSD pedigree (Figures 3A,C,E,G,J). This result excluded the possibility of middle ear malfunction. The OHCs of NHs and normal sides of CSSDs responded well to the DPOAE stimuli from 500 to 10kHz (Figures 3B,D), while the OHCs of BHLs and the deaf sides of CSSDs showed no responses to the DPOAE stimuli (Figures 3F,H) with signal-to-noise ratio (SNR) largely below six (Figure 3I). The above result demonstrated the loss of function of OHCs since birth.
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FIGURE 3. Distortion product otoacoustic emission (DPOAE) and tympanogram results of congenital single-sided deafness (CSSD) pedigree. (A,C,E,G) Tympanograms of each phenotype in the CSSD pedigree. (B,D,F,H) DPOAE results from 500 Hz to 10 kHz of each phenotype in the CSSD pedigree at P1. (I) Signal-to-noise ratio (SNR) of DPOAE at each frequency of different phenotypes in the pedigree. (J) Volume and compliance of the middle ear of each phenotype in the pedigree (P < 0.05 was considered statistical different).




Deaf Sides of CSSD HCs Degenerated From Apex to Base Turn and Through Age

Figure 4A shows the three-dimensional (3D) reconstruction images of the cochleae in the pedigree. All cochleae exhibited normal structures: the coiling of the cochlear capsule reached three and a half turns, three semicanals were mutually vertical to each other. The cross-section showed the microstructure of the cochlear (Supplementary Figure 4). Figure 4B showed the overall pathologic changes of HCs in the pedigree. In NH and normal side of CSSD cochleae, four rows of hair cells could be observed (one row of IHCs and three rows of OHCs). The bundles of hair cells shaped like “V”. In the deaf side of CSSD, bundles were fused and HCs disorganized. For BHLs, HCs deteriorated and were replaced by non-hearing sensory cells.
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FIGURE 4. The micro-CT images of different phenotypes and SEM images of inner ear basal membrane in congenital single-sided deafness (CSSD) pedigree. (A) Micro-CT 3D reconstructions of the cochlear of different phenotypes in the pedigree. (B) SEM images of the inner ear basal membrane. The normal side of a CSSD individual exhibited normal inner ear structure as the normal hearing (NH) ones. Sporadic inner hair cells (IHCs) with fused hair bundles were left in the deaf side of CSSD individuals. In bilateral hearing loss (BHL) individuals, nearly no hair cells were left on the basal membrane. The BHL showed more severe deterioration compared to the deaf side of CSSD.


In the CE-HE images of NHs and the normal sides of CSSDs, three rows of OHCs and one row of inner hair cells (IHCs) could be identified, and supporting cells like Dieter cells, Hansen cell, and inner and outer pillar cells closely and regularly arranged (Figures 5A–H). In the deaf sides of CSSDs (Figure 5I), OHCs were more vulnerable than IHCs and began to degenerate from apex to base turn through age (Figures 6A,D,G). Supporting cells loosely contacted with each other (Figure 5J) the morphology of SV and ganglion neurons remained normal in CE-HE images (Figures 5K,L). At P8, few cells were observed on the BM at apex turn, loss of OHCs could be observed on the mid turn and nearly normal BM on the base turn (Supplementary Figures 2B,F, and J). Till P80, no HCs could be observed on the BM; sporadic IHCs and OHCs with fused bundles scattered along middle and basal BM (Figures 6A–I). At P154, no HCs were left on the BM from the apex to base turn (Figures 6J–L). At P180, fibers replaced the BM cells at the apex turn; vestibular membrane was closely contacted with BM and only pillar cells were left under the BM with supporting cells being replaced (Figures 6M–O). The morphology of hair cells of each turn in good hearing ear of CSSDs remained normal at P80, P154 and P180 (Figures 6P–T). This part demonstrated that the BM of the deaf sides of CSSDs degenerated from apex to base turn through age, and the pathology began before birth which coincided with the hearing phenotype. Meanwhile, the morphology of saccule and utricle of NH and normal side of CSSD were normal with identifiable hair cells and otolith (Figures 7A–H). The saccule of the deaf side of CSSDs was identical to NH while the utricle showed degenerated hair cells (Figures 7I–L).
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FIGURE 5. Celloidin embedding–hematoxylin–eosin (CE-HE) results of each phenotype at P8 in congenital single-sided deafness (CSSD) pedigree. Panels (A,E,I,M) were at low magnification (10×). The other images are all high magnification (40×). Panels (B,F,J,N) showed fine structure of the organ of Corti; panels (J,N) showed loss of hair cells in the deaf side of CSSD and bilateral hearing loss (BHL) individuals. Panels (C,G,K,O) showed the changes in spiral ganglion cells. Panels (D,H,L,P) showed the fine structure of stria vascularis of each phenotype in CSSD pedigree.
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FIGURE 6. SEM results of the basal membrane of congenital single-sided deafness (CSSD) individual at different ages. (A–I) Images of the basal membrane of the deaf side of CSSD at P80. (A,D,G) Images from the apex to base turn of the cochlear at low magnification of 3,500×. (B–I) Inner (IHCs) and outer hair cells (OHCs) from the apex to base turn at high magnification of 8,000×. (J–L) Images of the basal membrane from the apex to base turn of the deaf side of the CSSD at P154; nearly no HCs were left on P154. (M–O) Images of the basal membrane from the apex to base turn of the deaf side of the CSSD at P180. (P–T) Images of the contralateral normal side of the CSSD individuals at P80, P154, and P180, respectively.
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FIGURE 7. The SEM of saccule and utricle in congenital single-sided deafness (CSSD) pedigree. The deaf side of the CSSD individuals exhibited congenital hair cell malformation with sporadic hair cells left and infused hair bundles. The bilateral hearing loss (BHL) individuals showed the same pathology changes as the deaf side of the CSSD. The microstructure of the utricles in different phenotypes of CSSD pedigree were normal with normal hair cells and otolith.




BHL Showed the Same, but More Severe and Rapid Pathological Progress as CSSD

In the BHLs, HC damage progressed the same trajectory as the CSSD but was more severe and rapid compared to the deaf sides of CSSDs. At P1, hair bundles of IHCs at the apex turn were fused; OHCs were disorganized with fused bundles (Supplementary Figures 4A–C). IHCs of the middle and basal turn exhibited nearly normal structure. OHCs at the middle were disorganized and began to degenerate (Supplementary Figures 4D–F). Till the basal turn, IHCs were in normal structure and OHCs were in three lines, but bundles in some OHCs began to fuse (Supplementary Figures 4G–I). At P8, hair cells had degenerated, only the nucleus of inner hair cell could be seen and the number of supporting cells decreased which led to the disruption of the structure of organ of Corti (Figures 5M–P). At P14, no HCs could be observed at the apex turn; few HCs could be identified at the middle turn, and nearly all HCs could be seen at the basal turn; bundles of remained HCs were all fused (Supplementary Figures 4J–L). Till P30, no HCs were left on the basal membrane (Supplementary Figures 4M–O). The SEM results coincided with the CE-HE results (Supplementary Figure 3). The above results demonstrated that BHL follow the same pathological trajectory as CSSD, but the progress was more rapid and severe. As for the vestibular organ, the structure of saccule remained normal and the hair cells in utricle had degenerated since P1 (Figures 7M,O–Q).



The Ganglion Cells of NS of CSSD Declined Compared to the NH

The ganglion cells counting number of BHL, deaf side (DS) of CSSD, and normal side (NS) of CSSD showed significant decrease compared to the NH and that of the DS of CSSD showed significant reduction compared to the NS of CSSD; about 76, 77.4, and 66.7% cells survived for BHL, DS of CSSD, and NS of CSSD, respectively (Figure 8A and Table 4). For the apex turn, both DS and NS of CSSD showed sever cell loss and significantly less than the BHL individuals (Figure 8B). For the mid and base turn, ganglion cells of BHL and DS of CSSD both showed clear reduction compared to the NS of CSSD and NH individuals (Figures 8C,D). The loss of ganglion cells was most severe in the apex turn for the CSSD individuals and was equal for each turn for BHL individuals.
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FIGURE 8. Spiral ganglion cell counting at P30. (A) Averaged total ganglion cell counting number from the apex to base turns. (B) Ganglion cell counting number in the apex turn in different hearing phenotypes. (C) Ganglion cell counting number in the mid turn in different hearing phenotypes. (D) Ganglion cell counting number in the base turn in different hearing phenotypes. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



TABLE 4. The ganglion cell counting number of each hearing phenotype at P30.
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The Stria Vascularis Degenerated Over Time After Birth

In NHs, the stria vascularis was composed of three layers of cells: marginal cells, intermediate cells, and basal cells. Marginal cells (star) were tightly attached with each other by gap junction. Basal cells (triangle) were interconnected to separate stria vascularis (SV) from spiral ligament. Intermediate cells (circle) were in the middle layer in which melanin spots could be identified. At P30, the SV of NHs and both sides of CSSDs were of normal structure, while in BHL, SV was disorganized with only two layers of cells survived (Figure 9).
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FIGURE 9. The SEM images of stria vascularis of different phenotypes in the congenital single-sided deafness (CSSD) pedigree at P30. (A1-D3) SEM images of the stria vascularis at different turns of normal hearing (NH), deaf side (DS) of CSSD, normal side (NS) of CSSD, and bilateral hearing loss (BHL). For NH, three layers of cell could be clearly identified: star, marginal cell; circle, intermediate cell; and triangle, basal cell. Vascularis (arrow) could be seen in some parts of the stria vascularis. No obvious malformation was observed in the DS of CSSD and NS of CSSD; in the BHL, the three layers of cells were disorganized, and the stria vascularis was thinner than normal.


The structure of SV degenerated through age. In DS of CSSD cochleae, the structure of SV remained normal till P154. At P180, the SV was dominated by marginal and basal cells; the intermediate cells declined (Supplementary Figure 6). In BHL cochleae, the structure of the SV remained normal. However, at P30, the cells in SV were disorganized, the same as that in DS of CSSD. The SV was composed of two layers of cells, mainly marginal and basal cells; intermediate cells were hardly identified (Supplementary Figure 7).



DISCUSSION

Sensorineural hearing loss is often induced by loss of HCs and SGNs in the inner ear cochlea (Liu et al., 2016, 2019; Zhong et al., 2020). HC transduces the sound waves into electric signals (Qi et al., 2019), while SGNs transfer these signals into the auditory cortex to have the hearing ability (Guo et al., 2016, 2019, 2020). WHO reported that 466 million people are suffering with hearing loss worldwide, caused by genetic factors, infectious diseases, chronic cochlear infections, aging, exposure to noise, and ototoxic drugs (He et al., 2017, 2020; Tan et al., 2019; Zhang et al., 2020; Zhou et al., 2020; Lv et al., 2021); for children from 6 to 19 years old, the estimated CSSD incidence was 0.7–0.8%. In this study, we reported a Bama miniature pedigree with high and stable incidence of CSSD, which reached 46.67% under the mating mode of paternal CSSD with maternal CSSD pigs. In this pedigree, the hearing phenotypes varies with different mating modes. Under the mode of CSSD with CSSD, BHLs accounted for 42.22% and CSSDs 46.67%, NHs only accounted for 9%. All hearing loss individuals exhibited congenital severe sensorineural hearing loss with no ABR, DPOAE response being evoked since birth. Normal tympanogram had excluded the possibility of middle ear diseases. Phenotype of hearing loss was not correlated with coat color and gender. The deaf side of the offspring had no relation with the deaf side of their parents. This porcine model highly mimicked the human non-syndromic CSSD in the clinics and might be the first porcine model with high and stable presence rate of CSSD being reported in the world.

In this paper, we studied the auditory physiology and pathology of BHL, NH, and CSSD individuals. All the deaf cochlear showed cochlear–saccular degeneration, also known as Scheibe dysplasia. For DS of CSSD and BHL, bundles of hair cells were fused since birth, and hair cells degenerated from the apex to the base. In the CSSDs, sporadic hair cells could be identified at P80–P154; basal membrane was replaced by the epithelial cells. BHL showed the same but more severe and rapid pathological process; till P30, hair cells and supporting cells could not be identified, and the Reissner’s membrane tensely attached to the basal membrane. Only sporadic pillar cells survived. The ipsilateral saccule exhibited degenerated hair cells since P1. Scheibe dysplasia had been proven to occur in many animals, like deaf white cats, Dalmatian dogs, waltzing guinea pigs, and mice (Schuknecht et al., 2009). It was reported that the Scheibe dysplasia occurred in 70% of the cases with hereditary hearing loss (Lalwani et al., 1997), which is similar to our porcine deafness model. The structure of SV in the deaf ear degenerated through age; in CSSDs, the disorganization could be observed from P180, while in BHL, the malformation presented no later than P30. This time course corresponds to that of the hair cells, which might indicate that the SV degeneration was not responsible for hearing loss but an outcome of hearing loss.

For the degeneration of the ganglion, we did not have enough animals at different ages, so we chose pigs of P30 to analyze the pathology of ganglion cells. The pathology changes in each hearing phenotype were uniform in this pedigree. Significant reduction in ganglion cells of BHL, DS of CSSD, and NS of CSSD could be observed. For BHL, the ganglion cell counting number at each turn decreased proportionately. For CSSDs, the most severe cell loss occurred in the apex turn; we should also pay attention to the NS of CSSD; the total ganglion cell number and that of each turn showed a significant reduction compared to NHs. This might indicate that the NS of CSSD might be vulnerable to factors that harm hearing like noise exposure and ototoxic drugs. This coincided with the reports of the vulnerability of the good hearing ear of CSSD humans.

We also calculated the ganglion cell number of BHL at P1; the mean value for apex, mid, and base turns were 38.20 ± 6.14 (P = 0.19 > 0.05), 40.77 ± 7.70 (P < 0.0001), 36.00 ± 6.06 (P < 0.0001), respectively, and the counting number at apex turn showed no significant differences with the NH. Meanwhile, the organ of Corti was flattened, and supporting cells vanished at the apex and mid turn at P1 (Supplementary Figure 3). For the deaf side of the CSSD individuals, the counting number of ganglion cells for the apex, mid, and base turns were 11.7 ± 8.47 (P < 0.001), 37.10 ± 7.16 (P < 0.001), and 31.30 ± 7.14 (P < 0.001), while the organ of Corti showed the same but much milder pathological changes. These results indicated that the pathological process started from embryogenesis period because the degeneration of supporting cells occurring after the acquired hearing loss would trigger the neural degeneration at least 2 weeks away (Schuknecht et al., 2009).

Congenital single deafness of white cat, dog, and horse were also reported. In canine deafness model, the unilateral deafness reached 21.9% in a Dalmatian breed; however, no underlying inheritance mechanism and contributing genes had been revealed. Hayward et al. (2020) did genome-wide association study (GWAS) in 3 canine breeds; 14 suggestive genes were found, but none was located in the areas causing WS as their symptoms indicated, and the genes had no overlap between species. Numerous labs had tried to find the causative gene for the natural deafness canine breeds; only few identified genes, like SOX10 (Hansen et al., 2010) and OTOF (Cargill, 2004), were verified genes responsible for human deafness. One possibility of why no suggestive genes overlap among breeds was that they were caused by different underlying genetic mechanisms. Therefore, GWAS could not be done by using samples from different pedigree; the best would be samples from one inbred pedigree.

In our study, we also could not locate the possible responsible genes and identify the possible inheritance mode. Neither a dominant nor a recessive simple Mendelian mode of transmission could be proven by chi-square analysis in the pedigree. Gender differences and correlation between coat color and hearing loss were also not observed; the deaf side of CSSD had no relation with their parent deaf side. Unlike the DWC, deaf dog, and horse breeds with pigmentation and iris color change, the pigs in our pedigree presented non-syndromic hearing loss and cochlear–saccular degeneration, much more like the CSSD patients in the clinics. However, the interaction between genes associated with coat and iris color and that with hearing loss was unclear. The genetics underlying the disease is very complex. One reason is that the matching rate of human and animal deafness causative genes is very low; the other is that other elements also affect the expression, like epigenetic and transcriptomic factors.

Pigs have become an important biomedical model due to their genetic, anatomical, and physiological similarities with human, as well as the short generation interval (∼114 days), broad availability, large litter size, and lower ethical concern because they are of a kind of food source instead of companion animals like cats and dogs (Schook et al., 2015). Pigs are also widely used in the studies of human disease, like cancer model, cardiovascular model, metabolic and gastrointestinal disease model, and hearing loss model. The porcine cochlear anatomy and auditory physiology highly resembles that of human. Unlike rodent lab animals, the porcine cochlear size was much larger and may provide us a chance to study the hearing and behavioral changes and the cortex reorganization brought by CI in CSSD animals, which might give an indication on the time window of CI in CSSD children clinically. Additionally, the pig’s brain resembles that of the human in size, anatomy, development, and importantly the cognitive development (Lind et al., 2007; Elmore et al., 2012). This would allow us to gain a deep insight into the impact of CSSD on cognitive development and the benefits of CI. In the future study, pedigree genome and RNA sequencing will be combined to find the possible responsible genes that might reveal the mechanism underlying CSSD.
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Supplementary Figure 1 | The ABR waveform at different frequencies of the CSSD individual. Panels (A–H) showed that on the deaf side of CSSD, no ABR response was triggered from 1kHz to 32kHz. Panels (I–P) showed that on the normal side of CSSD, identifiable ABR responses were evoked and the thresholds of each frequency showed no statistical difference from the NHs.

Supplementary Figure 2 | The CH-HE images of CSSD cochlear at P8. Panels (A–D) showed the images of the apex turn, no sensory cells were left on the BM. Panels (E–H) showed the images of the mid turn, supporting cells and OHCs were left on the BM. Panels (I–L) showed the images of the base turn, IHC, OHC and supporting cells all could be seen. Panels (M–P) showed the contralateral normal side of CSSD individual.

Supplementary Figure 3 | The CH-HE images of BHL cochlear at P30. Panels (A–D) showed the images of the apex turn, no sensory cells were left on the BM. Panels (E–H) showed the images of the mid turn, only supporting cells were left on the BM. Panels (I–L) showed the images of the base turn, sporadic hair cells could be seen at P30.

Supplementary Figure 4 | CH-HE image of 4X magnification. This specimen was the normal side of CSSD with mid-modiolus, the coiling of the cochlear adequate reached three turns. In the above image, 1 and 2 were apex turn, 3 and 4 were mid turn, 5 and 6 were base turn and 7 was the very end of the basal membrane named hook region. Ganglion cells inside the black dotted line were counted.

Supplementary Figure 5 | SEM results of Basal membrane of BHL individual at different ages. Panels (A,D,G) were images of P1 BHL cochlear from apex to base turn at low magnification of 3500X. Panels (B–I) showed the inner and outer hair cells at higher magnification of 8000X. Panels (J–L) were images of P14 BHL cochlear from apex to base turn. Panels (M–O) showed images of P30 BHL cochlear from apex to base turn.

Supplementary Figure 6 | TEM results of Stria Vascularis of the deaf side of CSSD individuals at different ages. Panels (A1-3,B1-3,C1-3) were stria vascularis images of DS of CSSD from apex to base turn at magnification of 3500X at P80, P154, and P180. The structure of stria vascularis at P80 was nearly normal, three layers of cells (marginal, intermediate and basal cells) were identified. Till P180, the stria vascularis remained nearly normal.

Supplementary Figure 7 | TEM results of Stria Vascularis of BHL individual at different ages. Panels (A1–3,B1–3,C1–3) were stria vascularis images of P1 BHL cochlear from apex to base turn at magnification of 3500X at P1, P14, and P30. The structure of stria vascularis at P1 was normal, three layers of cells (marginal, intermediate and basal cells) were identified. Till P30, the stria vascularis was disorganized, only the marginal cells could be clearly identified.
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Atrial Natriuretic Peptide Promotes Neurite Outgrowth and Survival of Cochlear Spiral Ganglion Neurons in vitro Through NPR-A/cGMP/PKG Signaling
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Sensorineural hearing loss (SNHL) is a dominant public health issue affecting millions of people around the globe, which is correlated with the irreversible deterioration of the hair cells and spiral ganglion neurons (SGNs) within the cochlea. Strategies using bioactive molecules that regulate neurite regeneration and neuronal survival to reestablish connections between auditory epithelium or implanted electrodes and SGN neurites would become attractive therapeutic candidates for SNHL. As an intracellular second messenger, cyclic guanosine-3’,5’-monophosphate (cGMP) can be synthesized through activation of particulate guanylate cyclase-coupled natriuretic peptide receptors (NPRs) by natriuretic peptides, which in turn modulates multiple aspects of neuronal functions including neuronal development and neuronal survival. As a cardiac-derived hormone, atrial natriuretic peptide (ANP), and its specific receptors (NPR-A and NPR-C) are broadly expressed in the nervous system where they might be involved in the maintenance of diverse neural functions. Despite former literatures and our reports indicating the existence of ANP and its receptors within the inner ear, particularly in the spiral ganglion, their potential regulatory mechanisms underlying functional properties of auditory neurons are still incompletely understood. Our recently published investigation revealed that ANP could promote the neurite outgrowth of SGNs by activating NPR-A/cGMP/PKG cascade in a dose-dependent manner. In the present research, the influence of ANP and its receptor-mediated downstream signaling pathways on neurite outgrowth, neurite attraction, and neuronal survival of SGNs in vitro was evaluated by employing cultures of organotypic explant and dissociated neuron from postnatal rats. Our data indicated that ANP could support and attract neurite outgrowth of SGNs and possess a high capacity to improve neuronal survival of SGNs against glutamate-induced excitotoxicity by triggering the NPR-A/cGMP/PKG pathway. The neuroregenerative and neuroprotective effects of ANP/NPRA/cGMP/PKG-dependent signaling on SGNs would represent an attractive therapeutic candidate for hearing impairment.
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INTRODUCTION

Hearing loss has become a global health and economic problem affecting approximately 20% of the world’s population (one in five people) suffering from different degrees of sensory disorder, while more than 430 million people experience disabling hearing loss, according to the first World Report on Hearing recently announced by the World Health Organization1. As a major type of hearing loss, sensorineural hearing loss (SNHL) can be caused by various insults such as acoustic trauma, ototoxic drugs, infections, aging, genetic mutations, and tumor (He et al., 2017; McLean et al., 2017; Zhu et al., 2018; Fang et al., 2019; Jiang et al., 2020; Qian et al., 2020; Lv et al., 2021), resulting in irreversible deterioration of sensory cells, e.g., the cochlear hair cells (HCs) (He et al., 2016; Liu et al., 2016; Li A. et al., 2018; Xia et al., 2019; Zhang S. et al., 2019; Zhang et al., 2020c) and auditory neurons (Guo et al., 2016; Yan et al., 2018; Liu W. et al., 2019; Guo et al., 2020, 2021). The cochlear HCs in the organ of Corti are mechanosensory cells which convert mechanical sound waves into primary acoustic signals (Wang et al., 2017; Zhu et al., 2018; Liu Y. et al., 2019; Qi et al., 2019, 2020). The spiral ganglion neurons (SGNs) are the cochlear primary afferent neurons which perform a crucial function in hearing by conducting auditory information from the sensory HCs to the auditory center within the brain (Nayagam et al., 2011). Because the regenerative capacity of HCs and SGNs in the mature mammalian cochlea is very limited (Cox et al., 2014; Lu et al., 2017; Cheng et al., 2019; Tan et al., 2019; Zhang et al., 2020a,b), irreversible death of cochlear HCs followed by a progressive degeneration of SGNs ultimately causes permanent hearing loss (He et al., 2019; Ding et al., 2020; He et al., 2020; Roccio et al., 2020; Zhou et al., 2020).

Over a longer period, various strategies have been developed in an attempt to treat or at least prevent further progression of SNHL. Unfortunately, the therapeutic efficacy for patients with hearing impairment is still unsatisfactory. Novel therapeutics based on genetic and cell transplantation techniques appear to be a promising approach to restoring hearing function, including substitution or regeneration of HCs and/or SGNs by means of stem and progenitor cells transplantation (Li D. et al., 2019; Li G. et al., 2019; Tang et al., 2019; Zhao et al., 2019; Fang et al., 2020; Xia et al., 2020; Yang et al., 2020), as well as in situ reprogramming of adjacent supporting cells or glial cells into functional HCs or neurons (Chen et al., 2017; Cheng et al., 2017; McLean et al., 2017; Zhang et al., 2017; Noda et al., 2018; You et al., 2018; Zhang et al., 2018; Zhang Y. et al., 2019; Li et al., 2020; Waqas et al., 2020; Zhang et al., 2020c). Moreover, transplantation of stem/progenitor cells into the human cochlea is technically demanding and is accompanied by the possible risks of developing tumors (Nishimura et al., 2012). Currently, auditory prosthesis such as cochlear implants (CIs) are a favorable solution for patients with profound SNHL, which can substitute for the missing HCs to directly stimulate the surviving neurons from the auditory nerve (Ma et al., 2019). The effectiveness of such neural prosthetic devices relies not only on the integrated interface where the implant’s electrodes make contact with peripheral neurites of SGNs but also on the number of functional auditory neurons being stimulated. In order to optimize the outcome of cochlear implantation, some biological approaches are attempted to preserve the residual auditory neurons from degeneration after the loss of auditory HCs or to promote regeneration and outgrowth of neurites from SGNs toward the electrode array (Kwiatkowska et al., 2016; Li et al., 2017; Guo et al., 2019). Consequently, new strategies using bioactive molecules that facilitate neurite regeneration and neuronal survival to reestablish the synaptic connections between the auditory sensory epithelium or implanted electrode array and SGNs neurites would become attractive therapeutic candidates for hearing impairment.

Cyclic guanosine-3’,5’-monophosphate (cGMP) acts as an important secondary messenger which mediates various biological functions through three effector molecules comprising cGMP-dependent protein kinases (PKG, also known as cGK), cGMP-gated ion channels, and cGMP-regulated isoforms of phosphodiesterases. The pathway involving cGMP may offer a unique signaling mechanism in modulating neuronal development and synaptic plasticity associated with neurite outgrowth and pathfinding, neuronal survival, neuronal excitability, and the sensory transduction cascades associated with vision and olfaction (Zhao and Ma, 2009; Zhao et al., 2009). Under the physiology condition, cGMP can be catalyzed by two categories of molecularly distinct guanylate cyclases (GCs), including soluble GC which recognizes its ligand nitric oxide and particulate GC-coupled receptors that are specifically activated by natriuretic peptides (NPs). Specifically, the transmembrane GC-coupled natriuretic peptide receptors (NPRs), NPR-A and NPR-B, interact with three NPs, in turn leading to the activation of the intracellular GC domain and synthesis of cGMP. Owing to the absence of GC activity, the clearance receptor NPR-C can remove circulating NPs through ligand binding, internalization, and degradation (Potter et al., 2009).

Atrial natriuretic peptide (ANP) is a cardiac-derived hormone predominantly synthesized and secreted by the cardiac atria, which dynamically regulates blood pressure through decreasing water and sodium loads in the circulatory system. Through binding to its specific receptors on the cell surface, NPR-A (also known as NPR1 or GC-A) and NPR-C, ANP exerts a fundamental role in the modulation of cardiovascular homeostasis (Potter et al., 2009). ANP, brain NP (BNP), and C-type NP (CNP) are structurally related peptides belonging to members of the NP family that are widely distributed in the mammalian central nervous system (CNS) (Cao and Yang, 2008; Mahinrad et al., 2016), especially in peripheral sensory organs such as the dorsal root, trigeminal, retinal, and cochlear ganglia (Lamprecht and Meyer zum Gottesberge, 1988; Furuta et al., 1995; Abdelalim and Tooyama, 2010; Xu et al., 2010; Loo et al., 2012; Abdelalim et al., 2013; Vilotti et al., 2013; Fitzakerley and Trachte, 2018). Recent research has shown the involvement of the BNP/NPR-A signaling pathway in the modulation of nociceptive processing for pain (Zhang et al., 2010) and itch responses (Solinski et al., 2019). Besides, cGMP signaling elicited by the CNP/NPR-B pathway regulates neurite outgrowth and pathfinding of sensory ganglion neurons within DRG (Schmidt et al., 2002, 2007; Kishimoto et al., 2008; Schmidt et al., 2009; Zhao et al., 2009; Xia et al., 2013; Ter-Avetisyan et al., 2014; Schmidt et al., 2016; Dumoulin et al., 2018a,b; Schmidt et al., 2018; Ter-Avetisyan et al., 2018; Tröster et al., 2018) and cochlear spiral ganglion (SG) (Lu et al., 2011, 2014; Ter-Avetisyan et al., 2014, 2018; Wolter et al., 2018; Schmidt and Fritzsch, 2019) during development. Additionally, all three NPs possess neuroprotective ability on retinal and central neurons through GC-coupled NPR stimulation (Fiscus et al., 2001; Cheng Chew et al., 2003; Kuribayashi et al., 2006; Ma et al., 2010; Colini Baldeschi et al., 2018). All these clues indicate that NPs and their receptors could probably be associated with the maintenance of various aspects of neuronal functions.

The existence of ANP and receptors in the sensory and secretory compartments of the mammalian inner ear has been systematically elucidated in a great number of literatures (Lamprecht and Meyer zum Gottesberge, 1988; Meyer and Lamprecht, 1989; Gottesberge et al., 1991; Koch et al., 1992; Yoon and Hellström, 1992; Yoon and Anniko, 1994; Furuta et al., 1995; Meyer Zum Gottesberge et al., 1995; Krause et al., 1997; Suzuki et al., 1998; Seebacher et al., 1999; Yoon et al., 2012; Sun et al., 2013, 2014; Yoon et al., 2015; Sun et al., 2020), while recent works also show that ANP receptors are distributed in rat cochlear SG and modiolus of the guinea pig (Lamprecht and Meyer zum Gottesberge, 1988; Furuta et al., 1995). However, the distribution patterns and potential functions of ANP and its receptors in the neural elements of the inner ear remain unclear. In our previous studies, the expression patterns of ANP and its receptors were investigated in the cochlear SG, which provided direct evidence for the presence and synthesis of ANP and its receptors in the neural region of the cochlea (Sun et al., 2013, 2014). We recently demonstrated that ANP might promote neurite outgrowth of cochlear SGNs by triggering the NPR-A/cGMP/PKG pathway in a dose-dependent manner (Sun et al., 2020). In the current study, the influence of ANP on neurite outgrowth, neurite attraction, and neuronal survival of rat SGNs was evaluated by employing organotypic explant and dissociated neuron cultures in vitro. All these findings demonstrated that ANP may promote neurite outgrowth and neuronal survival of SGNs by activating the NPR-A/cGMP/PKG pathway, not via interaction with the NPR-C pathway. ANP may perform a vital role in the normal neuritogenesis of cochlear auditory neurons during development of the inner ear and may enhance neurite regeneration and neuronal viability of SGNs, thus representing a potential therapeutic candidate for hearing impairment.



MATERIALS AND METHODS


Animals and Tissue Preparation

All experimental procedures have been permitted by the Animal Care Committee of the Fourth Military Medical University, China. Animals used for the study were provided by the Laboratory Animal Center of the Fourth Military Medical University. Sprague-Dawley rats of postnatal day 3 (P3) and P7 were used for analyses. For the preparation of cochlear sections and cultures, the rat pups were sacrificed by rapid decapitation, and their skulls were opened midsagitally. All cochleae were promptly separated from the temporal bone under a dissecting microscope, rinsed with ice-cold Hank’s Balanced Salt Solution (HBSS; Thermo Fisher Scientific), and collected for further use. A schematic summary of the protocol and timeline for SG explant or dissociated SGN cultures used in this study is illustrated in Figure 1.
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FIGURE 1. Schematic summary of the protocol and timeline for SG explant or dissociated SGN cultures used for analysis of neurite outgrowth (A), neurite attraction (B) and neuronal survival (C).




Immunofluorescent Analysis of ANP and Its Receptors on Cochlear Sections

For cochlear cryosections, cochleae extracted from P7 rats were superfused with fresh 4% paraformaldehyde solution through the round and oval windows and further immersed in an identical fixative solution overnight at 4°C. The cochlear tissues were decalcified for 2 days in 5% EDTA followed by dehydration in 30% sucrose overnight at 4°C. After being embedded in Tissue-Tek OCT compound (Sakura Finetek) at −20°C, tissues were oriented to obtain mid-modiolar cross sections and then cut on a cryostat microtome into 12-μm-thick sections. Cryosections were then placed onto poly-L-lysine-coated slides and allowed to dry overnight at room temperature (RT) before performance of immunofluorescence staining.

For immunohistochemistry, the cochlear sections were rinsed with phosphate-buffered saline (PBS) and incubated in a blocking and permeabilizing solution composed of 5% bovine serum albumin (BSA; Sigma-Aldrich) and 0.1% Triton X-100 dissolved in PBS for 40 min at 37°C. All slides were immersed into the antibody solution (1% BSA and 0.1% Triton X-100 in PBS) supplemented with the following primary antibodies at a concentration of 1:500 at 4°C overnight: monoclonal mouse anti-β-III tubulin (TUJ1) antibody (Abcam, #ab78078), polyclonal rabbit anti-ANP antibody (Thermo Fisher Scientific, #PA5-29559), polyclonal rabbit anti-NPR-A antibody (Thermo Fisher Scientific, #PA5-29049), and polyclonal rabbit anti-NPR-C antibody (Thermo Fisher Scientific, #PA5-96947). Immunolabeling was further visualized with Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:500; Thermo Fisher Scientific, #A-21202) and Alexa Fluor 594-conjugated donkey anti-rabbit IgG (1:500; Thermo Fisher Scientific, #A-21207) diluted in an antibody solution at a concentration of 1:500 for 2 h at RT. Cochlear specimens randomly processed for staining in parallel without incubation with primary antibodies were served as a negative control. After counterstaining with Hoechst 33342 at 1:1,000 (Thermo Fisher Scientific) for 15 min at RT, all samples were subsequently mounted with the Prolong Gold anti-fade mounting medium (Thermo Fisher Scientific). All confocal images acquired under a confocal microscope system (FV1000; Olympus) were converted to TIFF format using a confocal software (FV10-ASW 4.2; Olympus) and processed for optimal brightness and contrast with the Adobe Photoshop software (CC 2020; Adobe Systems).



Analysis of Neurite Outgrowth in SG Explant Cultures

The experimental protocol for cochlear SG explant culture was performed according to a previous study (Sun et al., 2016) with a minor modification. Briefly, the membranous labyrinth was revealed after removal of the cochlear capsule from P3 rat cochleae under the dissecting microscope. After the spiral ligament, stria vascularis, and basilar membrane were separated from the modiolus, the remaining spiral lamina containing SG was cautiously dissected into equal pieces of approximately 500 μm. Subsequently, each dissected tissue was adhered to a single 15-mm glass-bottom culture dish (Advance BioScience), previously coated with Cell-Tak (BD Biosciences, #354240), and filled with 100 μl of primary attachment medium consisting of Dulbecco’s modified Eagle medium (DMEM), 10% fetal bovine serum (FBS), 25 mM HEPES, and 1% penicillin–streptomycin (all Thermo Fisher Scientific). Samples were kept overnight in an atmosphere of 5% CO2 and 95% humidity at 37°C. After attachment of explants, the culture medium was aspirated, and 100 μl of 20% Matrigel (BD Biosciences, #356234) mixture diluted with the attachment medium was directly dropped onto each explant culture. Immediately, the culture dish was transferred to the incubator to initiate gelation of the Matrigel for 10 min.

For neurite outgrowth assay, SG explants were cultured in neural maintenance medium consisting of DMEM/Ham’s F12 medium (DMEM/F12) supplemented with 1x B27 and 1x N2 (all Thermo Fisher Scientific) and 1% penicillin–streptomycin and simultaneously treated with distinct pharmacological reagents. Explants incubated in medium supplemented with or without 20 ng/ml recombinant brain-derived neurotrophic factor (BDNF; PeproTech, #450-02) were served as control cultures. Cultures from other experimental groups were maintained in medium supplemented with 1 μM of ANP (Caymanchem, #24276), 1 μM of ANP plus 1 μM of NPR-A antagonist A71915 (Bachem, #4030385), 1 μM of the cell-permeable analog of cGMP 8-(4-chlorophenylthio) guanosine-3’,5’-cyclic monophosphate (8-pCPT-cGMP; Sigma-Aldrich, #C5438), 1 μM of ANP plus 1 μM of the PKG inhibitor KT5823 (Sigma-Aldrich, #K1388), 1 μM of the specific NPR-C agonist ANP4–23 (Echelon Biosciences, #155-40), or 1 μM of ANP plus 1 μM of the NPR-C antagonist AP811 (Tocris Bioscience, #5498). In each experimental group, five explants were incubated at 37°C with 5% CO2 for 7 days prior to fixation. The medium was changed every other day for the duration of the experiment.



Analysis of Neurite Outgrowth in Dissociated SGN Cultures

Dissociated SGN cultures were conducted in accordance with the procedures from a previous document (Tuft et al., 2013). The cochlear ducts of P3 rats containing the organ of Corti, spiral ligament, and stria vascularis were sequentially dissected away to collect modiolus tissues harboring the SGNs. The tissues were then applied to enzymatic dissociation by using 0.1% collagenase type IV and 0.25% trypsin in Ca2+/Mg2+-free HBSS (all Thermo Fisher Scientific) at 37°C for 20 min. After enzymatic digestion was inactivated by adding equal volumes of 10% FBS, the tissues were mechanically triturated into cell suspensions through a fire-polished glass Pasteur pipette. The dissociated SG cells were resuspended in neural maintenance medium and seeded at a density of 2.0 × 105 cells/poly-L-lysine-coated (Thermo Fisher Scientific) dish for 4 h.

For neurite outgrowth assay, the attached SGNs were maintained in culture medium supplemented with or without the following reagents consistent with those in SG explant cultures: 20 ng/ml BDNF, 1 μM ANP, 1 μM ANP plus 1 μM A71915, 1 μM 8-pCPT-cGMP, 1 μM ANP plus 1 μM KT5823, 1 μM ANP4–23, or 1 μM ANP plus 1 μM AP811. In each group, five culture dishes containing dissociated cells were replenished with a fresh medium every other day and transferred to a 5% CO2 incubator at 37°C for 5 days before fixation.



Analysis of Neurite Attraction in SG Explant Cultures

The procedures for evaluating the neurite attraction of SG explants cultures were adopted from procedures described previously with several modifications (Frick et al., 2017). Briefly, 1% PuraMatrix solution (BD Biosciences, #354250) was diluted to 0.25% solution with sterile ultrapure water (Milli-Q, Merck) alone or diluted with ultrapure water containing the following reagents to obtain a 0.25% PuraMatrix mixture: 20 ng/ml BDNF, 1 μM ANP, 1 μM ANP plus 1 μM A71915, 1 μM 8-pCPT-cGMP, 1 μM ANP plus 1 μM KT5823, 1 μM ANP4–23, or 1 μM ANP plus 1 μM AP811. Each resulting PuraMatrix hydrogel (diluted solution or mixture) was briefly sonicated for 30 min for homogenization. Subsequently, 5-μl droplets of 0.25% PuraMatrix hydrogel were transferred into Cell-Tak-coated culture dishes, and dishes were maintained by incubation at 37°C for 30 min before settling of SG explants. Each dissected SG explant was plated at approximately 0.5 mm next to a hydrogel droplet in a culture dish and settled to attach as described above. After attachment, all explants were cultured in the neural maintenance medium for 4 days prior to fixation, and the culture medium was refreshed every other day. For each condition, five explants were maintained for neurite attraction study.



Analysis of Neuronal Survival in Dissociated SGN Cultures With Glutamate Excitotoxicity

The dissociated cells from modiolus tissues obtained as described above were incubated in neural maintenance medium at the same density of 2.0 × 105 cells per dish. On the first day in vitro (DIV1), dissociated cells from different experimental groups were maintained in a medium supplemented with or without the reagents as follows: 1 μM ANP, 1 μM ANP plus 1 μM A71915, 1 μM 8-pCPT-cGMP, 1 μM ANP plus 1 μM KT5823, 1 μM ANP4–23, or 1 μM ANP plus 1 μM AP811. At DIV2, 100 μM of L-glutamic acid (glutamate, Glu; Sigma-Aldrich, #G5889) was added to the culture medium of different experimental cultures to induce excitotoxicity, and all cultures were maintained for two additional days before fixation. Concurrently, cells incubated in the neural maintenance medium alone were served as a baseline control. In each group, five culture dishes seeded with dissociated SGNs were maintained for neuronal survival study.



Immunofluorescence and Statistical Analysis

Following the culture period, all SG explants and dissociated SGNs were firstly fixed with paraformaldehyde for immunofluorescent analysis. All specimens were then permeabilized and blocked with a PBS solution containing 5% BSA and 0.1% Triton X-100, followed by incubation with the mouse primary antibody against TUJ1 (diluted 1:500) and Alexa Fluor 488-conjugated donkey anti-mouse IgG (diluted 1:500) to visualize the neural components. After nuclear counterstaining with Hoechst 33342 (diluted 1:1,000), all samples in the culture dishes were mounted with the Prolong Gold medium. Images of explant and cell cultures were photographed on the confocal microscope and analyzed for neurite tracing by using the “Neurite Tracer” function in the ImageJ software (version 1.46r; National Institute of Health) according to a previous study (Kempfle et al., 2018). The number and lengths of neurite outgrowth from the SG explants, together with the neuronal number and neurite length of dissociated SGNs, were measured and analyzed. Besides, the capacity of the PuraMatrix hydrogel to attract neurites was evaluated according to the previous research (Frick et al., 2017), by quantifying the probability of neurite attachment to hydrogel surfaces (estimated by the ratio of the number of explants with extended neurites that attached to hydrogel surfaces to the number of explants with extended neurites that contacted hydrogel droplets).

Furthermore, all experimental data are shown as the means ± standard error of the mean (means ± SEM) and analyzed by using the Statistical Program for Social Science software (SPSS, version 22.0; IBM Inc.). One-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test was used to assess the statistical significance. P-values less than 0.05 (P < 0.05) was accepted as statistically significant.



RESULTS


Expression of ANP and Its Receptors in Cochlear SGNs of Postnatal Rats

To confirm the distribution patterns of ANP and its receptors within the cochlear SG of postnatal rats in our previous publications, anti-ANP, NPR-A, and NPR-C immunolabeling were performed on cochlear cryosections from P7 rats co-immunostained with antibodies against neuron-specific β-III tubulin. As shown in Figure 2, ANP (Figure 2A) and its receptors’ (Figures 2B,C) immunoreactivities were observed in the SG regions along the length of the cochlear tonotopic axis without any noticeable apical-to-basal gradients. The representative images of cryosectioned tissues from the mid-cochlear turn revealed that the immunoreactivities of ANP (Figure 2A2), NPR-A (Figure 2B2), or NPR-C (Figure 2C2) were colocalized with TUJ1-positive neuronal somata of SGNs, which was consistent with our previous results (Sun et al., 2013, 2014, 2020). The similar distribution patterns of ANP (Figure 2A2’), NPR-A (Figure 2B2’), and NPR-C (Figure 2C2’) were observed in the cochlear SGNs, and they were predominantly immunoreactive in the neuronal perikarya, including the cytoplasm and plasma membrane of SGNs. The fluorescence intensity of NPR-A and NPR-C were more evident than that of our previous results, as we employed a different group of primary and secondary antibodies for labeling of ANP, NPR-A, and NPR-C. No specific immunoreactivity was seen in the negative controls for which the primary antibodies were omitted.
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FIGURE 2. Immunolocalization of ANP, NPR-A and NPR-C in SGNs within cochlear SG from rats at P7. (A–C) Gross view of cryosectioned cochlear tissues triple-labeled with antibodies against neural marker β-III Tubulin (TUJ1, green), ANP/NPR-A/NPR-C (red) and Hoechst (blue). (A1,B1,C1) High-magnification views of the boxed region of (A–C). (A2,B2,C2) Higher-magnification images of the boxed region of (A1,B1,C1) reveal that ANP/NPR-A/NPR-C is colocalized with TUJ1-positive SGNs, respectively. (A2’,B2’,C2’) Immunoreactivities of ANP, NPR-A, and NPR-C are present in the SGNs. Scale bars = 100 μm.




ANP Promotes Neurite Outgrowth of SG Explants and Dissociated SGNs by Activating the NPR-A/cGMP/PKG Pathway

To explore the possible effects of two distinct downstream signaling pathways of ANP receptors on the neurite outgrowth of SGNs, we initially counted the average number of regenerated neurites and the mean length of neurites extended from SG explants of P3 rats in each different distinct experimental group maintained in the culture medium containing specific reagents in vitro for 7 days (at DIV7). The explants treated with the culture medium alone were served as a negative control, while the explants that received the BDNF-containing medium for trophic support of neurite extension were used as a positive control. As shown in Figure 3, a small number of spontaneous neurite outgrowth with short length were observed in explants from negative controls (Figure 3A). As expected, robustly sprouting and elongating neurites were induced from explants treated with 20 ng/ml BDNF (Figure 3B). Interestingly, treatment of samples with 1 μM ANP elicited pronounced neurite outgrowth from SG explants (Figure 3C). For better understanding the possible mechanism of ANP in promoting the neurite outgrowth of SGNs, we discovered whether this polypeptide hormone acts via its GC-coupled receptor NPR-A or its clearance receptor NPR-C. In the presence of 1 μM NPR-A antagonist A71915, ANP (1 μM) failed to develop neurite elongation, suggesting that ANP-induced cGMP formation was abolished (Figure 3D), with respect to significantly less number and length of neurite than those in BDNF-positive control cultures. Treatment with 1 μM of the cell-permeable cGMP analog 8-pCPT-cGMP mimicked the effect of ANP-mediated neurite outgrowth, which would involve stimulation of PKG (Figure 3E). Conversely, application of 1 μM KT5823, a selective inhibitor of PKG, appeared to abrogate ANP-induced neurite outgrowth and sprouting (Figure 3F). Furthermore, incubation with 1 μM ANP4–23, a specific NPR-C agonist, did not significantly stimulate neurite outgrowth from SG tissues (Figure 3G). Despite blockade of NPR-C with its antagonist AP811, ANP considerably elevated the number and the length of elongating neurites (Figure 3H) in comparison to the negative controls.
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FIGURE 3. ANP promotes neurite outgrowth of SG explants by activating NPR-A/cGMP/PKG pathway. Cochlear SG explants were maintained in culture medium alone (A), or medium supplemented with 20 ng/mL BDNF (B), 1 μM ANP (C), 1 μM ANP plus 1 μM A71915 (D), 1 μM 8-pCPT-cGMP (E), 1 μM ANP plus 1 μM KT5823 (F), 1 μM ANP4–23 (G), or 1 μM ANP plus 1 μM AP811 (H) for 7 days. Neurons were double-labeled with TuJ1 antibody (green) and Hoechst (blue). (A1–H1) High-magnification views of the boxed region of (A–H). Scale bars = 500 μm. The number of neurites (I) and average neurite length (J) of explants were quantified (N = 5 explants for each group). Results are expressed as mean ± SEM (*P < 0.05, versus negative control samples; #P < 0.05, versus positive control samples/BDNF).


Subsequently, we counted the mean neuronal number and the average neuritic process length of dissociated SGNs from P3 rats incubated in the culture medium with the assigned additives in vitro for 5 days (at DIV5). To provide a positive or negative control, the neuronal cultures were maintained in medium with or without the addition of BDNF, respectively. Representative images of neuronal cultures from various experimental groups are illustrated in Figure 4. The average number of neurons per culture dish was 47.7 ± 2.3, and the average neurite length per neuron was 227.2 ± 21.4 μm in negative control samples (Figure 4A). A significantly increased number of neurons and elongating neurite outgrowth were seen in cell cultures treated with 20 ng/ml BDNF (Figure 4B). As expected, the number of neurons and neurite length of ANP-treated (Figure 4C) and 8-pCPT-cGMP-treated (Figure 4E) neurons were significantly increased compared to the negative control samples. Conversely, 1 μM ANP failed to elevate the neuronal number and neurite elongation of SGNs in the presence of 1 μM A71915 (Figure 4D) or 1 μM KT5823 (Figure 4F). Furthermore, 1 μM ANP4–23 did not elicit the same effect as ANP (Figure 4G), while 1 μM AP811 did not suppress the effect of ANP on neuronal maintenance and neurite outgrowth (Figure 4H). Significantly, incubation with ANP (Figure 4C) and the cGMP analog 8-pCPT-cGMP (Figure 4E) inspired branch formation of neurites in cultured SGNs, and a similar phenomenon could be seen in BDNF-treated neurons (Figure 4B) and is previously described in our report (Sun et al., 2020), indicating the cascade in which neurotrophins and ANP/NPR-A/cGMP/PKG activation lead to a trophic support for neurite growth and branching. Accordingly, the mechanism of ANP/NPR-A/cGMP/PKG signaling in the regulation of axonal branching or pathfinding requires further exploration during cochlear development to comprehensively elucidate the principle underlying the assembly of auditory circuits.
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FIGURE 4. ANP promotes neurite outgrowth of dissociated SGNs by activating NPR-A/cGMP/PKG pathway. Dissociated SGNs were maintained in culture medium alone (A), or medium supplemented with 20 ng/mL BDNF (B), 1 μM ANP (C), 1 μM ANP plus 1 μM A71915 (D), 1 μM 8-pCPT-cGMP (E), 1 μM ANP plus 1 μM KT5823 (F), 1 μM ANP4–23 (G), or 1 μM ANP plus 1 μM AP811 (H) for 5 days. Neurons were double-labeled with TuJ1 antibody (green) and Hoechst (blue). Scale bars = 100 μm. The cell number (I) and average neurite length (J) of dissociated SGNs were counted (N = 5 culture dishes for each group). Results are expressed as mean ± SEM (*P < 0.05, versus negative control samples; #P < 0.05, versus positive control samples/BDNF).


Collectively, these observations indicate that ANP may promote outgrowth and regeneration of neurites from SGNs by activating the NPR-A/cGMP/PKG pathway. In addition, the variation tendency associated with the number of neurites from SG explants (Figure 3I) and cell number of dissociated SGNs (Figure 4I) suggested that the ANP/NPR-A/cGMP/PKG pathway may improve neuronal survival in vitro, to a certain extent.



ANP Attracts Neurite Outgrowth of SG Explants by Activating the NPR-A/cGMP/PKG Pathway

To evaluate the capacity to attract SGN neurites of downstream signaling pathways mediated by ANP and its receptors, we determined the probability of neurite attaching to surfaces of PuraMatrix hydrogel incorporated with given additives after SG explants of P3 rats were maintained in vitro for 4 days (at DIV4). As illustrated in Figure 5, a few neurites sprouting from explants contacted the edge of the PuraMatrix droplets but rarely grew onto the hydrogel surface (attachment) and thus yielded a low probability (20%) of neurite attachment to native PuraMatrix (Figure 5A). To attract extending neurites from explants, 20 ng/ml of BDNF was incorporated into 0.25% PuraMatrix, which gave rise to increased probability (100%) of neurite attachment (Figure 5B). Likewise, a substantial number of neurites were attracted and attached to surfaces of hydrogel incorporated with 1 μM ANP (Figure 5C). Similar patterns of neurite attachment could also be noticed on explants settled in proximity to hydrogel incorporated with 1 μM 8-pCPT-cGMP (Figure 5E). In contrast, incorporation of 1 μM NPR-A blocker A71915 (Figure 5D) or KT5823 (Figure 5F) into ANP-supplemented PuraMatrix resulted in drastically reduced probability of neurite attachment. Besides, activation of NPR-C with 1 μM ANP4–23 failed to support neurite attachment to hydrogel (Figure 5G), whereas blockade of NPR-C with 1 μM AP811 did not compromise the capacity of ANP-incorporated hydrogel to attract neurites (Figure 5H). These findings indicate a high capacity of ANP to attract neurites of SG explants by activating the NPR-A/cGMP/PKG pathway.
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FIGURE 5. ANP attracts neurite outgrowth of SG explants by activating NPR-A/cGMP/PKG pathway. SG explants were settled in close proximity to droplets of 0.25% native PuraMatrix solution (A), or 0.25% PuraMatrix mixture incorporated with 20 ng/mL BDNF (B), 1 μM ANP (C), 1 μM ANP plus 1 μM A71915 (D), 1 μM 8-pCPT-cGMP (E), 1 μM ANP plus 1 μM KT5823 (F), 1 μM ANP4–23 (G), or 1 μM ANP plus 1 μM AP811 (H) and maintained in culture medium for 4 d. Neurons were double-labeled with TuJ1 antibody (green) and Hoechst (blue). (A1–H1) High-magnification views of the boxed region of (A–H). The dashed white line marks the border of the PuraMatrix droplet. Scale bars = 500 μm. The number of explants extended neurites to contact or attach to the droplet surface (I) and the probability of neurite attachment to PuraMatrix hydrogel (J) were determined (N = 5 explants for each group).




ANP Promotes Neuronal Survival of Dissociated SGNs Against Glutamate Excitotoxicity by Activating the NPR-A/cGMP/PKG Pathway

To verify the possible neuroprotective effects of ANP receptor-associated downstream signaling pathways on SGNs against glutamate-induced excitotoxicity, we calculated the neuronal number and neurite length of dissociated SGNs from P3 rats cultured in medium containing the additives for 3 days (at DIV3). Representative images from cultures in different experimental groups are illustrated in Figure 6. The average number of neurons per dish was 38.6 ± 4.1, and the average neurite length per neuron was 234.0 ± 13.8 μm in control samples (Figure 6A). A drastic decrease in the number and neurite length of adhering neurons was observed in cultures subjected to excitotoxicity elicited by 100 μM glutamate for 48 h (Figure 6B), indicating that glutamate excitotoxicity would influence neuronal viability and neurite integrity, contributing directly to neurodegeneration (neuronal loss and neurite retraction) of SGNs. Pretreatment of dissociated SGNs with 1 μM ANP (Figure 6C) or 1 μM 8-pCPT-cGMP (Figure 6E) was able to substantially prevent neuronal loss and neurite retraction induced by glutamate exposure, whereas pre-incubation with 1 μM NPR-A inhibitor A71915 (Figure 6D) or 1 μM KT5823 (Figure 6F) abolished ANP-mediated neuronal survival and neurite outgrowth. Furthermore, 1 μM NPR-C agonist ANP4–23 failed to mimic the effect of ANP on neuronal viability and neurite integrity (Figure 6G), while 1 μM NPR-C blocker AP811 did not suppress the protective effect of ANP against glutamate excitotoxicity (Figure 6H). Accordingly, these results demonstrate that the neuroprotective effect of ANP on promoting survival of SGNs against glutamate-induced excitotoxicity is mediated by the NPR-A/cGMP/PKG pathway.
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FIGURE 6. ANP promotes neuronal survival of dissociated SGNs against glutamate induced-excitotoxicity by activating NPR-A/cGMP/PKG pathway. Dissociated SGNs were incubated in culture medium alone (A,B), or medium supplemented with 1 μM ANP (C), 1 μM A71915 (D), 1 μM 8-pCPT-cGMP (E), 1 μM ANP plus 1 μM KT5823 (F), 1 μM ANP4–23 (G), or 1 μM ANP plus 1 μM AP811 (H) for 24 h. Then, 100 μM glutamate was added to the culture medium of all experimental cultures (B–G) and maintained for 48 h. Neurons were double-labeled with TuJ1 antibody (green) and Hoechst (blue). Glu: glutamate. Scale bars = 100 μm. The neuronal number (I) and average neurite length (J) of dissociated SGNs were calculated (N = 5 culture dishes for each group). Results are expressed as mean ± SEM (*P < 0.05, versus control samples; #P < 0.05, versus glutamate treated samples/Glu).




DISCUSSION

SGNs are auditory afferent neurons located in the Rosenthal canal in the cochlear modiolus, where they constitute the initial segment of auditory circuit to transmit neural impulse encoding acoustic information from the cochlea to the brain. The peripheral dendrites of SGNs extending from their somata within the modiolus form synaptic contacts with mechanosensory HCs in the organ of Corti, while their central axons connect to the cochlear nuclei within the brainstem (Nayagam et al., 2011). Many stress stimulators like ototoxic drugs and noise exposure had been testified to produce vast ROS in HCs and damage the HCs (Sun et al., 2014; Guan et al., 2016; Yu et al., 2017; Li H. et al., 2018; Zhang Y. et al., 2019; Gao et al., 2020; Zhong et al., 2020). Once the sensory epithelium of the cochlea or contacts with HCs are damaged due to auditory insults, SGNs may retract peripheral neurites and progressively degenerate due to lack of neurotrophic support (Stankovic et al., 2004; Vink et al., 2021). For individuals suffering from profound to severe SNHL, the treatment of choice at present is the implantation of a cochlear electrode array (CIs) by which the function of the missing HCs can be replaced. After insertion of the electrode into the cochlear scala tympani, auditory neurons can be stimulated electrically to create a hearing neural impulse. Benefits from the CIs are influenced by not only the amount of functional SGNs stimulated by the CIs but also the anatomical gap between auditory neurons and implanted cochlear electrodes. To establish an integrated neural-electrode interface, SGN neurites sprouting from cochlear bony structures must grow and be directed to the electrode surface. If neurites extend closer to the electrode and yield lower stimulus thresholds in a CI array, it might be possible to achieve controllable neural stimulation as well as improved sound quality and speech perception (Kwiatkowska et al., 2016; Li et al., 2017). To facilitate regeneration and guidance of peripheral processes from residual auditory neurons toward an implanted electrode, promising neurotrophic molecules (e.g., neurotrophins) are under research, due to their profound impact on neuronal survival, neurite outgrowth, and subsequent performance of CIs (Pfingst et al., 2017; Ma et al., 2019).

The cGMP signaling cascade has a versatile role in a broad spectrum of biological processes and maintains, in both the central and peripheral nervous systems, all aspects of neuronal functions including neurogenesis, synaptic formation, neuroprotection, neuronal excitability, and sensory transduction associated with olfaction, vision, and nociception (Zhao et al., 2009; Zhang et al., 2010). ANP and other members of the NP family, along with their receptors, are widely distributed in the mammalian nervous system and may participate in the regulation of neuroprotection, neural development, synaptic transmission, and information processing. Circumstantial evidence indicates the significance of cGMP signaling for neurite outgrowth and pathfinding and thus sheds light on the possible involvement of NPs in neuronal development and neurite regeneration. Particularly, cGMP signaling that is activated through binding of the ligand CNP to its transmembrane GC-coupled NPR-B (also known as NPR2 or GC-B) controls axonal bifurcation of cranial sensory ganglia neurons including cochlear SGNs entering the hindbrain (Lu et al., 2011, 2014; Ter-Avetisyan et al., 2014, 2018; Wolter et al., 2018; Schmidt and Fritzsch, 2019) and DRG neurons entering the spinal cord (Schmidt et al., 2002, 2007; Kishimoto et al., 2008; Schmidt et al., 2009; Zhao et al., 2009; Xia et al., 2013; Schmidt et al., 2016, 2018; Dumoulin et al., 2018a,b; Tröster et al., 2018). Likewise, knocking out PKGIα (also termed cGKIα) or NPR-B leads to defective central axonal projection of SGNs or DRG neurons in mouse models. Consequently, these studies suggested that the CNP/NPR-B/cGMP/PKG pathway might be implicated in the major events related to neurite outgrowth or pathfinding during neuronal development.

Additionally, increasing evidence indicates that NPs can exert neuroprotective functions by activation of GC-coupled NPRs. It has been reported that the ANP/NPR-A pathway might possess neuroprotective effects on rat retinal neurons against excitotoxicity caused by N-methyl-D-aspartate, probably by the activation of D1 dopamine receptors (Kuribayashi et al., 2006). CNP could serve a neuroprotective role which rescued rat retinal ganglion cells from apoptotic impairment in vitro or in vivo (Ma et al., 2010). ANP and BNP could inhibit apoptosis of cultured PC12 cells induced by serum deprivation and improve their survival with increasing cGMP levels (Fiscus et al., 2001). Pretreatment with ANP alleviated nitric oxide-induced neuronal apoptosis of a cholinergic-neuron-like cell line NG108-15, associated with elevation of cGMP levels (Cheng Chew et al., 2003). ANP could protect dopaminergic neuron-like models in vitro against neurotoxic insult for mimicking the neurodegeneration of Parkinson’s disease, which might be strongly dependent on the activation of the Wnt/β-catenin pathway (Colini Baldeschi et al., 2018). CNP was also shown to function as an innate neuroprotectant which improved neuronal survival of neonatal brain in mice from hypoxia–ischemia insult through its receptor NPR-B (Ma and Zhang, 2018).

Circumstantial evidence shows that ANP and receptors, i.e., its cognate receptor NPR-A and its clearance receptor NPR-C, are broadly distributed in mammalian CNS and peripheral sensory tissues, suggesting their involvement in regulation of various neuronal functions (Cao and Yang, 2008; Mahinrad et al., 2016). Taking together the results from previous findings and those of our works that demonstrate the colocalization of ANP and its receptors in cochlear SG, we proposed that ANP may also participate in the regulation of certain auditory neuronal functions through binding to its receptors (Lamprecht and Meyer zum Gottesberge, 1988; Furuta et al., 1995; Sun et al., 2013, 2014). Although our recent study suggests that ANP would stimulate neurite outgrowth of cochlear SGNs by triggering the NPR-A/cGMP/PKG pathway (Sun et al., 2020), the possible influence of NPR-C signaling within this process still needs to be examined, since NPR-C can interact with other second messenger signaling through the inhibition of adenylyl cyclase and activation of phospholipase C (Rose and Giles, 2008). In the present study, we employed organotypic explant and dissociated neuron cultures from SG of postnatal rats in vitro to evaluate the influence of ANP on neurite outgrowth, neurite attraction, and neuronal survival of SGNs. To determine which receptor is predominantly involved in the modulatory effects on neuronal functions of SGNs, we used the selective NPR-A antagonist A71915, cGMP analog 8-pCPT-cGMP, PKG inhibitor KT5823, selective NPR-C agonist ANP4–23, and NPR-C antagonist AP811. To explore the effect of ANP receptor pathways on neurite outgrowth of SGNs, we initially calculated the number and length of neurites extended from SG explants and dissociated neurons. Furthermore, the capacity of ANP receptor pathways to attract neurites was assessed by determining the probability of neurite attachment to the hydrogel surface by employing an in vitro SG explant model cultured next to PuraMatrix droplets (Frick et al., 2017). In these procedures, BDNF served as positive controls since it acts as a soluble neurotrophin to enhance neurite elongation, as well as a guidance cue to attract the growing neurites toward the hydrogel. The slow and sustained release of BDNF, cytokines, and small molecules from similar hydrogels suggests favorable release kinetics of the PuraMatrix hydrogel that might be utilized to establish a concentration gradient attracting attachment of neurites (Gelain et al., 2010; Frick et al., 2017). At last, the possible neuroprotective effect of ANP receptor pathways on SGNs was explored by calculating the neuron number and neurite length of dissociated SGNs exposed to glutamate excitotoxicity. As illustrated above, our data indicate that ANP would effectively stimulate neurite outgrowth and promote neuronal survival of SGNs by activating the NPR-A/cGMP/PKG cascade, since this activity can be mimicked by 8-pCPT-cGMP and abolished by KT-5823. Specifically, a cGMP signaling pathway composed of the ligand ANP, GC-coupled receptor NPR-A, and the downstream effector PKG could support and attract neurite outgrowth of SGNs. In addition, the variation tendency relevant to the number of neurites from explants and cell number of dissociated SGNs in samples analyzed for neurite outgrowth implied that the ANP/NPR-A/cGMP/PKG signaling cascade may improve neuronal survival. Furthermore, ANP might possess a high capacity to promote neuronal survival of SGNs against glutamate-induced excitotoxicity by activating the NPR-A/cGMP/PKG pathway.

Taken together, our study provides valuable information regarding the distribution of ANP and its receptors as well as their potential modulatory effects on neuronal functions of primary auditory neurons in the inner ear of postnatal rat. The neuroregenerative and neuroprotective nature of ANP/NPRA/cGMP/PKG-dependent signaling also strongly intimates that ANP could perform a vital role in normal neuritogenesis (sprouting, elongation, and branching) of SGN during development of the inner ear. Manipulation of cGMP levels and activation of PKG by activating ANP and receptors signals represent a potential therapeutic strategy to enhance regrowth of SGN neurites and support SGN survival, which promises to be a fruitful area for developing new and effective therapies for SNHL. Future investigations are necessary to unravel the details of this endogenous neuropeptide modulating the physiological functions of cochlear neurons, which will enhance our understanding of the mechanisms underlying normal and pathological states of hearing and provide future clinical applications on effective prophylactic and therapeutic treatment for hearing impairment.
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Gpr125 Marks Distinct Cochlear Cell Types and Is Dispensable for Cochlear Development and Hearing
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The G protein-coupled receptor (GPR) family critically regulates development and homeostasis of multiple organs. As a member of the GPR adhesion family, Gpr125 (Adgra3) modulates Wnt/PCP signaling and convergent extension in developing zebrafish, but whether it is essential for cochlear development in mammals is unknown. Here, we examined the Gpr125lacZ/+ knock-in mice and show that Gpr125 is dynamically expressed in the developing and mature cochleae. From embryonic day (E) 15.5 to postnatal day (P) 30, Gpr125-β-Gal is consistently expressed in the lesser epithelial ridge and its presumed progenies, the supporting cell subtypes Claudius cells and Hensen’s cells. In contrast, Gpr125-β-Gal is expressed transiently in outer hair cells, epithelial cells in the lateral cochlear wall, interdental cells, and spiral ganglion neurons in the late embryonic and early postnatal cochlea. In situ hybridization for Gpr125 mRNA confirmed Gpr125 expression and validated loss of expression in Gpr125lacZ/lacZ cochleae. Lastly, Gpr125lacZ/+ and Gpr125lacZ/lacZ cochleae displayed no detectable loss or disorganization of either sensory or non-sensory cells in the embryonic and postnatal ages and exhibited normal auditory physiology. Together, our study reveals that Gpr125 is dynamically expressed in multiple cell types in the developing and mature cochlea and is dispensable for cochlear development and hearing.
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INTRODUCTION

G protein-coupled receptors (GPRs) form one of the largest gene families in the human genomes and serve critical functions across multiple organs (Pickering et al., 2008). Among the five subfamilies of mammalian GPRs, the adhesion family represents the second largest and consists of nine distinct subfamilies and 33 members, 10 of which have defined biological functions (Hamann et al., 2015; Vizurraga et al., 2020). For example, Gpr56 deficiency causes brain malformation and myelination defects (Ganesh et al., 2020) and disrupts seminiferous tubule remodeling in the developing testis in mice (Chen et al., 2010). Gpr124 knockout mice display abnormal angiogenesis in the developing forebrain and spinal cord, leading to hemorrhage and embryonic lethality (Cullen et al., 2011). Conditional deletion of Gpr124 in adult mice disrupts the blood–brain barrier in ischemic conditions, underscoring its role in the mature organ (Chang et al., 2017). Another member of the GPR adhesion family, Gpr126, is required for myelination by Schwann cells in the mouse peripheral nerve system (Monk et al., 2011). Lastly, Celsr1-deficient mice demonstrate neural tube closure defects, abnormal skin hair patterning, and deformities (Curtin et al., 2003; Doudney and Stanier, 2005; Aw et al., 2016; Boucherie et al., 2018). These findings implicate significant roles for adhesion GPRs during development and homeostasis.

Several adhesion GPRs have been shown to be important for cochlear development. First, mutation of Gpr98 causes moderate to severe congenital hearing loss in humans (Moteki et al., 2015; Bousfiha et al., 2017). In mice, Gpr98 (or Very Large G-protein coupled receptor 1, Vlgr1) is required for the assembly of the ankle link complex and in the subsequent bundle development and survival of cochlear hair cells (McGee et al., 2006; Zou et al., 2015). As another adhesion GPR, Celsr1 is a planar cell polarity core protein expressed in cochlear and vestibular hair cells in mice (Curtin et al., 2003; Duncan et al., 2017). Its deficiency causes planar cell polarity defects of vestibular and cochlear hair cells and aberrant turning of axons in Type II spiral ganglion neurons (SGNs) (Curtin et al., 2003; Duncan et al., 2017; Ghimire et al., 2018). While these studies underscore the roles of adhesion GPRs in the inner ear, whether other adhesion GPRs also play similar roles is currently unknown.

As a member of the adhesion family, Gpr125 is a 57-kDa transmembrane signal transducer (Hamann et al., 2015; Wu et al., 2018). Gpr125 was originally described as a marker of spermatogonia stem cells (Seandel et al., 2007). More recently, Gpr125 has also been shown to be required for gastrulation and convergent extension movements by interacting with Disheveled proteins in zebrafish (Li et al., 2013). Here, we examined the Gpr125lacZ/+ reporter mice and show that Gpr125 is dynamically expressed in the embryonic and postnatal cochlea. We demonstrate that Gpr125-β-Gal is highly expressed in the LER and its derivatives in both the embryonic and postnatal cochleae. In addition, we found that Gpr125-β-Gal is transiently expressed in multiple other cell types in the late embryonic and early postnatal cochleae, including outer hair cells (OHCs), epithelial cells lining the lateral cochlear wall, interdental cells, and SGNs. Despite germline deletion of Gpr125, the embryonic and postnatal Gpr125lacZ/lacZ cochleae show normal specification and organization of hair cell and supporting cell subtypes with no detectable convergent extension or hair cell polarity defects. The adult Gpr125lacZ/lacZ mice also show normal auditory physiology. In summary, our study reveals that Gpr125 is dynamically expressed in multiple sensory and non-sensory cell types in the developing and mature cochlea, and is dispensable for the development and maintenance of the organ.



RESULTS


Gpr125 Marks the Lesser Epithelial Ridge in the Early Embryonic Cochlea

In mice, the cochlear duct arises as a ventral out-pocketing of the developing otocyst around E11 (Driver et al., 2017). The prosensory region marked by Sox2 is flanked medially by the greater epithelial ridge and laterally by the lesser epithelial ridge (LER). At E15.5, prosensory cells are specified to become hair cells first in the mid-basal region, extending as a wave toward the apical turn over the next 2–3 days (Chen et al., 2002). Coinciding with this wave of cell specification, the cochlear duct lengthens with sensory and non-sensory cells precisely oriented, in processes called convergent extension and planar polarization.

In the embryonic (E) 15.5 cochlea, prosensory cells are specified to become hair cells (Driver and Kelley, 2020). The prosensory domain resides in the floor of the cochlear duct between the greater and lesser epithelial ridges. Hair cell specification first occurs in the basal turn and then extends in a wave toward the apex (Chen et al., 2002). To study the expression pattern of Gpr125 at this developmental stage, we examined the Gpr125lacZ/+ knock-in mouse, in which a lacZ-neomycin cassette was inserted into exon 15 (see Materials and Methods for details). The cochleae were immunostained for lacZ [β-galactoside (β-Gal)], Myosin7a, and CD44 (Figure 1A). At E15.5, Myosin7a marks outer and inner hair cells, and CD44 marks the LER only in the basal turn and occasionally expressed in the periotic mesenchyme surrounding the cochlear duct (Figures 1A,A’; Hasson et al., 1995; Hertzano et al., 2010). As controls, no Gpr125-β-Gal-positive cells were observed in wild-type cochleae (Figures 1B–D). In each turn of Gpr125lacZ/+ cochleae, robust nuclear Gpr125-β-Gal expression was detected in the LER and outer sulcus in the lateral cochlear ductal floor and in the SGNs in the modiolus (Figures 1E–G, Supplementary Figures 1A–D). Expression in the apical turn is noticeably less intense than the middle and basal turns in both the cochlear duct and SGNs, suggesting an increasing apical–basal gradient. In the basal turn where specification of Myosin7a+ hair cells has occurred, we found CD44 expression overlapping with β-Gal expression in the LER (Figure 1G). We also observed a relatively weaker Gpr125-β-Gal signal in the outer sulcus extending to the lower half of the lateral cochlear wall (Figures 1E–G). Taken together, these results indicate that Gpr125 is expressed in the LER, preceding the onset of CD44 expression and sensory cell specification in the early embryonic cochlea.
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FIGURE 1. Expression patterns of Gpr125 in E15.5 Gpr125lacZ/+ mice. (A,A’) Low-magnification images of midmodiolar cochlear sections of E15.5 Gpr125lacZ/+ mice. Co-immunostaining of Gpr125-β-Gal (green), CD44 (red), and Myosin 7a (blue) shown in each cochlear turn. Gpr125-β-Gal-positive cells primarily occupied the floor throughout the entire cochlear duct. (B–D’) No Gpr125-β-Gal-positive cells were found in the wild-type cochleae. (E–G’) In the Gpr125lacZ/+ cochleae, Gpr125-β-Gal expression was detected in the floor and SGNs of each cochlear turn. Expression is spatially restricted to the LER and outer sulcus, and more robust in the middle and base turn relative to the apex. Gpr125-β-Gal signal in the outer sulcus extends to the lower half of the lateral cochlear wall. Gpr125-β-Gal expression overlapped with CD44, which marks the LER only in the basal turn at this age. Inset in panel (G) shows high-magnification image. CD44 is also occasionally expressed in the periotic mesenchyme surrounding the cochlear duct. Red arrow marks CD44-positive cells in panels (D’,G’). n = 4 for wild type, n = 3 for Gpr125lacZ/+.




Gpr125 Expression Broadens in the Late Embryonic Cochlea

At E18.5, both outer and inner hair cells and most support cell subtypes are specified in all three cochlear turns (Kolla et al., 2020). In the Gpr125lacZ/+ cochlea, strong β-Gal signal was detected in the LER, lateral cochlear wall, and weak signal in the modiolus (Figure 2A). No Gpr125-β-Gal expression was detected in the wild-type cochlea (Figures 2B,C,F,G,J,K). In the lateral cochlear wall, Gpr125-β-Gal is strongly expressed in cells spanning from the LER to the lateral cochlear wall (Figures 2D,H,L). This expression is broader and more intense than that of E15.5, when Gpr125-β-Gal expression is restricted to the lower half of the lateral wall. Within the LER domain, cells located in the lateral two-thirds strongly express Gpr125-β-Gal, whereas the two rows of cells residing in the medial portion show weaker but detectable expression in all three cochlear turns (Figures 2D,E,H,I,L,M). We immunostained for CD44 and found that CD44 marks the LER, inner phalangeal cells inside the cochlear duct, and also the mesenchymal cells outside the roof (Figures 2B–D’), and overlapped with Gpr125-β-Gal expression in the LER (Figures 2D,H,L). Medial LER cells, which presumably give rise to Hensen’s cells, lack CD44 expression (Figures 2D,H,L). No apical–basal gradient was
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FIGURE 2. Expression patterns of Gpr125 in E18.5 Gpr125lacZ/+ mice. (A,A’) Representative images of midmodiolar cochlear sections of E18.5 Gpr125lacZ/+ mice immunostained for Gpr125-β-Gal (green), CD44 (red), and Myosin7a (blue). Gpr125-β-Gal expression located in the LER, lateral cochlear wall, OHCs and SGNs (asterisks). (B–C’) CD44 marks the LER and inner phalangeal cells inside the cochlear duct and also the mesenchymal cells outside the roof. No Gpr125-β-Gal expression was observed in the wild-type cochleae. (D,D’) Gpr125-β-Gal expression was detected at the LER (yellow arrowhead) extending to the lateral cochlear wall (red arrowhead) at the apical turn of Gpr125lacZ/+ cochlea. Low expression was also noted in outer hair cells (red arrows). (E,E’) Confocal images of whole mount cochlea (apical turn shown) from E18.5 Gpr125lacZ/+ mice showing co-expression of Gpr125-β-Gal and CD44 in the LER. Gpr125-β-Gal expression was also detected in the CD44-negative Hensen’s cells and OHCs (red arrows). (F–G’) No Gpr125-β-Gal signal was detected at the middle turns of the wild-type cochlea. (H–I’) Like the apical turn, Gpr125-β-Gal was detected in the lateral cochlear wall and LER in the middle turn of Gpr125lacZ/+ cochlea (red and yellow arrowheads, respectively). Gpr125-β-Gal was not detected in hair cells. (J–K’) No Gpr125-β-Gal signal was detected at the base of the wild-type cochlea. (L–M’) Gpr125-β-Gal is expressed in the LER and lateral cochlear wall in the base turn of Gpr125lacZ/+ cochlea. High-magnification images shown in inset for panels (D,H). GER, greater epithelial ridge; LER, lesser epithelial ridge; IHC, inner hair cells; OHC, outer hair cells; SGN, spiral ganglion neurons.


observed with Gpr125-β-Gal expression in the LER at this age (Figures 2D,E,H,I,L,M). On the other hand, Gpr125-β-Gal is weakly expressed among OHCs only in the apical turn (Figures 2D,E) at this time point. As hair cells are more mature in the basal turn, these data suggest that Gpr125 is transiently expressed in OHCs and is rapidly downregulated as the hair cells mature. Relative to E15.5, Gpr125 expression at E18.5 is less restricted, labeling the LER, lateral cochlear wall, and modiolus.



Expression Pattern of Gpr125 in the Postnatal Cochlea

The postnatal cochlea undergoes several morphological changes, including opening of the tunnel of Corti around P5–P7 and the apoptosis of the GER between P7 and P10 (Peeters et al., 2015; Basch et al., 2016). To determine the expression of Gpr125 in the postnatal cochlea, we immunolabeled Gpr125-β-Gal in the Gpr125lacZ/+ cochlea at P0, P4, and P30. We first analyzed the wild-type cochlea at P0, P4, and P30 and no Gpr125-β-Gal-positive cells were detected (not shown). Similar to E18.5, Gpr125-β-Gal-positive cells were primarily observed in the LER and lateral cochlear wall in the P0 Gpr125lacZ/+ cochlea (Figure 3A). In contrast to E18.5, the Gpr125-β-Gal signal is absent in the OHCs in all turns at P0 (Figures 3A,C), supporting the observation that Gpr125 is transiently expressed in the embryonic OHCs. Relative to E18.5, Gpr125-β-Gal expression is more robust in the CD44-positive lateral LER (presumed Claudius cells) and outer sulcus (Figure 3C). At both P0 and P4, expression of Gpr125-β-Gal is more intense in the medial, CD44-negative LER (presumed Hensen’s cells) than at E18.5. Moreover, the expression of β-Gal in the outer sulcus and LER is more intense at P4 compared to P0 (Figures 3B,D). In the lateral cochlear wall, Gpr125-β-Gal signal was detected in the stria vascularis, with signal appearing the highest in the epithelial layer at both P0 and P4 (Figures 3A,B). Compared to P0, Gpr125-β-Gal expression in the lateral wall is markedly lower at P4 (Figure 3B). Lastly, we detected Gpr125-β-Gal signal in interdental cells in P4 but not P0 Gpr125lacZ/+ cochleae (Figures 3A,B).
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FIGURE 3. Expression of Gpr125 in the postnatal cochlea. (A,A’) Representative image of section of the middle turn of P0 Gpr125lacZ/+ cochlea. Gpr125-β-Gal was detected in the lateral cochlear wall, stria vascularis (SV, red arrowheads), outer sulcus, SGNs, and LER (yellow arrowheads). CD44 marks Claudius cells. Inset demonstrates high magnification of interdental cells (IDC, white arrows) in panel (A). No expression was detected in the IDCs or outer hair cells (red arrows). (B) Midmodiolar sections of P4 Gpr125lacZ/+ cochlea showing Gpr125-β-Gal expression in the LER, SGNs, SV, and outer sulcus. (B’,B”) At P4, Gpr125-β-Gal expression was detected at the lateral cochlear wall, SV (red arrowheads), outer sulcus, IDCs (white arrows), and LER (yellow arrowheads). (C–D”) Whole mount preparation of P0 and P4 Gpr125lacZ/+ cochleae showing β-Gal and CD44 expression in LER, and Gpr125-β-Gal expression alone in Hensen’s cells (HeC). (E–F’) At P30, Gpr125-β-Gal expression was detected in Claudius cells (yellow arrowheads), Hensen’s cells (yellow arrows), and outer sulcus (cyan arrowheads). Relative to P4, Gpr125-β-Gal expression in the IDC (white arrows) is more intense. Insets show magnification of boxed areas in A–E. SV, stria vascularis; LER, lesser epithelial ridge; OHC, outer hair cells; SGN, spiral ganglion neurons; IHC, inner hair cells.


In the mature, P30 cochlea, Gpr125-β-Gal expression is still robust in the outer sulcus, Claudius cells, and Hensen’s cells. However, Gpr125-β-Gal signal is no longer detectable in the stria vascularis (Figures 3E,F). Furthermore, relative to P4, β-Gal expression in the interdental cells appears more intense at P30. There is no difference in the immunolabeling of β-Gal from the apical to basal turns (data not shown). Together, these data indicate that Gpr125 is dynamically expressed in multiple cell types in the postnatal cochlea, except in Claudius and Hensen’s cells where expression is consistent.



Cochlear Development in the Gpr125lacZ/lacZ Mice

To validate Gpr125 deletion, in situ hybridization using probes specific for the Gpr125 exons 15–19 was performed in P0 wild-type and Gpr125lacZ/lacZ mice. As the lacZ cassette is inserted into exon 15, mRNA expression detected by these probes was expected to be lower in Gpr125lacZ/lacZ mice. After combining immunostaining for β-Gal and Myosin7a with in situ hybridization, we observed abundant Gpr125 mRNA expression in multiple cochlear regions in wild-type mice and a notable absence of Gpr125 transcripts in the same region in Gpr125lacZ/lacZ cochleae (Figures 4A–C). Gpr125 mRNA signal is evident in several areas of the P0 wild-type cochleae, including hair cells, interdental cells, LER, Reissner’s membrane, stria vascularis, tympanic border cells, spiral limbus, and the modiolus (presumed spiral ganglia neurons, SGNs) (Figures 4B,D). This pattern is noticeably broader than that of Gpr125-β-Gal. For example, Gpr125 mRNA was detected in P0 interdental cells and stria vascularis where no β-Gal signal was detected. No β-Gal signal was observed in the wild-type cochleae. In P0 Gpr125lacZ/lacZ cochleae, β-Gal signal was mainly noted in SGNs, LER, and stria vascularis similar to Gpr125lacZ/+ cochleae (Figures 4C,E). Compared to wild-type cochlea, markedly lower Gpr125 mRNA signal was detected in the stria vascularis and LER in the Gpr125lacZ/lacZ cochleae (Figure 4E), indicating that Gpr125 transcripts are markedly reduced in the homozygous cochleae. The specificity of the signal was confirmed by the lack of signal in negative controls (using probes against Dapb) (Figure 4F). The signal intensity of each region was compared to positive controls (using probes against Polr2), which displayed robust staining (Figure 4G). Because some mRNA signal remained in the Gpr125lacZ/lacZ cochleae, we quantified the levels of β-Gal and Gpr125 mRNA signal in defined regions of the cochlea. The Gpr125 mRNA signal is the most intense in the LER and stria vascularis in the wild-type cochleae. Similarly, β-Gal expression in these two regions is the most intense in the Gpr125lacZ/lacZ cochleae (Figure 4H). Relatively lower Gpr125 mRNA expression was detected in hair cells, interdental cells, Reissner’s membrane, tympanic border cells, and spiral limbus of wild-type cochleae, whereas no Gpr125 mRNA signal was detected in those regions in Gpr125lacZ/lacZ cochlea, suggesting that Gpr125 is absent in these regions. Overall, Gpr125 mRNA levels significantly correlated with the β-Gal signals (R2 = 0.82, p < 0.01, Pearson’s correlation, Figure 4H). Together, these data validate the Gpr125lacZ/lacZ cochlea as a model to assess Gpr125 deficiency.
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FIGURE 4. Gpr125 mRNA expression in wild-type and Gpr125lacZ/lacZ cochleae. (A) Schematic of P0 cochlea showing subtypes of hair cells and supporting cells. BC, Boettcher cells; DC, Deiters’ cells; TBC, tympanic border cells; PC, pillar cells; IPC, inner phalangeal cells; LER, lesser epithelial ridge; HeC, Hensen’s cells; OHC, outer hair cells; IHC, inner hair cells; GER, greater epithelial ridge; SGNs, spiral ganglion neurons. (B,C) Low-magnification image of cryosection demonstrates robust Gpr125 mRNA expression in P0 wild-type cochlea. Gpr125 mRNA expression is low or undetectable in most regions in the Gpr125lacZ/lacZ cochlea, with the exception of the lateral wall and LER where significant expression remained detectable. (D–D”) High-magnification images of cochlear section showing robust Gpr125 mRNA signals in the wild-type cochlea. Robust Gpr125 mRNA signals were detected at the lateral cochlear wall (LW), outer sulcus, and lesser epithelial ridge, and at lower levels in the organ of Corti, Reissner’s membrane, tympanic border cells (red arrow), spiral limbus, and greater epithelial ridge. No Gpr125-β-Gal-positive cells were detected in the wild-type cochlea. (E–E”) Relative to the wild-type cochlea, Gpr125 mRNA signal is dramatically lower in the Gpr125lacZ/lacZ cochlea. (F–F”) Labeling for Dihydrodipicolinate reductase (Dapb) is used as a negative control. (G–G”) Labeling for RNA polymerase II (Polr2) is used as a positive control. (H) Fluorescence intensity of Gpr125 mRNA and Gpr125-β-Gal protein in cell types of interest. Gpr125 mRNA signal is the highest in the LER in wild-type cochleae. Similarly, immunolabeling for β-Gal protein expression is the strongest in the LER in Gpr125lacZ/lacZ cochleae. The fluorescence of Gpr125 mRNA correlated to β-Gal (R2 = 0.82, p < 0.01, Pearson’s correlation). Data are presented as mean ± SD.




Dynamic Expression of Gpr125 in SGNs

We next characterized Gpr125 expression in the SGNs in the embryonic and postnatal cochlea. At E15.5 and E18.5, a relatively low expression of Gpr125-β-Gal was detected in Tuj1+ (class III beta-tubulin) SGNs in Gpr125lacZ/+ and Gpr125lacZ/lacZ cochleae (Figures 5A–F). In the modiolus, β-Gal expression is limited to SGNs in the modiolus at E15.5, E18.5, and P0. Relative to these ages, β-Gal expression is noticeably higher at P4 (Figures 5G–L). By P30, we could not detect any Gpr125-β-Gal signal in Tuj1-positive SGNs, while some Gpr125-β-Gal-positive, Tuj1-negative cells (presumably glial or satellite cells) were observed (Figures 5M–O). No apical-to-basal gradient of Gpr125-β-Gal expression was observed except for E15.5 (Supplementary Figure 1). Taken together, these findings demonstrate that Gpr125 expression in SGNs increases from embryonic to early postnatal ages, before becoming undetectable in the mature cochlea.
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FIGURE 5. Gpr125 deficiency does not impair spiral ganglion neuron development. Representative sections of Rosenthal’s canal from the middle turn of wild-type, Gpr125lacZ/+, andGpr125lacZ/lacZ cochleae. All sections were co-stained for β-Gal (green), Tuj1 (red), and DAPI (blue). (A–I) Between E15.5 and P0, Gpr125-β-Gal expression is detected in a subset of Tuj1-positive SGNs in the Gpr125lacZ/+ and Gpr125lacZ/lacZ cochleae (yellow arrowheads). (J–L) At P4, β-Gal expression is notably more intense in most Tuj1-positive SGNs. (M–O) At P30, Gpr125-β-Gal was undetectable in Tuj1-positive SGNs, but was noted in a few surrounding Tuj1-negative cells. Gpr125-β-Gal-positive signal was not observed in wild-type SGNs across ages. (P) Quantification of Tuj1-positive neurons showing no significant difference in counts among wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ cochleae in all ages examined (p > 0.05, one-way ANOVA). Data are presented as mean ± SD.


To investigate whether Gpr125 is required for SGN development and survival, we quantified the Tuj1-positive cells in middle turns of wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ cochleae. No significant differences were observed in the density of Tuj1-positive SGNs among all three groups (Figure 5P). Our results indicate that Gpr125 is not required for SGN development or survival in the embryonic, neonatal, or adult cochlea.



Normal Cochlear Development in the Gpr125lacZ/lacZ Mice

Gpr125 has been shown to modulate Wnt/PCP signaling and to be required for gastrulation in zebrafish (Li et al., 2013). Shortened cochlea as a result of defective convergent extension is a hallmark of PCP defects (Driver et al., 2017; Najarro et al., 2020). To test whether convergent extension was perturbed by Gpr125 deficiency, we examined the otic capsule from P0 wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ mice and found them to be morphologically indistinguishable (Figures 6A–C). Moreover, length of the Gpr125lacZ/lacZ cochleae was comparable to those of wild-type and Gpr125lacZ/+ littermates (Figures 6D–F, Supplementary Figure 2A), suggesting no obvious convergent extension defects. By immunostaining hair cells, bundles, and supporting cells, we found no hair cell or supporting cell loss or disorganization in the Gpr125lacZ/lacZ cochlea at any ages examined (Figures 6G–P, Supplementary Figures 2B–N). Phalloidin staining showed that stereociliary bundles are grossly intact in all ages of Gpr125lacZ/lacZ mice (Figures 6G–P and Supplementary Figures 2B–K). We also examined the stria vascularis, the lateral cochlear wall, and LER, where Gpr125 is robustly expressed, and found no cell loss or morphologic anomalies between E15.5 and P30 (Figures 6Q–Z). Collectively, these results suggest that Gpr125 is dispensable for cochlear development including specification and polarization of hair cells.
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FIGURE 6. Gpr125 is dispensable for cochlear development. (A–C) Otic capsule from P0 wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ mice. (D–F) Whole mount preparation of cochleae from the wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ mice showing no differences in length. (G–P) Whole mount preparation of E15.5, E18.5, P0, P4, and P30 cochleae immunostained for Myosin7a (red), F-actin (green), and Sox2 (blue), demonstrating no detectable loss of hair cells, hair bundles, or supporting cells in the Gpr125lacZ/lacZ cochleae. Images were taken from the middle turn. (Q–Z) Representative sections through the middle turn of E15.5, E18.5, P0, P4, and P30 cochleae from wild-type and Gpr125lacZ/lacZ mice. Gpr125lacZ/lacZ mutants demonstrate relatively normal cochlear morphology, including in the stria vascularis and LER that strongly express Gpr125-β-Gal.




Gpr125lacZ/lacZ Mice Show No Hearing Loss

To explore whether Gpr125 is required for auditory function, ABR thresholds were examined from P30 and P120 Gpr125lacZ/+, Gpr125lacZ/lacZ, and wild-type littermate control mice (Figures 7A–G). ABR thresholds (4–45.3 kHz) showed no significant differences among three genotypes tested at P30 or P120 (p > 0.05, one-way ANOVA) (Figures 7D,F). We also measured the DPOAE responses of P30 and P120 Gpr125lacZ/lacZ mice and found no differences in thresholds compared with wild-type and Gpr125lacZ/+ mice (Figures 7E,G). Together these results indicate Gpr125 is not required for auditory function in mice.
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FIGURE 7. Gpr125lacZ/lacZ mice exhibit normal auditory physiology. (A–C) Representative ABR waveforms of P120 wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ mice. (D–G) Comparable ABR and DPOAE thresholds of P30 and P120 wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ littermates. No significant differences were observed among wild-type, Gpr125lacZ/+, and Gpr125lacZ/lacZ mice (p > 0.05, one-way ANOVA). Data are presented as mean ± SD.





DISCUSSION

In this study, we systematically characterized the expression pattern and the role of Gpr125 during the cochlea development and maturation by employing the Gpr125lacZ/+ knock-in mouse line. We found Gpr125 to be dynamically expressed in multiple cell types in the embryonic and postnatal cochlea, spanning the lateral cochlear wall, LER, organ of Corti, interdental cells, and modiolus (Figure 8). Gpr125 consistently marks the LER and its derivatives, Claudius and Hensen’s cells, throughout the developmental stages examined. Lastly, Gpr125lacZ/lacZ mice display normal cochlear development and auditory function, suggesting that Gpr125 is dispensable for cochlear development and maintenance.
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FIGURE 8. Schematic depiction of Gpr125 expression in the developing and mature cochlea. At E15.5, Gpr125 is expressed in the LER, LW, and SGNs. At E18.5, Gpr125 is expressed broadly and strongly in the LER and lateral cochlear wall. It is expressed at lower levels in the OHCs and SGNs. At P0 and P4, Gpr125 is expressed in the LER, SV, and SGNs. The IDCs do not express Gpr125 at P0 and display robust expression later at P4 and P30. At P30, Gpr125 is expressed in the Claudius cells, Hensen’s cells, and outer sulcus, but is no longer expressed in the SV and SGNs. SGN, spiral ganglion neurons; GER, greater epithelial ridge; LER, lesser epithelial ridge; SV, stria vascularis; OHC, outer hair cells; IHC, inner hair cells; HC, Hensen’s cell, IDC, interdental cell; IPC, inner phalangeal cells; PC, pillar cells; DC, Deiters’ cells; CC, Claudius’s cells; OS, outer sulcus cells; BC, border cells.



Markers of the Lesser Epithelial Ridge and Derivatives

The embryonic and postnatal cochlea is radially patterned in a manner perpendicular to the tonotopic gradient arranged longitudinally along the cochlea. By E11.0, the cochlear duct has already developed into five distinct structures: the prospective LER, the Reissner’s membrane, the greater epithelial ridge (also known as Kölliker’s organ), the stria vascularis, and the prosensory domain (Driver and Kelley, 2020). BMP4 marks the LER between E16 and P1 (Morsli et al., 1998), whereas CD44 marks the lateral LER in embryonic and neonatal cochlea (Hertzano et al., 2010). Unlike CD44, Gpr125 expression spans the lateral and medial LER and its derivatives in the embryonic, neonatal, and adult cochlea, consistent with recently published single-cell RNA-sequencing data (Kolla et al., 2020). The differential expression of CD44 and Gpr125 suggests that there are at least two distinct groups of LER cells, which likely give rise to Hensen’s cells and Claudius cells in adult cochlea. Therefore, like the organ of Corti and GER, the LER is also radially patterned as the cochlea matures (Jansson et al., 2019; Munnamalai and Fekete, 2020).

While Hensen’s cells and Claudius cells can be distinguished using molecular markers and spatially, whether they serve distinct functions in the cochlea is not known. A recent study characterized the requirement of the Notch ligand Jagged1 for the formation of Hensen’s cells in the embryonic cochlea (Chrysostomou et al., 2020). Interestingly, LER cells formed Claudius cells instead of Hensen’s cells in the absence of Jagged1. The use of Gpr125 as a marker can further facilitate studies of radial patterning of the LER and the functions of distinct cell populations therein. It is important, however, to note that the β-Gal signal in the P0 Gpr125-LacZ cochleae is noticeably less broad and intense than the Gpr125 mRNA signal in wild-type animals.



Gpr125 Is Dispensable for Cochlear Development and Function

Gpr125 has been shown to be required for gastrulation during development of zebrafish (Li et al., 2013). Given its role as a modulator of the Wnt/PCP signaling, we hypothesized that Gpr125 deficiency would perturb the development of the mouse cochlea. To our surprise, Gpr125 is dispensable for the cell survival, specification, and organization in all cochlear regions where it is expressed. More specifically, cochlear length is unaffected and organization of hair cells and supporting cells appear normal, suggesting no PCP defects.

In the P30 cochlea when the auditory system is functionally mature, we found that Gpr125 deletion does not lead to changes in thresholds of ABR and DPOAE. The endocochlear potential established by the stria vascularis, which was shown to express Gpr125-β-Gal at several developmental stages, is required for hair cell function. Since we did not detect any ABR/DPOAE changes in Gpr125lacZ/lacZ mice, we presume that endocochlear potential is not affected, but more studies are needed to confirm this interpretation. Our results also suggest that Gpr125 is not required for the maintenance and function of multiple other cochlear cell types. The lack of phenotype is possibly because of redundant regulatory elements of the PCP pathway or other adhesion GPR molecules. There are likely redundant PCP signals to direct and maintain hair cell orientation, evinced by recent studies on the interaction of Wnt secretion and PCP proteins (Landin Malt et al., 2020; Najarro et al., 2020).

Knockout mice of another adhesion GPR protein, Celsr1, has been shown to display PCP defects, including that of the cochlear and vestibular organs, and abnormal brain development (Curtin et al., 2003; Boutin et al., 2012; Duncan et al., 2017; Obara et al., 2017). Of note, development of type II SGNs, which make a distinctive 90° turn toward the cochlear base to synapse OHCs during cochlear development, was perturbed in Celsr1-deficent cochlea (Ghimire et al., 2018). In our study, we do not rule out more subtle defects such as type II SGNs neurite patterning in Gpr125lacZ/lacZ mice.

The second possible explanation for the lack of phenotype is due to compensation of Gpr125 by other adhesion GPR proteins that are not yet appreciated. Recent studies of Gpr56, Gpr124, and Gpr126 implicate adhesion GPRs in diverse development processes, including brain development, blood vessel formation, and myelination in mammals (Mogha et al., 2013; Chang et al., 2017; Sawal et al., 2018). According to published single-cell transcriptomic data, the embryonic and neonatal cochlear duct express several other adhesion GPRs (e.g., Gpr116, Gpr56, Gpr64, and Gpr126) but not others (e.g., Gpr123, Gpr124, Gpr110, Gpr97) (Kolla et al., 2020). Therefore, adhesion GPR members other than Gpr125 may serve redundant functions.




CONCLUSION

In summary, our study reveals that Gpr125 is dynamically expressed in the embryonic and postnatal cochlea. Gpr125 robustly and consistently labels the LER and its derivatives, whose function remains poorly understood. Since Gpr125 is dispensable for cochlear development and function, the Gpr125lacZ/+ reporter mice may be useful for cell sorting experiments to further interrogate LER cells, which have been shown to display progenitor cell characteristics (Zhai et al., 2005; Huang et al., 2009). Alternatively, a Gpr125-Cre knock-in mice can be generated for cell-specific manipulation. Thus, the current study may help further our understanding of cochlear development, function, and regeneration.



MATERIALS AND METHODS


Mice

Gpr125lacZ/+ mice were generated by Deltagen (access number XM_1320, San Carlos, CA, United States) and were a kind gift from C.J. Kuo (Stanford University, CA, United States). To determine embryonic age, male Gpr125lacZ/+ mouse was mated with female Gpr125lacZ/+ mouse. The next morning, the vaginal plug was checked. The female was separated if a plug was present, and that noon was designated as embryonic age 0.5. Both male and female mice were examined. Animal care and all experimental procedures were carried out in accordance with institutional guidelines at Stanford University (protocol # 18606).



Genotyping

Genomic DNA extracted from mouse tails was digested in 1 M NaOH at 98°C for 1 h followed by the addition of 20 μl of 1 M Tris-HCl (pH 8.0). KAPA Taq PCR master mix was used to amplify DNA fragments. The primers used were as follows: Gpr125 Forward: 5′-GAwAGGCTGTGGGCAGTTGA CAGCAG-3′; Gpr125 Neo: 5′-GACGAGTTCTTCTGAGGGGA TCGATC-3′; Gpr125 Reverse: 5′-GCCCGTGACCATTTT TTGTCTCCTC-3′.



Immunofluorescence Staining

Immunofluorescence was performed as previously described (Atkinson et al., 2018). Whole mount cochleae were isolated and fixed in 4% paraformaldehyde for 40 min (in PBS, pH 7.4; Electron Microscopy Services) at room temperature. P30 otic capsules were decalcified in 500 mM EDTA for 2 days at 4°C. Cochlea from mice of different ages was dissected into three turns, with the Reissner’s membrane, tectorial membrane, and stria vascularis removed. Then, tissues were washed with 0.1% Triton X-100 in PBS (PBST) three times for 5 to 10 min each and blocked with 5% donkey serum, 0.1% Triton X-100, 1% BSA, and 0.02% sodium azide (NaN3) in PBS at pH 7.4 for 1 h at room temperature. Next, tissues were incubated with primary antibodies in the same blocking solution overnight at 4°C. The following day, tissues were washed with 0.1% Triton X-100 in PBS and incubated with secondary antibodies diluted in PBS containing 0.1% Triton X-100, 1% BSA, and 0.02% NaN3 for 2 h at room temperature. After washing with PBS three times for 10 min, tissues were mounted in Antifade Fluorescence Mounting Medium (Dako, Agilent) and coverslipped.

For sections, cochleae were harvested on ice and fixed in 4% PFA overnight. Then, tissues were sequentially submerged in 10, 20, and 30% sucrose prior to being embedded in 100% OCT and frozen on dry ice. Serial sections were cut at 10 μm with a cryostat. Frozen slides were warmed for 30 min at room temperature and washed in PBS before incubating in PBST for 15 min to permeabilize the tissue. Sections were then treated the same as whole mount tissues.

The following primary antibodies were used: anti-Myosin7a (Rabbit, 1:1000, Proteus Bioscience, 25-6790), anti-Sox2 (Goat, 1:400, R&D, AF2018), anti-CD44 (Rat, 1:200, BD Pharmingen, 550538), anti-β-galactose (Chicken, 1:500, Abcam, ab9361), and anti-Tuj1 (Mouse, 1:500, Neuromics, 801201). Fluorescence-conjugated phalloidin (1:1,000, Invitrogen, Thermo Fisher Scientific, A22283), DAPI (1:10,000, Invitrogen, Thermo Fisher Scientific, D1306), Alexa Fluor donkey anti-goat 647 (1:200, Thermo Fisher Scientific, A21447), Fluor donkey anti-mouse 546 (1:200, Thermo Fisher Scientific, A10036), Alexa Fluor donkey anti-rabbit 546 (1:500, Thermo Fisher Scientific, A10040), Alexa Fluor donkey anti-rabbit 647 (1:200, Thermo Fisher Scientific, A31573), Alexa Fluor donkey anti-chicken 488 (1:500, Thermo Fisher Scientific, A10040), and Alexa Fluor donkey anti-rat 647 secondary antibodies (1:200; Thermo Fisher Scientific) were also used.



In situ Hybridization

In situ hybridization was performed as previously described (Jansson et al., 2019). Briefly, tissues were fixed and processed as for immunohistochemistry. The red chromogenic RNAscope kit (Red V2.5 HD, ACDBio, Newark, CA, 322350) was used following the manufacturer’s instructions. Probes used were as follows: Mm-Adgra3-O1 (ACDBio, 827281), which was designed to detect exons 15–19 of Gpr125 (also known as Adgra3), Dapb as negative control (ACDBio, 310043), and Polr2a as positive control (ACDBio, 312471).



Auditory Measurements

Auditory brainstem responses (ABRs) and distortion product otoacoustic emission (DPOAE) responses were performed in a sound-isolated and electrically shielded chamber (Atkinson et al., 2018). Mice at P30 ± 2 and P120 ± 2 were anesthetized with a mixture of xylazine (10 mg/kg) and ketamine (100 mg/kg). Body temperature was maintained near 37°C with a heating pad. ABR signals were measured from a needle electrode inserted inferior to the left ear, referenced to an electrode inserted at the vertex of the skull, and a ground electrode was inserted at the hind leg. Tone burst stimuli were delivered at frequencies 4, 5.7, 8, 11.3, 16, 22.6, 32, and 45.3 kHz and sound intensities were raised from 10 to 80 dB sound pressure level (SPL) in 10-dB steps. Up to 512 trials were averaged at each sound level and frequency.

DPOAEs were measured by a probe tip microphone in the external auditory canal. The sound stimuli were two 1-s sine wave tones of differing frequencies (F2 = 1.22 × F1). F2 was varied from 4 to 45.3 kHz, and the intensities of two tones were from 20 to 80 dB SPL with 10-dB steps. The amplitude of the cubic distortion product was measured at 2 × F1-F2. The threshold at each frequency was calculated when the DPOAE was > 5 dB SPL and 2 SDs above the noise level. For statistical analyses of both ABR and DPOAE responses, a lack of response is designated 80 dB SPL.



Image Analyses, Quantification, and Statistics

Cell quantification and measurements were performed using Fiji ImageJ (NIH). Whole mount preparation or sections of one cochlea from each animal were used for cell counting. The samples were scanned in z-stack mode at 1-μm intervals using confocal microscopy (Zeiss LSM700 confocal microscope, Oberkochen, Germany).

For quantification, Tuj1+ SGNs were measured in one to three representative 50 μm2 grids for each cochlea. For comparisons of immunofluorescence intensity from Gpr125 mRNA in situ hybridization, images were acquired using identical settings for all experimental groups. Immunofluorescence intensity was measured in regions of interest using Fiji ImageJ (NIH). All cell numbers and measurements were presented as mean ± SD. Cell counts, ABR, and DPOAE were compared by a one-way ANOVA (SPSS 20, IBM Armonk, NY). p < 0.05 is considered statistically significant.
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Supplementary Figure 1 | Expression of Gpr125-β-Gal in spiral ganglion neurons in E15.5 Gpr125lacZ/+ mice. (A,A’) Representative low magnification images of cochlear sections of E15.5 Gpr125lacZ/+ mice immunostained for Gpr125-β-Gal (green) and Tuj1 (red). Gpr125-β-Gal was detected in Tuj1+ spiral ganglion neurons (SGN) (dashed line), albeit at lower level than the cochlear duct. (B–D) High-magnification images of SGNs from each turn shown in panel (A). There were few β-Gal+, Tuj1+ cells in the apical turn and many β-Gal+, Tuj1+ cells (arrowheads) in the middle and basal turns, respectively.

Supplementary Figure 2 | Gpr125 is dispensable for cochlear development. (A) No significant differences were seen among the lengths of wild-type, Gpr125+/lacZ and Gpr125lacZ/lacZ cochleae. (B–J”) Whole mount preparation of wild-type and Gpr125lacZ/lacZ at E15.5, E18.5, P0, P4 and P30. Immunostaining for Myosin7a, F-actin and Sox2, demonstrated no loss of hair cells, hair bundles, or supporting cells in the Gpr125lacZ/lacZ cochleae. Images were taken from the middle turn. (L–N) Hair cells and supporting cell subtypes were quantified, showing no differences in cell counts among wild-type, Gpr125+/lacZ and Gpr125lacZ/lacZ cochleae (p > 0.05, One-way ANOVA). Data are presented as mean ± SD.
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High-intensity noise can cause permanent hearing loss; however, short-duration medium-intensity noise only induces a temporary threshold shift (TTS) and damages synapses formed by inner hair cells (IHCs) and spiral ganglion nerves. Synaptopathy is generally thought to be caused by glutamate excitotoxicity. In this study, we investigated the expression levels of vesicle transporter protein 3 (Vglut3), responsible for the release of glutamate; glutamate/aspartate transporter protein (GLAST), responsible for the uptake of glutamate; and Na+/K+-ATPase α1 coupled with GLAST, in the process of synaptopathy in the cochlea. The results of the auditory brainstem response (ABR) and CtBP2 immunofluorescence revealed that synaptopathy was induced on day 30 after 100 dB SPL noise exposure in C57BL/6J mice. We found that GLAST and Na+/K+-ATPase α1 were co-localized in the cochlea, mainly in the stria vascularis, spiral ligament, and spiral ganglion cells. Furthermore, Vglut3, GLAST, and Na+/K+-ATPase α1 expression were disrupted after noise exposure. These results indicate that disruption of glutamate release and uptake-related protein expression may exacerbate the occurrence of synaptopathy.

Keywords: noise, synaptopathy, Vglut3, GLAST, Na+/K+-ATPase α1, glutamate excitotoxicity


INTRODUCTION

High-level noise, which can cause sensorineural hearing loss accompanied by permanent threshold shift, has become a major threat to human health. Short-duration medium-intensity noise (e.g., 98, 100, 106 dB SPL, 2 h), which only causes a temporary threshold shift (TTS), is distinguished from high-level noise exposure (Furman et al., 2013; Liberman et al., 2015; Bakay et al., 2018; Fernandez et al., 2020; Wei et al., 2020). In the inner ear, the mechanical vibration of sound wave was transformed into the electric signals by cochlear hair cells (Wang et al., 2017; Liu Y. et al., 2019; Qi et al., 2019, 2020; Zhang Y. et al., 2020); while spiral ganglion neurons mainly function as the neural auditory transduction cells (Sun et al., 2016; Guo et al., 2019, 2021; Liu W. et al., 2019b; Zhao et al., 2019). Noise induced hearing loss includes damage of cochlear hair cells (Liu et al., 2016; He et al., 2017, 2021; Zhou et al., 2020; Cheng et al., 2021; Fu et al., 2021), cochlear supporting cells (Lu et al., 2017; Cheng et al., 2019; Tan et al., 2019; Zhang S. et al., 2019, 2020; Zhang Y. et al., 2020; Chen et al., 2021), spiral ganglion neurons (Guo et al., 2016, 2020, 2021; Sun et al., 2016; Liu et al., 2021) and ribbon synaptopathy (Furman et al., 2013; Shi et al., 2013; Kujawa and Liberman, 2015; Liberman et al., 2015; Bakay et al., 2018; Fernandez et al., 2020; Kohrman et al., 2020; Tserga et al., 2020a; Wei et al., 2020; Song et al., 2021). It has been reported that the wave I amplitude of the auditory brainstem response (ABR) is permanently reduced and ribbon synapses between inner hair cells (IHCs) and spiral ganglion nerves are damaged after exposure to short-duration medium intensity noise (Liberman et al., 2015; Fernandez et al., 2020; Wei et al., 2020). Glutamate excitotoxicity is known to be a major factor in the damage to ribbon synapses (Kurabi et al., 2017; Sebe et al., 2017; Hu et al., 2020), but it is unknown how glutamate-associated proteins are altered after noise exposure.

Vesicle transporter protein 3 (Vglut3), encoded by the SLC17A8 gene, is important for the development and maturation of the inner ear (Obholzer et al., 2008; Ruel et al., 2008; Kim et al., 2019). Within IHCs, Vglut3 facilitates the packaging of glutamate into vesicles which is subsequently secreted into the postsynaptic membrane during exocytosis, to transduce acoustic signals into neural signals. Disrupted expression or deletion of Vglut3 can lead to tinnitus (Zhang W. et al., 2020) and deafness (Ruel et al., 2008; Seal et al., 2008; Akil et al., 2012); previous studies have suggested that knocking out the Vglut3 allele results in decreased ribbon synapse density and the number of spiral ganglion nerves (Kim et al., 2019). Moreover, ototoxic drugs (Zhang Y. et al., 2020) and aging (Peng et al., 2013) can also affect the expression of Vglut3.

Glutamate/aspartate transporter protein (GLAST) is widely expressed in the central and peripheral nervous systems (CNS and PNS, respectively), and is mainly expressed in the pillar cells (PCs) surrounding IHCs, the main site of glutamate uptake in the inner ear (Glowatzki et al., 2006). Hakuba et al. (2000) found that cochlear glutamate levels were much higher in GLAST–/– animals compared to wild-type animals, which may result from glutamate uptake dysfunction. Glutamate uptake through the GLAST is dependent on the Na+ concentration gradient, which is primarily maintained by Na+/K+-ATPase (Zhang et al., 2016). Na+/K+-ATPase consists of α, β, and γ subunits, which are further divided into α1, α2, and α3 subunits. CNS studies have shown that GLAST interacts with Na+/K+-ATPase, especially through the α1 subunit to co-uptake extracellular glutamate to protect neurons from excitotoxic injury (Bauer et al., 2012; Zhang et al., 2016). It is unclear whether GLAST interacts with Na+/K+-ATPase α1 in the cochlea.

A cycle consisting of Vglut3 and GLAST maintains low concentrations of glutamate in the cochlea. Excitotoxicity may occur when this cycle is disrupted. Therefore, we wanted to study how Vglut3, GLAST, and Na+/K+-ATPase α1 changed after ribbon synaptopathy. First, we investigated whether GLAST interacts with Na+/K+-ATPase α1 in the inner ear. Second, we constructed a ribbon synaptopathy model using 100 dB SPL white noise, and then measured the expression of Vglut3, GLAST, and Na+/K+-ATPase α1 at four different time points (2 h, 1 day, 7 days, and 30 days), after exposure to noise.



MATERIALS AND METHODS


Animals and Groups

Six-week-old male C57BL/6J mice (N = 55) were purchased from Vital River (Beijing, China). The animals were housed in a 12 h light/dark cycle for 1 week in an animal laboratory room, where the ambient noise was maintained below 50 dB SPL, and food and water were provided ad libitum. Fifteen mice were used for immunoprecipitation experiments before noise exposure, and the remaining 40 mice were divided into two groups. Ten mice were included in the control group (Ctr) without noise exposure; one mouse died due to an overdose of anesthetic injection during the ABR measurement. Thirty mice were included in the noise exposure group. ABR and immunofluorescence were detected on day 1 (1 d), day 7 (7 d), and day 30 (30 d) after noise exposure. All experiments were approved by the ethics committee of the Tianjin Institute of Environmental and Operational Medicine.



Noise Exposure

Mice were placed in a small cage woven with wire and placed under an amplifier (IBO, BA-215, China) at a distance of 10 cm from the mouse’s ears. Mice were exposed to a 100 dB SPL white noise stimulus for 2 h produced by a sound generator (SKC, GZ009, China). The sound intensity was calibrated with a sound level meter (BSWA, 308, China) at the mouse’s ear position, from different directions. The average noise level was 100 ± 1.9 dB SPL.



ABR Detection

Auditory brainstem response was measured in an electroacoustic shielded room before noise exposure and on days 1, 7, and 30 after noise exposure. Mice were anesthetized using ketamine (100 mg/kg) and thiazide (3 mg/kg), and the recording needle was inserted into the Fz point of the head, the reference needle was placed in the mastoid of both ears, and the grounding needle was inserted into the skin of the forepaw. ABR waveforms were recorded at 4, 8, 12, and 16 kHz pure-tone (3,000 μs) stimulations. Sound intensity was decreased in 10 dB steps at high levels of stimulation and in 5 dB steps near the hearing threshold. Because wave II was easily recognized, the lowest stimulus intensity of wave II was used as the hearing threshold, and was repeated it three times to confirm the threshold intensity. A wave I amplitude of 90 dB was detected at each frequency.



Immunofluorescence

Mice were anesthetized with ketamine (100 mg/kg) and thiazide (3 mg/kg) and the cochleae were carefully removed and fixed with 4% paraformaldehyde (PFA). Briefly, the muscle tissue was carefully removed under a body microscope (Olympus, SZX7, Japan), and a hole was drilled at the top of the cochlea. PFA was slowly injected into the cochlea from the round window, with a syringe until the top of cochlea flowed clear liquid; the cochleae were then fixed overnight at 4°C in 4% PFA. The fixed cochlea was placed in 10% ethylene diamine tetra-acetic acid at room temperature overnight. For whole-mount staining, cochlear basilar membranes were carefully isolated and rinsed three times with Phosphate Buffered Saline (PBS). For frozen sections, cochleae were rinsed three times with PBS and dehydrated overnight in 30% sucrose. Then, cochleae were cut into 20 μm sections after incubation in embedding agent for 3 days. Tissues were incubated in PBS containing 1% Triton-X 100 for 30 min at room temperature, followed by incubation with PBS containing 0.5% Triton-X 100 and 5% BSA for 1 h at room temperature. Rabbit anti-CtBP2 (1:100; Bioworld, BS2287), rabbit anti-GLAST (1:1,000, Abcam, Ab416), and mouse anti-Na+/K+-ATPase α1 (1:500, Millipore, #05-369) were applied overnight or for 2 h at room temperature. Tissues were rinsed three times for 10 min each with PBS containing 1% Triton-X 100. Tissue sections were incubated in secondary antibodies conjugated with dylight 488 (1:500, Bioworld, BS10015) or dylight 549 (1:500, Bioworld, BS10023), for 1 h at room temperature. Tissues were rinsed three times for 10 min each with PBS containing 1% Triton-X 100. The tissues were mounted on glass slides after nuclei staining.



Confocal and Fluorescence Microscopy

For whole-mount staining, tissues were photographed with a 63× oil objective using 546 nm wave with a laser confocal microscope (Leica, SP8, Germany). Meanwhile, the field of view was 1.8 digital zoom. All photographs were taken in 0.5 μm steps with equal laser intensity and exposure time. For frozen sections, photographs were taken under a normal fluorescence microscope (Olympus BX51, Japan). Panoramic and local photographs were taken under 20× and 100× objectives, respectively, with equal fluorescence intensity and exposure time.



Immunoprecipitation

The basilar membrane, spiral ligament, and osseous spiral lamina, which were removed from the ear unexposed to noise, were placed in IP lysate (60 μL, containing 1% inhibitor cocktail) on ice. Tissues were homogenized with a pestle and lysed on ice for 30 min. The supernatant (approximately 50 μL) was collected after centrifugation at 10,000 rpm for 15 min at 4°C. GLAST or IgG antibody (1 μL; CST, #5684, Santa Cruz, sc-2025, respectively) and supernatant were co-incubated overnight at 4°C in a shaker. An equal volume of beads (Santa Cruz, sc-2003) were added. The mixture was incubated at room temperature for 4 h, followed by centrifugation at 3,000 rpm for 5 min at 4°C. The beads were rinsed three times with IP lysis solution, and finally resuspended in 30 μl of IP lysis solution. Western Blotting was performed after adding 30 μl of loading buffer to boil.



Western Blot

To extract total protein, cochleae were homogenized in radioimmunoprecipitation assay buffer (containing 1% enzyme inhibitor), and the bones were removed. Samples were loaded according to total protein amount, which was calculated by measuring the gray level of β-actin (1:200, Santa Cruz, sc-47778). Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoresis, the proteins were transferred onto a nitrocellulose membrane and blocked with 5% degreased milk powder in PBS plus 0.1% Tween 20 (PBST). The membrane was incubated with primary antibodies at 4°C overnight and washed three times (10 min per wash) with PBST. The membranes were then incubated with the secondary antibodies for 2 h. After the membrane was washed, the protein bands were visualized by electrochemiluminescence.



Statistical Analysis

All data are expressed as the mean ± standard error of the mean. All statistical analyses were performed using GraphPad Prism version 8. ABR threshold and amplitude data were analyzed by two-way analysis of variance (ANOVA). CtBP2 count and protein expression levels were analyzed by one-way ANOVA.



RESULTS


ABR Threshold and Wave I Amplitude Detection

To examine the effects of noise on the peripheral auditory system, we first compared hearing thresholds between the control and noise groups on days 1, 7, and 30-post exposure. There was no change in the 4 kHz hearing threshold (Figure 1B). Hearing thresholds at 8 kHz were only significantly elevated on day 1 after exposure (Figure 1C), and significantly higher than that of the control on days 1 and 7 after noise exposure, at both 12 kHz and 16 kHz (Figures 1A,D,E). The thresholds of all pure tones were not significantly different from controls on day 30 post-exposure (Figures 1A–E). These ABR threshold results indicate that the TTS is caused by noise. Furthermore, hair cell damage was not detected on days 1, 7, or 30 after noise exposure, compared to the Ctr (Figure 1F).
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FIGURE 1. Auditory brainstem response (ABR) threshold following noise exposure. (A) The waveform of control and day 1, 7, and 30 after noise exposure with 90 dB SPL pure tone stimulation at 16 kHz. (B–E) Statistical analysis of ABR threshold showed temporary threshold shift at 4 kHz (B), 8 kHz (C), 12 kHz (D), and 16 kHz (E) (n = 9–10). (F) Immunofluorescence image of hair cells at middle turn in the basilar membrane with anti-myosin VIIa antibody at 20x objective, scale bar = 100 μm. **vs. Ctr, p < 0.01; ***vs. Ctr, p < 0.001.


We then measured the change in wave I amplitude and found that the wave I amplitude of all pure tones was significantly lower than that of the Ctr (Figures 2A–E). On day 1 after noise exposure, the amplitude of wave I was the lowest at all frequencies (Figures 2B–E). On day 7, the amplitude recovered compared to day 1 (Figures 2B–E). On day 30, there was a significant decrease in amplitude compared with the Ctr, as well as a decrease compared to day 7 (Figures 2B–E). These amplitude results indicate that nerve transmission was damaged by noise exposure. It seems that the latency of wave I was delayed after noise exposure (Figure 2A). Through statistical analysis, no significant difference was found in latency of wave I on day 30 (data not show), which is consistent with previous studies (Kujawa and Liberman, 2015; Liberman et al., 2015; Fernandez et al., 2020; Kohrman et al., 2020; Wei et al., 2020; Song et al., 2021).
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FIGURE 2. Auditory brainstem response (ABR) wave I amplitude after noise exposure. (A) The comparison of wave I amplitude of the control group and day 30 after noise exposure with 90 dB SPL pure tone stimulation at 16 kHz. (B–E) Statistical analysis of wave I amplitude at 4 kHz (B), 8 kHz (C), 12 kHz (D), and 16 kHz (E) (n = 9–10). *vs. Ctr, p < 0.05; **vs. Ctr, p < 0.01; ***vs. Ctr, p < 0.001.




Ribbon Synaptopathy Caused by Noise Exposure

Since the amplitude of ABR wave I indicates the total activity of the SGN (Plack et al., 2016), we stained for CtBP2 on day 1, 7, and 30 after noise exposure, to determine whether the decrease in wave I amplitude was caused by ribbon synaptopathy. Punctate CtBP2 was distributed around IHCs as well as within the nuclei, and in supporting cells (Figure 3A). In the apical region, CtBP2 numbers decreased significantly on day 1 after noise exposure; however, CtBP2 numbers recovered significantly on days 7 and 30, but this difference was not significant compared to that of day 1 (Figures 3A,B). In the middle region, the number of CtBP2 decreased on day 1 after noise exposure, but there was no significant difference compared with the Ctr. On day 7 after exposure, the numbers were equivalent to controls and recovered compared with day 1 after noise exposure. The CtBP2 numbers were significantly lower than those in the Ctr on day 30, after noise exposure (Figures 3A,C). In the apical and middle regions, the recovery of CtBP2 may suggest the presence of synaptic remodeling. In the base region, the number of CtBP2 decreased significantly on days 1, 7, and 30 after noise exposure (Figures 3A,D). The change in CtBP2 numbers is consistent with the change in wave I amplitude.
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FIGURE 3. Changes of CtBP2 numbers after noise exposure. (A) Immunofluorescence images was taken by confocal microscope with a 63x oil objective. Punctate CtBP2 was labeled with a CtBP2 antibody in IHCs; IHCs and supporting cells’ nuclei were also stained, scale bars = 10 μm. (B–D) Statistical analysis of CtBP2 in each group (n = 4–5 ears) on day 1, day 7, and day 30 after noise exposure. *vs. Ctr, p < 0.05; **vs. Ctr, p < 0.01; #vs. 1 day, p < 0.05; ##vs. 1 day, p < 0.01.




The Interaction of GLAST and Na+/K+-ATPase α1 in Cochlea

Studies of the CNS have shown a clear interaction between GLAST and Na+/K+-ATPase α1 (Bauer et al., 2012; Zhang et al., 2016). To investigate the relationship between GLAST and Na+/K+-ATPase α1 in the cochlea, we performed immunoprecipitation and immuno co-localization within the cochlea. After purification of the protein with GLAST antibody, immunoblotting of GLAST and Na+/K+-ATPase α1 on the same membrane was performed sequentially, and clear bands were observed in the input lane and the GLAST lane, but not in the IgG lane (Figure 4A). Following, we detected immunoreactivity of GLAST and Na+/K+-ATPase α1 in the cochlear basilar membrane; only GLAST immuno-positivity was identified (Figure 4B). To determine immunoreactivity in other structures, we performed immunofluorescence using frozen sections. We found co-localization of GLAST and Na+/K+-ATPase α1 in the stria vascularis (Figure 4C, white dovetailed arrowhead, D), the spiral ligament (Figure 4C, white flat-tailed arrowhead, D), and spiral ganglion cells (Figures 4C,D). Na+/K+-ATPase α1 was only expressed in hair cells in the Organ of Cotti. There is no evidence that GLAST and Na+/K+-ATPase α1 are co-expressed in PCs which are major cells to take in glutamate (Figures 4B–D).


[image: image]

FIGURE 4. Interaction of GLAST and Na+/K+-ATPase α1. (A) Immunoprecipitation of GLAST from cochlear tissue. Anti-GLAST antibody or IgG was used for Immunoprecipitation from cochlea lysates (n = 10 ears). Except for the IgG lane, endogenous Na+/K+-ATPase α1 and GLAST were all detected on the same membrane. (B) Immunofluorescence image of apical turn in the basilar membrane, scale bar = 100 μm. (C) Frozen sections of noise-unexposed C57BL/6J cochlea were stained with anti-GLAST antibody (red) and anti- Na+/K+-ATPase α1 (green) antibody, scale bar = 100 μm; the dovetailed arrowhead represents SV; the flat-tailed arrowhead represents SL. (D) Corti’s organ and spiral ganglion cells (SGCs) were magnified under 100x oil objective, scale bars = 20 μm; spiral ligament is magnified under 40x objective, scale bars = 50 μm; GLAST (the dovetailed arrowhead), Na+/K+-ATPase α1 (the flat-tailed arrowhead) and merged immunopositive fluorescence (the arrow) were point out in particular. SGCs, spiral ganglion cells; SV, stria vascularis; SL, spiral ligament; PCs, pillar cells; OHCs, out hair cells; IHCs, inner hair cells.




Noise Exposure Disorders Vglut3, GLAST and Na+/K+-ATPase α1 Expression

To determine the changes in Vglut3, GLAST or Na+/K+-ATPase α1, we examined the expression levels of these proteins at 2 h, 1 day, 7 days, and 30 days after noise exposure (Figure 5A). Vglut3 expression level was lowest at 2 h after noise exposure. Vglut3 expression level recovered on day 1, but it was still lower than that of the Ctr. On day 7, the Vglut3 expression level increased significantly compared to that of the control at hour 2 or day 1 (Figure 5B). Vglut3 expression level decreased on day 30 but was still significantly higher than that in the control at hour 2, or day 1 (Figure 5B). The expression levels of GLAST and Na+/K+-ATPase α1 were completely opposite to those of Vglut3. The expression level of GLAST gradually increased between hour 2 and day 7, it recovered until on day 30 after noise exposure (Figure 5C). The change in Na+/K+-ATPase α1 was consistent with GLAST at 2 h and 1 day after noise exposure, but returned to normal levels on day 7 after noise exposure, and significantly decreased on day 30 compared to day 1 (Figure 5D). These results indicate an enhanced ability to release glutamate and a decreased ability to uptake glutamate on day 30 after noise exposure, which may be the main mediator of synaptopathy.
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FIGURE 5. Expression levels of GLAST, Na+/K+-ATPase α1 and Vglut3 were disrupted after noise exposure. (A) Western blot of Vglut3, GLAST and Na+/K+-ATPase α1 from normal cochlea and noise-exposure cochlea on hour 2, day 1, day 7, day 30 after noise (n = 6–8 ears). (B–D) Quantification of expression levels of Vglut3, GLAST and Na+/K+-ATPase α1. The statistics were repeated three times. *vs. Ctr, p < 0.05; ***vs. Ctr, p < 0.001. ##vs. 2 h, p < 0.01; ###vs. 2 h, p < 0.001; &vs. 1 day, p < 0.05; &&&vs. 1 day, p < 0.001.




DISCUSSION

The cochlear hair cells are sensitive to aging, acoustic trauma, ototoxic drugs, and environmental or genetic influences (Zhu et al., 2018; Fang et al., 2019; He et al., 2020; Jiang et al., 2020; Qian et al., 2020; Lv et al., 2021; Zhang et al., 2021). Previous reports have shown that oxidative stress and cell apoptosis play important roles in noise induced hair cell loss and ribbon synaptopathy (Sun et al., 2014; Yu et al., 2017; Li et al., 2018; Gao et al., 2019; He et al., 2019; Zhang Y. et al., 2019; Zhong et al., 2020). In this study, we confirmed the interaction between GLAST and Na+/K+-ATPase α1 in the cochlea of C57BL/6J mice; protein expression was mainly co-localized in the stria vascularis, spiral ligament, and spiral ganglion cells, but not in the PCs, the major site of glutamate uptake. On day 30 after noise exposure, C57BL/6J mice experienced a TTS, a decrease in wave I amplitude at the 4, 8, 12, and 16 kHz cochlear regions, and a decrease in the amount of the presynaptic protein CtBP2. Meanwhile, the expression level of Vglut3 was upregulated on day 30 after exposure, and the expression level of GLAST remained almost unchanged, however, the expression level of Na+/K+-ATPase α1, which is directly coupled to GLAST, was downregulated. These findings may reveal an intrinsic link between noise-induced glutamate excitotoxicity and ribbon synaptopathy.

Vglut3 dysfunction or deficiency disrupts nerve conduction in the peripheral auditory system. LSP5-2157, an inhibitor of Vglut3, inhibited the compound action potential of the peripheral auditory system in guinea pigs (Poirel et al., 2020). Animals lose hearing after knockout of the Vglut3 allele; however, it can be restored using an adenoviral vector delivery system to re-establish Vglut3 expression (Akil et al., 2015; Akil and Lustig, 2019; Kim et al., 2019). In our study, the expression of Vglut3 was lowest at 2 h, slightly recovered on day 1, was highest on day 7, and slightly lowered on day 30 which was almost consistent with the observed change in wave I amplitude. Hu et al. (2020) and Sebe et al. (2017) considered that noise-induced ribbon synaptopathy is caused by over-activation of Ca2+-permeable AMPA receptors (CP-AMPARs), which lack GluR2, and mediate excessive inward Ca2+ which can damage presynaptic ribbons and postsynaptic receptors. Kim et al. (2019) revealed the role of the Vglut3 in CP-AMPAR-mediated glutamatergic excitotoxicity. They found that a single copy of the Vglut3 gene was sufficient to cause ribbon synaptopathy after noise exposure, and deletion of the Vglut3 allele reduced excitotoxicity induced by noise. Our study found that the intensity of CtBP2 significantly reduced in the apical and base regions on day 1 after noise exposure, compared to that of the Ctr, and that the expression of CtBP2 in the middle region was reduced compared to the Ctr (not statistically significant). Although Vglut3 expression levels decreased on day 1 after noise exposure, the ribbon synapse structure was also damaged, which means that low levels of glutamate can also cause ribbon synaptopathy under the influence of noise. Synapses recovered on day 7 (apical and middle region) or day 30 (apical region) after exposure, suggesting the presence of synaptic reconstruction. ABR thresholds and wave I amplitudes of Vglut3WT animals recovered better than Vglut3+/− mice exposed to 94 dB SPL noise, indicating that Vglut3 or glutamate release contributed to hearing recovery (Kim et al., 2019). Glutamate release may also help to construct synapses (Akil et al., 2012; Shi et al., 2013; Song et al., 2021). Synaptic remodeling was not observed on day 7 in the base region, and it is possible that the base region is more susceptible to noise and the development of ribbon synaptopathy. Our results are consistent with those of the previous studies. Reduced ribbon synapses may promote the expression of Vglut3 protein to maintain physiological signal transduction.

The main function of GLAST transport extracellular glutamate, while the uptake drive depends on the Na+ concentration gradient inside and outside of cells; Na+/K+-ATPase maintains the Na+ gradient concentration difference by hydrolyzing ATP (Robinson and Jackson, 2016). Studies on astrocytes and the CNS have shown that Na+/K+-ATPase is directly coupled to GLAST via the α subunit (Rose et al., 2009; Bauer et al., 2012; Robinson and Jackson, 2016; Zhang et al., 2016). In the peripheral auditory system, GLAST and Na+/K+-ATPase α1 are both expressed in PCs surrounding IHCs (Glowatzki et al., 2006; McLean et al., 2009; Sundaresan et al., 2016; Liu W. et al., 2019a; Stephenson et al., 2021). In our study, we found an interaction between GLAST and Na+/K+-ATPase α1; however, immuno co-localization revealed that the sites of interaction were in the stria vascularis, spiral ligament, and SGCs. There was no α1 subunit immunoreactivity in the PCs. Immunoreactivity of Na+/K+-ATPase α1 have been demonstrated in stria vascularis, spiral ligament and support cells in the human cochlea (Stephenson et al., 2021). Our findings on Na+/K+-ATPase α1 were consistent with published researches on stria vascularis, spiral ligament, SGCs and hair cells (Clemens Grisham et al., 2013; Yamaguchi et al., 2014; Ding et al., 2018; Liu W. et al., 2019a; Stephenson et al., 2021). Our findings in PCs differ from studies done in rats (McLean et al., 2009). PCs and IHCs are adjacent in spatial structure, which maybe an account for no immunoreactivity of Na+/K+-ATPase α1 in PCs. Na+/K+-ATPase α1 not expressing simultaneously in PCs or IHCs can reduce structural and functional redundancy.

The functional deficiency of GLAST affects hearing sensitivity and synaptic integrity (Yu et al., 2016; Tserga et al., 2020b). Glutamate levels in the endolymph fluid were twice as high in GLAST knockout animals compared to wild-type mice, after noise exposure, revealing that noise-induced hearing loss and ribbon synaptopathy may be caused by glutamate excitotoxicity (Hakuba et al., 2000). The combined exogenous inhibitor and glutamate perfusion further demonstrated the importance of GLAST in the hearing system (Chen et al., 2010). In our study, GLAST expression levels gradually increased after noise exposure and recovered on day 30, possibly indicating that the inner ear prevented glutamate toxicity by increasing GLAST expression levels. However, Vglut3 expression level increased on day 7, thereby increasing the release of glutamate. The extent of GLAST increase may not be sufficient to fully take in glutamate due to increased Vglut3 expression level, resulting in excitotoxicity. Aminoglycosides, like noise, are excitotoxic to the peripheral auditory system (Kohrman et al., 2020). Kanamycin, an aminoglycoside, induced high expression of cochlear GLAST mRNA, which returned to normal until the 12th day after treatment (Matsuda et al., 1999). Although there is no significantly difference in expression of GLAST in our study, we found that there is the tendency for decreasing of excitotoxicity through increasing of GLAST. In our study, the expression pattern of GLAST induced by noise was consistent with that of kanamycin (Matsuda et al., 1999).

The interaction of Na+/K+-ATPase α1 with GLAST determines its important role in glutamate uptake. Ouabain, a selective inhibitor of Na+/K+-ATPase, can cause pathological changes in the rodent cochlea, mainly type I SGN damage (Lang et al., 2005; Fu et al., 2012; Yuan et al., 2014; Zhang et al., 2017; Schomann et al., 2018). Low spontaneous rate fiber damage in type I fibers is an important feature of synaptopathy (Furman et al., 2013; Kujawa and Liberman, 2015). Inhibition of Na+/K+-ATPase activity may significantly reduce the ability of GLAST to take-up glutamate (Rose et al., 2009). In our study, we found that the expression of GLAST and Na+/K+-ATPase α1 were almost identical within a week after noise exposure, which is reasonable for reducing excitotoxicity. The expression level of Na+/K+-ATPase α1 was reduced on day 30 after noise exposure, which may limit the function of GLAST, and the expression of Vglut3 increased, resulting in a pathological concentration of glutamate in the synaptic cleft, causing ribbon synaptopathy.



SUMMARY

In this study, we found an interaction between GLAST and Na+/K+-ATPase α1 in the cochlea of C57BL/6J mice. Based on the present results, we conclude that noise exposure influences ribbon synapses in two ways: (1) Noise briefly downregulated the expression of Vglut3 and upregulated the expression of GLAST and Na+/K+-ATPase α1, which trend to help to reduce glutamate toxicity in the synaptic cleft; (2) Noise damages ribbon synapses, and Vglut3 expression is upregulated for the normal transmission of auditory signals, but further downregulation of Na+/K+-ATPase α1 limits the uptake function of GLAST on day 30, which may further increase glutamate toxicity. Our study may provide a new approach for the prevention and treatment of ribbon synaptopathy.
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Waardenburg syndrome (WS) is an autosomal dominant inherited disorder that is characterized by sensorineural hearing loss and abnormal pigmentation. SOX10 is one of its main pathogenicity genes. The generation of patient-specific induced pluripotent stem cells (iPSCs) is an efficient means to investigate the mechanisms of inherited human disease. In our work, we set up an iPSC line derived from a WS patient with SOX10 mutation and differentiated into neural crest cells (NCCs), a key cell type involved in inner ear development. Compared with control-derived iPSCs, the SOX10 mutant iPSCs showed significantly decreased efficiency of development and differentiation potential at the stage of NCCs. After that, we carried out high-throughput RNA-seq and evaluated the transcriptional misregulation at every stage. Transcriptome analysis of differentiated NCCs showed widespread gene expression alterations, and the differentially expressed genes (DEGs) were enriched in gene ontology terms of neuron migration, skeletal system development, and multicellular organism development, indicating that SOX10 has a pivotal part in the differentiation of NCCs. It’s worth noting that, a significant enrichment among the nominal DEGs for genes implicated in inner ear development was found, as well as several genes connected to the inner ear morphogenesis. Based on the protein-protein interaction network, we chose four candidate genes that could be regulated by SOX10 in inner ear development, namely, BMP2, LGR5, GBX2, and GATA3. In conclusion, SOX10 deficiency in this WS subject had a significant impact on the gene expression patterns throughout NCC development in the iPSC model. The DEGs most significantly enriched in inner ear development and morphogenesis may assist in identifying the underlying basis for the inner ear malformation in subjects with WS.

Keywords: Waardenburg syndrome, SOX10, induced pluripotent stem cells (hiPSC), neural crest cells (NCCs), inner ear development, transcriptome analysis


INTRODUCTION

Waardenburg syndrome (WS) is a rare autosomal dominant inherited disorder. WS is distinguished by sensorineural hearing loss (SNHL) and pigment abnormalities, such as hypo-pigmentation of the skin, a white forelock, premature graying, or heterochromia iridum (Waardenburg, 1951). There are four WS subtypes categorized by the presence or lack of other clinical symptoms. Clinically, WS1 and WS2 are the most frequently noted (Dourmishev et al., 1999). The actual incidence of WS is thought to be 1/42,000, and may account for 2–5% of congenital deafness (Nayak and Isaacson, 2003). Several mutations in six genes have thus far been reported to be linked to WS, including PAX3, MITF, SOX10, EDNRB, EDN3, and SNAI2 (Pingault et al., 2010). Researchers have proposed several explanations for the clinical characteristics of WS. At present, the theory of neural crest hypoplasia is the most widely noted. This theory holds that the embryonic neural crest is the source of melanocytes, frontal bone, limb muscles, and intramural ganglia, and that their dysfunction due to WS impacts different tissues and organs, leading to a series of abnormalities (Bolande, 1997; Knecht and Bronner-Fraser, 2002).

As the inner ear forms and develops, neural crest cells move from rhombomere 4 to the otocyst and begin to differentiate into glial cells of the cochleovestibular ganglion and intermediate melanocytic cells of the cochlear stria vascularis, both of which are essential cell types in the inner ear (Tachibana et al., 2003; Freter et al., 2013; Kim et al., 2013). Recently, a few studies have demonstrated that neural crest cells (NCCs) also participate in the development of the inner ear neurosensory components, which are thought to be lineages derived from the otocyst. However, the contributions of NCCs to the neurosensory components of the inner ear are not completely understood (Freyer et al., 2011; Mao et al., 2014; Karpinski et al., 2016).

SOX10 is a key transcription factor during the development of the neural crest. In addition, SOX10 has a pivotal part in maintaining the pluripotency, survival, and proliferation of NCCs (Southard-Smith et al., 1998). SOX10 mutations are primarily connected to the pathogenesis of WS2 and WS4 (Bondurand et al., 2007; Chen et al., 2010). In addition, SOX10 mutations can induce Kallmann syndrome (KS, OMIM 308700) as well a plethora of neurological symptoms in the neural crest (PCWH), such as outer peripheral demyelinating neuropathy, central myelination disorder, WS, and Hirschsprung’s disease (HD) (Pingault et al., 2000, 2013; Inoue et al., 2004). Previous studies have demonstrated that WS subjects with SOX10 mutations more frequently exhibit different degrees of inner ear deformities. Nevertheless, additional research is needed to elucidate the target genes and pathways regulated by SOX10 in inner ear development (Breuskin et al., 2009; Elmaleh-Bergès et al., 2013).

Human-induced pluripotent stem cell (iPSC) technology is a new tool for researching human developmental disorders. Genotype-specific molecular and cellular phenotypes that occur throughout differentiation can be modeled by these cells. By reprogramming somatic cells obtained from subjects into a state resembling embryonic stem cells and then differentiating them into disease-relevant cell types, researchers can use iPSC technology to produce an almost unlimited source of human tissues with the genetic mutations found at the genesis of the disease. This technology is a powerful tool that can be used to derive patient-specific cells for human disease modeling. In addition, iPSC technology is promising for personalized cell therapies (Takahashi et al., 2007; Tang et al., 2020; Zhang et al., 2020a). It is currently thought that a global disturbance of transcriptional regulation due to SOX10 deficiency, which is still not fully understood, may be one cause of the aberrant phenotypes found in WS patients (Huang et al., 2021). Because SOX10 functions as a DNA-binding protein, the likelihood that SOX10 may directly modulate transcription in the nucleus is high. In WS patients with SOX10 mutations, no microarray-based gene expression profiling data were generated. RNA-seq analysis is urgently needed to fully reveal the transcriptional perturbation induced by SOX10 deficiency.

In the present study, we provide details about a Chinese patient with WS2, and noted a de novo heterozygous mutation in SOX10. Patient-derived fibroblasts were gathered to produce iPSCs, and we then differentiated these iPSCs into NCCs in vitro, and contrasted their differentiation potential with iPSCs derived from a normal healthy patient to examine disorders linked to this syndrome. Further, we completed transcriptomics analysis of the differentiating cells throughout the in vitro differentiation process to examine the underlying genetic basis of WS. The genes that we characterized as relevant for NCC differentiation and development will assist in the discovery of new therapies for WS. In this work, we generated a research model and offer insights for additional studies on the mechanism(s) governing WS.



MATERIALS AND METHODS


Ethics Statement

The Xiangya Ethics Committee approved the protocol for this study, and signed informed consent was provided by every donor before sample collection. The laboratory research on the derivation and use of human iPSC lines was approved by the Ethics Committee of Xiangya Hospital Central South University (XHCSU) in accordance with local regulations, and all of the animal experiments were conducted based on XHCSU ethical guidelines.



Clinical Evaluation

The proband was recruited from the Otology Clinic at XHCSU. Other family members were included, along with 100 controls comprised of unselected, unrelated, and sex-matched healthy individuals. Comprehensive clinical history, audiologic, neurologic, ophthalmologic, and dermatologic examinations were conducted on proband and all family members. The audiologic and neurologic examinations consisted of otoscopy, pure-tone audiometry (PTA), immittance, distortion product otoacoustic emission (DPOAE), and auditory brain-stem response (ABR) tests. Another auditory steady-state response (ASSR) test was conducted for those patients who did not do well with the PTA test because of their young age (II-1 and II-2). Special attention was paid to pigmentary alterations in the skin, hair, and iris—as well as additional developmental defects, such as dystopia canthorum and limb abnormalities. The degree of hearing loss was defined based on the ASSR and three frequencies: 500, 1,000, and 2,000 Hz. Hearing loss was categorized as follows: a normal hearing level (HL) at < 26 dB (decibels); mild HL, 26–40 dB; moderate HL, 41–70 dB; severe HL, 71–90 dB; and profound HL, > 90 dB.



DNA Extraction and Mutational Analysis

Genomic DNA was removed from peripheral blood samples of the subjects and healthy controls according to the standard procedure. Whole genomic DNA was isolated with a TIANamp Blood DNA Kit (Tiangen Biotech, China.) and quantified with an ultraviolet spectrophotometer Du800 (Beckman Coulter, United States). The DNA was then kept at –20°C until use. PCR and Sanger sequencing was conducted on each of the coding exons and flanking splicing sites of the WS-related genes, including MITF, SOX10, PAX3, EDNRB, EDN3, and SNAI2. The PCR products were treated with shrimp alkaline phosphatase and exonuclease-I to degrade deoxynucleotide triphosphates and unincorporated PCR primers. The purified amplicons were combined with 10 picomoles of the forward and reverse PCR primers for bidirectional sequencing on an ABI-Prism 3100 DNA sequencer via dye-termination chemistry (Applied Biosystems, United States), and the SeqMan II program (DNA-STAR, United States) was utilized to compare results. Once the mutation was determined, DNA samples from related family members and controls were then screened for the identical mutation.



Collection and Establishment of Fibroblast Cultures From Skin Tissue of a WS Patient

After obtaining written informed consent from the donor, human skin samples were collected from the proband (WS patient). The biopsy tissue was put in a sterile tube filled with phosphate-buffered saline (PBS) containing 1% penicillin/streptomycin (Invitrogen, United States), and kept at 4°C. The steps that follow were performed in a tissue culture hood under aseptic conditions and using sterile instruments.

The subcutaneous fat and capillaries were completely removed from the sample tissue, and the tissue was moved to a 50-ml Falcon tube containing 4 ml of 0.05% trypsin/EDTA (Invitrogen, United States) and incubated overnight at 4°C. The epidermis was manually extracted from the tissue, and the supernatant was discarded after adding 4 ml of freshly-prepared fibroblast culture medium [DMEM containing 10% FBS, 1% penicillin/streptomycin, 1% glutamine, and 1% non-essential amino acids (Invitrogen, United States)]. The dermal tissues were dissected into small pieces, placed in a 100-mm Petri dish, and incubated at 4°C in 5% CO2 for 3 h to allow the tissues to adhere to the bottom of the dish. Two milliliters of fibroblast culture medium were added to cover the bottom and ensure that the pieces stay moist. The tissues were incubated at 37°C in 5% CO2, and 3 ml of fibroblast culture medium was put in on the following day; the medium was subsequently changed every 3 day. An optical microscope was used to monitor the cultures daily. The tissues were carefully removed when dense outgrowths of fibroblasts appeared, the medium was aspirated, and fresh culture medium was added to maintain the growing fibroblasts (in passage 1). The cells were passaged with trypsin/EDTA at a ratio of 1:3 until the cells reached 80% confluency. Cells from passages 3–5 were then utilized for the induction of iPSCs.



Generation and Culture of iPSCs

The primary fibroblasts were cultured in hFib medium at 37°C in 5% CO2. The fibroblasts (5 × 105 cells) were electroporated with 0.5 μg per vector of five episomal vectors (pCXLE-hUL, pCXLEhOCT3/4-shp53-F, pCXLE-hSK, pCXWB-EBNA1, and pCXLE-EGFP) in order to produce the iPSCs. Electroporation was conducted with the Basic NucleofectorTM Kit for Primary Mammalian Epithelial Cells (Lonza, Switzerland) and the Lonza NucleofectorTM 2b device, program X-005. Following electroporation, the cells were seeded on gelatin-coated 100-mm dishes cultured in hFib medium with the addition of 0.5 mM sodium butyrate (Sigma, United States) and 50 μg/ml VitC (Sigma, United States). The medium was emptied and refilled daily. After 8 day, the cells were moved to Matrigel (Corning)-coated six-well plates at a density of 5 × 104 cells/cm2 and cultured in mTeSR medium (Stem Cell Technologies). Two days after the transfer, 10 μM Y-27632 (ROCK inhibitor) was added, and the medium was emptied and refilled on alternating days. The iPSC colonies were manually removed and cultured in mTeSR on Matrigel-coated 24-well plates after 14–21 days. Accutase (Gibco, United States) was used to passage the iPSCs every 6 d at a 1:6 split ratio using, and the iPSCs were kept at 37°C in a 5% CO2 incubator (Thermo Fisher Scientific, United States).



Induction of Neural Crest Cells (NCCs) From iPSCs

The differentiation of iPSCs into NCCs was completed according to the standards detailed prior (Chambers et al., 2011). In short, embryoid bodies were generated in EB Medium (KO-DMEM supplemented with 20% KO-Serum Replacement, 1% GlutaMax-I, and 1% non-essential amino acids) with 500 nM LDN193189 (Stemgent, United Kingdom) and 10 μM SB431542 (Tocris Bioscience, United Kingdom) for 3 day. Culture was carried out in EB Medium supplemented with 2% N-2 (Life Technologies), 1% GlutaMax-I, 100 nM EDN3, 25 ng/ml BMP4, and 50 ng/ml stem cell factor (SCF) (R&D Systems, United States) for the next 3 day. On day 6, embryoid bodies were attached to feeder-free fibronectin-coated culture flasks in Neurobasal Medium supplemented with 2% B-27, 1% N-2, 1% GlutaMax-I, 100 nM EDN3, 25 ng/ml BMP4, and 50 ng/ml SCF. The cells that grew were fed on alternating days for maintenance and expansion until differentiation occurred (day 12). From day 2 and 12 onward, 3 μM CHIR99021 (Stemgent, United Kingdom) was added to the medium.



Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

RNA was removed from samples using Trizol reagent (Sangon, China) following the company’s directions, and 1 μg of RNA was reverse-transcribed utilizing the PrimeScriptTM II 1st Strand cDNA Synthesis Kit (Takara, Japan). All of the qRT-PCR analyses were performed on a Step One plus Real-Time PCR System (ABI) with 2 × SYBR Master Mix (Yeasen, China). The relative expression levels of the target genes were calculated using the 2–ΔΔCt method, and GAPDH was utilized as the internal control (the primers are shown in Supplementary Table 1). Each experiment was repeated thrice, and the average value was taken as the experimental result. The statistical significances for all of the RT-qPCR data were analyzed with unpaired Student’s t-tests.



Western Blot (WB)

Cell extracts that were representative of three independent experiments were prepared from NCCs in a SOX10 mutant and a normal control, and the extracted proteins were analyzed. The antibodies used for Western blot included rabbit anti-SOX10 (Abcam, United Kingdom), mouse anti-GAPDH (Good Here, AB-M-M001) as a primary antibody, HRP-labeled Goat Anti-Rabbit IgG (Beyotime, China), and HRP-labeled Goat Anti-Mouse IgG (Beyotime, China) as a second antibody.



Alkaline Phosphatase (AP) Staining

An AP Staining Kit (Beyotime, China) was used to assess alkaline phosphatase (AP) activity following the manufacturer’s protocol. The images were assessed using a Nikon 300 inverted confocal microscope.



Immunofluorescence Staining

The iPSCs were fixed in 4% paraformaldehyde for 20 min at room temperature and then permeabilized using 1% Triton X-100 (Sigma, United States) for 10 min. Following blocking with 5% bovine serum albumin (BSA) (Sangon, China) for 1 h at room temperature, the samples were incubated overnight with the primary antibodies in PBS solution with 5% BSA at 4°C. The next day, secondary antibodies were incubated at room temperature for 1 h. DAPI (Beyotime, China) was used for nuclear counterstaining, and images were observed and photographed using an Olympus confocal microscope and camera. Details about the antibodies are shown in Supplementary Table 2.



Teratoma Assay

The iPSCs (1 × 107 cells) were gathered and injected subcutaneously into the dorsal flanks of 8-week-old male nude mice (Charles River, China). Approximately 8–10 weeks after injection, teratomas had formed. They were then dissected and fixed in 4% paraformaldehyde, and then embedded in paraffin. Tissue sections were stained using hematoxylin and eosin.



RNA Sequencing

Two stages of triple replicates (three independent inducing from one source of iPSC) from two samples were obtained (iPSCs and induced neural crest cells (iNCCs) from the normal control and the SOX10 mutant) for extracting total RNA for further analysis. Total RNA was extracted and RNA integrity was evaluated using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, United States). One microgram of RNA per sample was utilized for cDNA library preparation with the NEBNext® UltraTM RNA Library Prep Kit from Illumina® and processed according to the manufacturer’s directions. The library quality was evaluated with the Agilent Bioanalyzer 2100 system. The library preparations were sequenced on an Illumina Novaseq platform, and 150 bp paired-end reads were generated. After being checked for quality control, sequencing reads were mapped to the reference genome with Hisat2 v2.0.5 (Kim et al., 2015), and the raw data were deposited into the GEO database (No. GSE176101).



Bioinformatic Analysis of RNA-Seq

The raw reads were cleaned by removing reads that had adapters, reads that contained poly-N, and reads of low quality. The resulting clean reads were aligned to the reference genome using Hisat2 v2.0.5, and FeatureCounts v1.5.0-p3 (Liao et al., 2014) was used to quantify the read numbers mapped to every gene and calculate the per kilobase of exon per million fragments mapped (FPKM) to every gene. The differentially expressed genes (DEGs) were analyzed with the DESeq2 method using the online tool NetworkAnalyst 3.01 (Zhou et al., 2019). DEGs had an adjusted P-value < 0.05 and | log2 (fold-change) | > 1. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway-enrichment analyses of all of the DEGs were conducted with the online tool DAVID v6.8 (Huang da et al., 2009). GO terms and KEGG pathway terms with an adjusted P-value of < 0.05 were considered to be significantly enriched. The protein-protein interaction (PPI) was analyzed using STRING v11.02 (Szklarczyk et al., 2019), with the SOX10 gene and DEGs uploaded onto STRING with the minimal interaction score set to > 0.4. Cytoscape 3.6.1 software was used to construct the PPI network.



Statistical Analyses

Data are reported as the mean ± standard deviation (SD) of independent experiments. Statistical analyses were conducted using the Wilcoxon signed-rank test or a one-way analysis of variance (ANOVA) with Prism Graphic software. P < 0.05 was considered to be statistically significant.



RESULTS


Clinical Findings

The proband was 9 years of age and showed brilliant blue bilateral irides, patchy depigmented areas on his forehead, and a white forelock since birth (Figure 1A). The proband was unresponsive to external audio stimuli and unable to speak. Ear injury, otitis media, and contact with ototoxic drugs were not detected. Skin depigmentation was noted, eyesight and intelligence were normal, there was no dystopia cantorum (the W index < 1.95), and no digestive system or skeletal muscle abnormalities were observed. His parents and brother had no pigmentary abnormalities in their skin, hair, or eyes, and they showed no other WS-associated phenotype (Figure 1B).
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FIGURE 1. Family history and clinical features of the proband. (A) The proband showed bilateral brilliant blue irides, patchy depigmented areas on forehead and white forelock. (B) The pedigree indicates that only Family II-1 had the WS-associated phenotypes, which are marked in black. (C) ASSR of the left ear: 100, 110, and 110 dB at 0.5, 1, and 2 kHz, respectively, the other frequencies showed no response. ASSR of the right ear: 110 and 90 dB at 1 and 2 kHz, respectively, the other frequencies showed no response. (D) Enlarged vestibule and semicircular canal abnormalities on both sides are shown on high-resolution axial CT in the red square.


The audiologic examination of the proband revealed profound bilateral sensorineural HL: there were no bilateral otoacoustic emissions and all of the bilateral ABR thresholds were over 105 dB nHL (the thresholds for ASSR for both ears are shown in detail in Figure 1C). Temporal bone CT scans revealed an enlarged vestibule on either side, left horizontal semicircular canals fused with the vestibule, and right horizontal semicircular canals enlarged and shortened; there were no obvious abnormalities in the shape and size of the bilateral cochleae (Figure 1D). The proband was diagnosed with WS2 based on the WS diagnostic criteria (Liu et al., 1995).



Identification of Mutations and Pathogenicity Analysis

Following screening for all of the WS-related and congenital hearing loss disease-causing genes, the proband was found to carry a heterozygous mutation of guanine (G) to adenine (A) in position 336 (c.336G > A) of the third exon of SOX10. This led to a substitution of the 112th codon (p.Met112Ile). Based on the standards and the guidelines of the American College of Medical Genetics and Genomics (ACMG), this variant is considered pathogenic and was initially identified by Chaoui et al. (2011). Mutations were not found in 100 unrelated healthy control subjects. The proband’s parents and brother had normal phenotypes and carried no corresponding mutations as determined by Sanger sequencing, demonstrating that the mutations occurred de novo (Figures 2A,B). No further mutations connected to WS were determined in the proband. Intriguingly, the Met112 residues in SOX10 are highly conserved across various vertebrate species (Figure 2C), indicating the functional importance of this amino acid (Scheithauer et al., 1988).
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FIGURE 2. Mutation analysis and amino acid coding diagram. (A) DNA sequencing profile revealed that the SOX10 mutation c.336G > A (p.Met112Ile) was found in the proband (II-1) and not in his father (I-1), mother (I-2), or brother (II-2). The arrow indicates the area of the base substitution. (B) Schematic diagram of the SOX10 gene. The black arrow indicates the mutation site. D, Dimerization domain; HMG, high mobility group domain; E, Conserved domain of SOX8/9/10; TA transactivation domain. (C) Protein sequence alignment of vertebrate SOX10; note the highly conserved Met112 residues across various species. * represents the same amino acid at the same site among different species.




iPSCs Derived From an Idiopathic WS Patient With a SOX10 Mutation Were Generated and Characterized

To better understand the pathogenic mechanism subserving WS, we established an iPSC line from dermal fibroblasts from the proband with the SOX10 mutation using previously described methods. We also established one normal control iPSC line from an unrelated healthy individual.

Both the SOX10 mutant and normal control iPSC lines exhibited a typical pluripotent stem cell-like morphology and grew as compact colonies with clearly defined borders and edges. The cells had large nuclei, prominent nucleoli, and a high nuclear-to-cytoplasmic ratio (Figure 3A). We confirmed that the SOX10 mutant and normal control iPSC lines expressed endogenous pluripotent genes to a high degree as measured by qPCR (Figure 3B). In addition, immunocytochemistry was conducted to investigate the expression of stem cell markers at the protein level. These cells were found to be positive for nuclear (OCT3/4, NANOG, and SOX2) and surface (SSEA4 and TRA1-60) markers of pluripotency, in addition to staining for AP (Figures 3A,C). We then examined the differentiation potential of these iPSC lines. Both lines had the ability to differentiate into the three germ layers (ectoderm, mesoderm, and endoderm) in the teratoma assay (Figure 3F); these iPSC lines presented a normal karyotype (Figure 3D). These findings indicated that the reprogramming of the fibroblasts caused no alterations in the chromosomal or genetic markers. Furthermore, genotyping confirmed the expected compound heterozygous SOX10 mutation (c.336G > A) in the iPSC line from the WS2 patient (Figure 3E).
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FIGURE 3. Induction and characterization of SOX10 mutant and normal control iPSCs. (A) The SOX10 mutant and normal control iPSC clones with typical embryonic stem cell-like and positive alkaline phosphatase staining. Bar, 100 μM. (B) qPCR analysis of pluripotency markers in both iPSC lines showed significantly upregulated expression of OCT4, SOX2 and NANOG, in contrast to fibroblasts. (C) Immunofluorescence staining in both iPSC lines showed expression of pluripotency markers OCT4, NANOG, TRA-1-60, SOX2, and SSEA-4. Bar, 100 μM. (D) Karyotyping analysis showed normal chromosomal structure and numbers in both iPSC lines. (E) Sanger sequencing confirmed the mutation in SOX10 in iPSC lines. (F) H&E stainings of teratomas generated from subcutaneous injection of both iPSC lines in NOD/SCID mice. Tumor sections represent differentiated structures as noted. Bar, 100 μM.




SOX10 Deficiency Results in Altered Gene Expression Patterns in iPSCs

To investigate differential gene expression in this WS patient’s iPSCs resulting from SOX10 mutation, we implemented RNA-Seq analysis of the iPSCs from a normal control. Triplicate RNA samples were isolated from the patient-derived iPSCs and an unrelated control cell line cultured under normal conditions. They were then analyzed using RNA-Seq, and differential gene-expression analysis was performed with DESeq2. A total of 405 genes were found to be differentially expressed between the patient and the pooled control iPSC line based on the differential expression criteria (adjusted P-value < 0.05 and | log2 (fold-change) | > 1). A heatmap using the FPKM value of the DEGs was generated and row normalization was executed using scale function (Figure 4A). Among the DEGs, there were 144 genes (35.6%) that displayed significantly augmented expression in the SOX10 mutant iPSCs, while 261 genes (64.4%) showed significantly diminished expression (Figures 4B,C).
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FIGURE 4. Differentially expressed genes in SOX10 mutant iPSCs. (A) The heatmap showed hierarchical clustering analysis of DEGs in SOX10 mutant iPSCs. The FPKM values of DEGs were normalized by scale function and compared between the SOX10 mutant iPSCs and normal control. Red and blue indicate genes with high and low expression levels, respectively. (B) Volcano plot showing the expression change of each gene and their significance. Red dots represent the expression of genes in SOX10 mutant iPSCs significantly up-regulated compared to normal control. Blue dots represent the expression of genes in SOX10 mutant iPSCs significantly down-regulated compared to normal control. (C) Of the DEGs, 144 genes were up-regulated and 261 genes were down-regulated.


To investigate whether the DEGs of the SOX10 mutant iPSCs were enriched in specific functionally related gene groups and signaling pathways, we utilized Gene Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway-enrichment analyses. The significantly enriched GO terms included terms connected to DNA-templated transcription, transcription from RNA polymerase II promoter, multicellular organism development, and negative regulation of angiogenesis (Figure 5). Interestingly, GO enrichment for biological process identified inner ear morphogenesis enriched in the DEGs, and these related genes are listed in Table 1. Additionally, no DEGs of SOX10 mutant iPSCs were significantly enriched in the KEGG pathways. Altogether, SOX10 deficiency led to subtle transcriptional perturbation with respect to the affected genes and their mRNA levels, and the SOX10 mutant iPSCs had the ability to undergo morphologic differentiation in a manner similar to those derived from the control iPSCs.
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FIGURE 5. GO enrichment analysis of differentially expressed genes in SOX10 mutant iPSCs. A total of 18 GO terms were significantly enriched. Nine terms were significantly enriched based on biological process, three terms were significantly enriched based on cellular components, and six terms were significantly enriched based on molecular function.



TABLE 1. Differentially expressed genes in patient iPSC enriched in inner ear morphogenesis.
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Differentiation of Mutated SOX10 Patient-Derived iPSCs to NCCs

Following the investigation of the impacted of lowered SOX10 expression on WS patient-derived iPSCs at the pluripotent stage, we narrowed our study to examine differentiating the iPSCs to iNCCs as a more relevant, disorder-specific cell type. We followed a previously established protocol to differentiate patient-derived and WT iPSCs into neural crest cells (this protocol is described in the “Materials and Methods” sections of these publications, and results showed that activation of the WNT pathway induced neural border genes and neural crest markers that mimicked normal neural crest development) (Chambers et al., 2011; Figure 6A). Our findings indicated an apparent minor delay in neural crest induction in SOX10 mutant iPSCs. In addition, despite being initially plated at the identical density, less cells were noted in the mutant cultures during 7 d of culture. By day 12, the majority of the areas of the cultures had achieved confluency; in contrast, the patient-derived NCCs were denser (Figure 6B). Immunofluorescence analysis demonstrated that the neural crest (NC) differentiation markers SOX10, SOX9, PAX3, HNK-1, and P75 were expressed in both iNCC cell lines (Figure 6C). We then compared the expression of NC-related genes (SOX9, PAX3, HNK-1, P75, TWIST1, and TFAP2A including SOX10) on day 12 of the differentiation process between both types of iNCCs. Under NC induction, the iNCCs derived from SOX10 mutant iPSCs initiated significant down-regulation of the NC-related genes at the mRNA level except SOX9, compare with control (Figure 6D). Collectively, these observations indicated that SOX10 haploinsufficiency—through the development of NCCs-affected the proliferation and differentiation of NCCs, and reduced their overall pluripotent potential.
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FIGURE 6. Generation and characterization of SOX10 mutant iPSC-derived NCCs. (A) Schematic of the NCC differentiation protocol timeline. EB Medium: KO-DMEM supplemented with 20% KSR, 1% GlutaMax-I, 1%NEAA. (B) Comparison of the cell images of the SOX10 mutant and control iPSC-derived NCC at Days 0, 6, 7, and 12 following differentiation. Bar, 100 μM. (C) Immunofluorescence staining shows expression of NCC markers SOX10, PAX3, SOX9, HNK-1, and P75. Bar, 50 μM. (D) RT-qPCR for evaluating expression of NCC markers. (∗represents p < 0.05, ∗∗ represents p < 0.01, ∗∗∗ represent p < 0.001 and ns represents no significant).




Global Changes in Gene Expression in the WS Patient-Derived iNCCs With the SOX10 Mutation

RNA-Seq analysis was completed in triplicate for iNCCs from the SOX10 mutant and normal control lines to evaluate cellular differentiation at the gene-expression level between the iNCC lines, and differential gene expression was determined. The methods used for data analysis and sample pooling were the same as the analysis conducted for the iPSCs in order to enable a direct comparison. The heatmap created with the FPKM value for global gene expression indicated that most of the gene-expression patterns differed between the SOX10 mutant iNCCs and controls (Figure 7A). DESeq2 identified a total of 1805 DEGs (P-value < 0.05 and | log2 (fold-change) | > 1), among which 899 genes were downregulated in SOX10 mutant iNCCs while 906 genes were upregulated in patient iNCCs (Figures 7B,C). The number of DEGs was four times higher in the former relative to the iPSCs, indicating that the SOX10 mutation had a much stronger impact on the transcriptome in differentiated cells, which corresponded with the tissue-restricted phenotype.
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FIGURE 7. Differentially expressed genes in SOX10 mutant iNCCs. (A) The heatmap showed hierarchical clustering analysis of DEGs in SOX10 mutant iNCCs. The FPKM values of DEGs were normalized by scale function and compared between the SOX10 mutant iNCCs and normal control. Red and blue indicate genes with high and low expression levels, respectively. (B) Volcano plot showing the expression change of each gene and their significance. Red dots represent the expression of genes in SOX10 mutant iNCCs significantly upregulated compared to normal control. Blue dots represent the expression of genes in SOX10 mutant iNCCs significantly downregulated compared to normal control. (C) A total of 906 genes were up-regulated and 899 genes were down-regulated among the DEGs.


GO and KEGG pathway-enrichment analyses were performed on all the DEGs to determine whether specific subsets of genes were differentially expressed in the patient iNCCs. In total, 78 GO terms were significantly enriched. Of them, 47 GO terms were significantly enriched to biological process (BP), 19 GO terms were significantly enriched to cellular component (CC), and 12 GO terms were significantly enriched to molecular function (MF) (the top 10 most enriched GO terms for BP, CC, and MF are revealed in Figure 8A). The top 10 most enriched GO terms for BP included multicellular organism development, neuron migration, regulation of transcription from RNA polymerase II promoter, ureteric bud development, skeletal system development, chemical synaptic transmission, and axon guidance. These results indicated that subsets of genes involved in tissues and cell types, including peripheral neurons and glial cells, melanocytes, secretory cells, and cranial skeletal and connective cells, were overrepresented in the DEGs, suggesting that they had strong links to defects in NCC biology and the development of multiple NC-derived systems. GO enrichment for BP also determined enriched functional networks pertaining to inner ear morphogenesis and inner ear development (the related DEGs in these two GO terms are revealed in Tables 2, 3). KEGG pathway analysis identified 17 terms as significantly enriched, and the top-10 KEGG terms included WNT signaling pathway, signaling pathways regulating pluripotency of stem cells, basal cell carcinoma, dopaminergic synapse, pathways in cancer, cholinergic synapse, axon guidance, morphine addiction, neuroactive ligand-receptor interaction, and glutamatergic synapse (Figure 8B).
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FIGURE 8. GO enrichment analysis of differentially expressed genes in SOX10 mutant iNCCs. (A) Top 10 most enriched GO terms for biological processes, cellular components, and molecular function. (B) Top 10 most enriched KEGG pathway terms are listed.



TABLE 2. Differentially expressed genes in patient iNCCs enriched in inner ear morphogenesis.
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TABLE 3. Differentially expressed genes in patient iNCCs enriched in inner ear development.
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In order to identify the candidate target gene regulated by SOX10 throughout inner ear development, we examined the genes pertinent to inner ear development in the GO database (GO terms were inner ear development and inner ear morphogenesis) and proteins that interacted with SOX10 in the STRING database. Fifty-nine proteins interacted directly with SOX10 (Figure 9). The gene lists were combined with the DEGs to acquire the target genes connected to inner ear development and morphogenesis. Considering the association between decreased RNA expression and possible SOX10-binding sites allowed us to reduce the list of candidate genes to four: BMP2, LGR5, GBX2, and GATA3. The potential SOX10-binding sites in the candidate genes were predicted using the online JASPAR database (Table 4 shows the predicted binding site details).
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FIGURE 9. Protein-protein interaction network of differentially expressed genes that interact with SOX10. The diamond represents SOX10. The circles indicate the proteins that interact with SOX10. Red circles represent the genes enriched in the GO term inner ear development, and cyan circles represent the genes enriched in the GO term inner ear morphogenesis. Lines represent the interaction relationship between two proteins.



TABLE 4. The SOX10 potential binding sites predicted in the candidate genes.
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DISCUSSION

WS, the most common disorder resulting in syndromic hearing loss (SHL) in the Chinese population, is a genetic disorder with locus heterogeneity and variable expression of clinical characteristics (Zhang et al., 2012; Li et al., 2019). The mechanisms underlying phenotypic variability in WS are still not fully understood (Bondurand et al., 2007; Pingault et al., 2010). SNHL is defined as a pure tone threshold shift of over 25dB, affecting more than 466 million people worldwide. SNHL includes degenerative changes of cochlear hair cells (He et al., 2017, 2021; Liu W. et al., 2019; Zhou et al., 2020; Cheng et al., 2021; Fu et al., 2021), cochlear supporting cells (Lu et al., 2017; Cheng et al., 2019; Tan et al., 2019; Zhang S. et al., 2019; Zhang et al., 2020a; Zhang Y. et al., 2020; Chen et al., 2021), and spiral ganglion neurons (Guo et al., 2016, 2020, 2021; Yan et al., 2018; Liu et al., 2021). Sound is collected and conducted by external and middle ear, then transformed into the electric signals by cochlear hair cells (Wang et al., 2017; Liu Y. et al., 2019; Qi et al., 2019, 2020; Zhang Y. et al., 2020); while spiral ganglion neurons is function as the neural auditory transduction cells (Sun et al., 2016; Guo et al., 2019, 2021; Liu W. et al., 2019; Zhao et al., 2019). The cochlear hair cells are sensitive to aging, acoustic trauma, ototoxic drugs, and environmental or genetic influences (O’Donnell et al., 1988; Zhu et al., 2018; Fang et al., 2019; Jiang et al., 2020; Qian et al., 2020; Lv et al., 2021; Zhang et al., 2021). Previous studies have shown that oxidative stress and cell apoptosis play important roles in hair cell loss (Sun et al., 2014; Yu et al., 2017; Li et al., 2018; Gao et al., 2019; Zhang Y. et al., 2019; Zhang et al., 2020b; Zhong et al., 2020).

SOX10 is a key transcription factor related to the migration and differentiation of NCCs. Mutations in SOX10 result in abnormal pigment distribution and deafness, and are the primary cause of WS (Bondurand and Sham, 2013). SOX10 belongs to the SOX family, which features a high-mobility group (HMG) DNA-binding domain. The HMG domain (amino acids 102–181) identifies and binds to the promoter sequence of a target gene and induces conformational modifications in DNA throughout transcriptional regulation (Harris et al., 2010; Schock and LaBonne, 2020).

The non-sense mutation identified in the present study was found in amino acid 112, which is located in the HMG domain (DNA-binding region) and in the predicted nuclear localization signals (NLSs), resulting in a substitution of the guanine in position number 336 (Südbeck and Scherer, 1997). This SOX10 mutant was first identified by Chaoui et al. (2011) in three independent families, and resulted from two different variations at the nucleotide level: c.336G > A and c.336G > C). The probands were associated with WS2 or PCW/PCWH based on the observed variety of phenotypes. Functional analysis revealed that the p.Met112Ile appeared to possess an increased monomer-binding capacity, leading to reduced binding of the SOX10 mutant and reduced transactivation capacity toward the target promoter (Chaoui et al., 2011). Nevertheless, the phenotypic differences observed raise the potential for the individual genetic background being influential, which is not uncommon in neurocristopathies (Amiel et al., 2008). Since SOX10 gene is not endogenous expressed at the iPSCs stage, we collected cells at the 12th day of iNCC stage to perform qPCR and WB experiments to analyze the influence of SOX10 mutation (Supplementary Figure 1). The results suggest this mutation caused the decrease of its RNA and protein expression levels in the patient-derived iNCCs, thus it was speculated that it might cause functional changes through insufficient haploid dose.

To the best of our knowledge, this is the first work to document a disease model of iPSCs derived from a patient with WS. There are currently several established SOX10 animal-disease models that entail multiple species (Tachibana et al., 2003; Dutton et al., 2009; Hao et al., 2018). However, there are still many differences between the phenotypes of animal models and those of humans due to the disparities in genetic background, timeline of organ development, and underlying regulatory mechanisms between the species; it is therefore still difficult to accurately recapitulate human abnormalities such as WS in animals. Because iPSCs can differentiate into a vast array of cell types, the present system provides a powerful method to elucidate the disease mechanisms and explore potential therapeutic interventions so as to improve the well-being of patients (Chen et al., 2019; Zhang et al., 2020a).

In the current work, we generated a human cell model for WS with iPSCs harboring a SOX10 mutation, and differentiated these iPSCs into NCCs as a specific and disease-relevant system that could be used to investigate WS in vitro. WS patient-derived fibroblasts were reprogrammed into SOX10-mutant iPSCs based on the Yamanaka method (Takahashi and Yamanaka, 2006). The SOX10-mutant iPSCs generated in this study could then be further cultured with relatively high efficiency and showed pluripotential characteristics, including pluripotency marker expression and the potential for teratoma formation, suggesting that the mutation in SOX10 did not directly affect the induction and expression of the iPSCs.

In contrast to the normal control, the idiopathic SOX10 mutant iPSCs exhibited lowered efficiency in NCC induction in vitro and defects in the expression of key genes in NCC specification. Interestingly, unlike other NCC markers, the expression of SOX9 was increased in the qRT-PCR of SOX10 mutated iNCC cells compared with the normal group. The SOX transcription group consists of SOX9 and SOX10, and they have a common bipartite transactivation mechanism. In addition, they share some overlap in biological functions (Haseeb and Lefebvre, 2019). The decrease of SOX10 expression may lead to the compensatory increase of SOX9 expression. Relative to the normal control, the transcriptomic analysis of SOX10 mutant iPSCs revealed an overrepresentation of genes in the embryologic development of the tissues principally impacted in WS, such as pigmentation and skeletal and neuronal development. We identified a total of 1,805 DEGs, of which 899 (49.8%) were down-regulated. These results suggest that SOX10 mutation have a wide range of effects on the transcriptome, and that the target genes involved in the biological process are enriched, suggesting that SOX10 mutation have an impact on the proliferation and differentiation potential of NCCs, which is also in accordance with previous studies (Mollaaghababa and Pavan, 2003; Haldin and LaBonne, 2010; Schock and LaBonne, 2020).

We noted that our analyses converged, suggesting potential mechanisms of inner ear development as the proband showed conspicuous bilateral inner ear malformations. In previous studies, researchers demonstrated that, rather than resulting from an NCC defect, inner ear malformations were directly induced by a SOX10 mutation by causing endolymphatic collapse and other abnormalities in the organ of Corti (Elmaleh-Bergès et al., 2013; Locher et al., 2015; Hao et al., 2018). However, some other researchers have explored the exact contributions of neural crest lineages to the neurosensory components of the inner ear, offering an important basis for investigating the potential NC origins of the inner ear (Freyer et al., 2011). After examining the GO and KEGG pathway enrichment analyses for the DEGs, we determined that biological processes focused on inner ear development and morphogenesis in both iPSCs and iNCCs, suggesting that the mutation in SOX10 may have caused the inner ear malformation in this WS patient.

While a growing body of evidence has revealed that SOX10 mutations can cause defects of the inner ear in humans, the target genes and pathways regulated by SOX10 that are involved in inner ear development have yet to be completely elucidated (Elmaleh-Bergès et al., 2013; Wakaoka et al., 2013; Song et al., 2016; Xu et al., 2016). We additionally performed a cluster analysis to screen the PPI network pertaining to SOX10, and it revealed four candidate genes that may be regulated by SOX10 during the development of the inner ear: BMP2, LGR5, GBX2, and GATA3.

BMP2 (bone morphogenetic protein 2), a member of the transforming growth factor-beta (TGF-β) superfamily, possesses crucial functions in developmental processes, including cardiogenesis, digit apoptosis, somite formation, neuronal growth, and musculoskeletal development (Schlange et al., 2000; Benavente et al., 2012; Christen et al., 2012; Gámez et al., 2013). As mentioned in a literature review, BMP2 plays a crucial role in the formation of three semicircular canals during inner ear development (Hwang et al., 2019). The otic-specific knockout of Bmp2 caused the lack of all semicircular canals in a mouse model (Hwang et al., 2010). Additionally, bmp2b was also shown to be necessary for maintaining canal structures in zebrafish, as mutant bmp2b zebrafish lacked canals, which is similar to the mouse mutants. Bmp2 is expressed in highly conserved patterns in the canals’ genesis zones near the cristae, as well as in the epithelium of the developing canals (Hammond et al., 2009). Moreover, BMP2 takes part in the regulation of NCC proliferation, migration, and differentiation—mimicking the expression patterns of the SOX10 gene. Previous studies showed that BMP2 is also required for enteric nervous system development. The expression of BMP2 is significantly attenuated in Hirschsprung’s disease patients—which results from defects in NCCs colonizing the intestines—and leads to an absence of enteric ganglia in the colon (Huang et al., 2019). In addition, BMP2 selectively targets and stimulates tyrosinase (TYR) gene expression and melanogenesis in differentiated melanocytes. It has been reported that BMP2 treatment of neural crest cells increases melanogenesis by encouraging the synthesis of melanin and the BMP2 response-element localized upstream from the TYR transcriptional start site (Bilodeau et al., 2001). SOX9 also encourages the expression of BMP2 by binding directly to the BMP2 promoter, promoting its transcription (Xiao et al., 2019). Therefore, we suggest that SOX9 and SOX10 comprise a SOX-transcription group and share a bipartite transactivation mechanism that implicates the direct regulation of BMP2 by SOX10 (Haseeb and Lefebvre, 2019).

LGR5 (leucine-rich repeat-containing G-protein coupled receptor 5) is a target gene of the Wnt pathway and a known indicator of endogenous stem cells in rapidly proliferating organs (Barker et al., 2007; Jaks et al., 2008). In addition, LGR5 plays key roles in embryonic development and in the regeneration and preservation of adult stem cells (Chaoui et al., 2011). In a pattern emulating that of SOX10, LGR5 is widely expressed in NCCs at early stages of embryonic development (Boddupally et al., 2016). LGR5 is expressed in the apical poles of the sensory epithelium of the cochlear duct and vestibular end organs, and has limited expression in the hair cells of the organ of Corti during early embryonic development (Chai et al., 2011). Previous research has demonstrated that Lgr5 + cochlear supporting cells (SCs) can regenerate hair cells (HCs) via direct differentiation and mitotic regeneration (Wang et al., 2015). Differentially expressed genes can be found between Lgr5+ progenitors and Lgr5-SCs that may regulate the proliferation of the Lgr5+ progenitors and the regenerative capacity of HCs (Cheng et al., 2017).

GBX2 (gastrulation brain homeobox 2) encodes a DNA-binding transcription factor that plays critical roles in embryogenesis. Several studies have concluded that GBX2 is needed for the development of the inner ear, especially during the initial formation of the otic placode (Miyazaki et al., 2006; Steventon et al., 2012, 2016). The Gbx2–/– mouse displays several inner ear abnormalities, ranging from local malformation to a complete loss of vestibular and cochlear inner ear structures—including the absence of semicircular canals, malformed saccule, and cochlear duct (Lin et al., 2005). Several current studies have also depicted pivotal parts GBX2 plays in the induction, migration, and patterning of NCCs by impacting multiple facets of NC development (Li et al., 2009; Chervenak et al., 2014; Roeseler et al., 2020). The loss of GBX2 function also modulates the Slit/Robo-signaling pathway, leading to abnormal NCC migration and abnormalities that as similar to those in congenital diseases, such as DiGeorge syndrome and in craniofacial malformations (Byrd and Meyers, 2005; Calmont et al., 2009).

GATA3 belongs to the GATA family of transcription factors and is a key regulator of auditory system development (Karis et al., 2001; Appler and Goodrich, 2011). Its expression is found in virtually all auditory cell types (Rivolta and Holley, 1998; Lawoko-Kerali et al., 2002; Milo et al., 2009). In early inner ear development from thembryonic otic placode, GATA3 regulates the signaling of prosensory genes in a dynamic fashion and at the same time, it directs the differentiation of cochlear neurosensory cells (Duncan and Fritzsch, 2013; Moriguchi et al., 2018). Further studies have provided evidence that GATA3 is also crucial for the coordinated maturation of sensory hair cells and their innervation (Bardhan et al., 2019). In humans, the expression of GATA3 is localized to the cochlear duct and the spiral ganglion between weeks 8 and 12 of gestation (Roccio et al., 2018); the loss of GATA3 in inner hair cells leads to hearing loss and accounts for some of the deafness connected to hypoparathyroidism and renal anomaly (HDR) syndrome (Van Esch et al., 2000; Martins et al., 2018). Researchers have also demonstrated that GATA3 plays critical roles in neural crest cell development and neuronal differentiation in some cranial neural crest derivatives (George et al., 1994; Lieuw et al., 1997; Lakshmanan et al., 1999).

In conclusion, in this work, we created a WS human iPSC model with a SOX10 mutation, and allowed the differentiation of iPSC into NCCs. Relative to normal controls, the WS patient-specific iPSCs had a poor response to NCC induction in vitro and a compromised differentiation potential in regard to the NCCs’ fate. Transcriptional perturbation in NCC differentiation in this model was revealed through the intensive analysis of high-throughput RNA-seq results. In addition, we identified numerous candidate genes that are highly likely to be related to inner ear malformation in WS patients with a SOX10 mutation (Figure 10). Because the molecular mechanisms underlying the effect of SOX10 on inner ear development have not been fully elucidated, our research offers a rich context for investigating the molecular etiology of WS in regard to inner ear malformations. Nevertheless, additional research is necessary in order to verify the part that the determined target genes and their pathways have in triggering inner ear malformations.
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FIGURE 10. The schematic diagram for the SOX10-regulated transcription of certain target genes during development and differentiation in neural crest cell.
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Sensorineural hearing loss (SNHL) affects approximately 466 million people worldwide, which is projected to reach 900 million by 2050. Its histological characteristics are lesions in cochlear hair cells, supporting cells, and auditory nerve endings. Neurological disorders cover a wide range of diseases affecting the nervous system, including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), autism spectrum disorder (ASD), etc. Many studies have revealed that neurological disorders manifest with hearing loss, in addition to typical nervous symptoms. The prevalence, manifestations, and neuropathological mechanisms underlying vary among different diseases. In this review, we discuss the relevant literature, from clinical trials to research mice models, to provide an overview of auditory dysfunctions in the most common neurological disorders, particularly those associated with hearing loss, and to explain their underlying pathological and molecular mechanisms.
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INTRODUCTION

Hearing loss is defined by an average pure-tone threshold detection exceeding 20 dB, affecting approximately 466 million people worldwide. According to the value of pure tone thresholds, it can be classified as mild (20–35 dB), moderate (35–50 dB), moderately severe (50–65 dB), severe (65–80 dB), profound (80–95 dB), and total (≥95 dB) hearing loss. Lesions in the cochlea, auditory nerve, and central auditory pathway induce sensorineural hearing loss (SNHL); nearly a third of the population over the age of 65 is suffering from it1. Histological characteristics of age-related hearing loss include degenerative pathology in cochlear hair cells, supporting cells, and auditory nerve endings, resulting in irreversible damage to the sensory epithelium of the cochlea (He et al., 2020; Keithley, 2020; Wu et al., 2020b). Sound is collected and conducted by the external and middle ear, then transformed into electrical signals by cochlear mechanosensory cells: the inner and outer hair cells (OHCs) (Dallos, 1986). OHCs function to enhance sound frequency selectivity and mechanical amplification, and inner hair cells (IHCs) are responsible for subsequent sound detection and transmission. Hair cells are sensitive to aging, acoustic trauma, ototoxic drugs (Fu et al., 2021b), and environmental or genetic influences (Wang et al., 2017; Qian et al., 2020; Fu et al., 2021a; Lv et al., 2021). As damages to either type of hair cells can result in permanent SNHL, many studies have focused on biological treatments for hearing restoration, including gene therapy, hair cell regeneration, etc. (Liu et al., 2016; Li et al., 2018b; Chen et al., 2021; He et al., 2021). These electrical signals are then transduced to the auditory cortex by spiral ganglion neurons (SGNs). SGNs are located in the Rosenthal’s canal of the cochlea and work as the primary sensory neurons to connect the peripheral and central auditory systems, which are susceptible to aging and ototoxic drugs. Hence, preventing the degeneration of SGNs carries critical implications for improving the restoration of hearing (Appler and Goodrich, 2011; Coate and Kelley, 2013; Sun et al., 2016; Liu et al., 2019, 2021; Guo et al., 2021). The pulses ascend into the cochlear nuclei, superior olivary complex, and inferior colliculus for the perception of time and intensity, then target toward the medial geniculate body, and finally, the auditory information is integrated into and further processed by the auditory cortex (Grothe et al., 2010; Profant et al., 2015; Wu et al., 2015). The ascending and reversed descending pathways (originating from the cerebral cortex to the cochlea) form the complete auditory circuitry. Pathology in any portion of the auditory circuitry will lead to auditory dysfunctions, including hearing impairments and central auditory processing disorder, which can be addressed through pure tone audiometry (PTA) and speech tests (such as speech discrimination and speech-in-noise tests). The effects of hearing loss are widespread and profound, resulting in social isolation, psychological illness. And hearing loss is reported to be closely associated with cognitive decline and dementia independently in the elderly population (Lin et al., 2011a, 2013; Jafari et al., 2019).

Neurological disorders include a broad range of diseases that affect the nervous system, of which neurodegenerative diseases and neurodevelopmental disorders have been widely discussed. In the elderly, neurodegenerative diseases are common causes of morbidity and cognitive impairment (Kritsilis et al., 2018; Hou et al., 2019). The progression of these diseases is characterized by the diffusion of protein aggregates, which correlates with clinical severity (Ross and Poirier, 2004; Herrero and Morelli, 2017; Davis et al., 2018). Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social isolation, stereotypical behaviors, and interests. Genetic and environmental risk factors jointly account for phenotypic variations in ASD (Johnson et al., 2007; Lai et al., 2014a). Recent studies have reported that patients suffering from these neurological disorders are accompanied by hearing impairments and other auditory dysfunctions, especially in Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and ASD. Meanwhile, many mechanisms may account for the complex interplay, including neuropathological changes in the central and peripheral auditory system, social isolation caused by hearing decline, or other potential molecular mechanisms (Fortunato et al., 2016; Shen et al., 2018). It remains unclear whether auditory dysfunction is intrinsic or secondary to these diseases. Here, we discuss the relevant clinical literature to review the most common neurological disorders, particularly those associated with hearing loss, and explain their underlying pathological and molecular mechanisms.



ALZHEIMER’S DISEASE

Alzheimer’s disease is a progressive neurodegenerative disorder and the most common form of dementia. One in 10 people aged over 65 years is affected by AD, and the incidence increases with age (Soria Lopez et al., 2019; Alzheimer’s Association, 2020). Late-onset AD (LOAD) is the onset of AD later than 65 years of age, accounting for approximately 94% of all cases. Symptomatic AD exhibits insidious impairments in learning and memory at the initial stage, and then progresses toward impairments in cognition and executive function at the later stage (Long and Holtzman, 2019). AD patients are usually present with deficient perceptual and semantic processing of sounds (Perez et al., 2009; Benarroch, 2010; Ruan et al., 2012; Attems et al., 2014; Albers et al., 2015; van Wijngaarden et al., 2017). Since the 1980s, the association between hearing impairments and AD has been discussed. Evidence has shown that cognitive impairment is often accompanied by hearing loss, and in turn, hearing loss increases the incidence of cognitive decline and AD (Gallacher et al., 2012; Hung et al., 2015; Panza et al., 2015; Fortunato et al., 2016; Ford et al., 2018). Ford et al. (2018) estimated that midlife hearing loss might account for 9.1% of dementia cases globally. Lin et al. (2011a) demonstrated that for every 10 dB increase above the pure tone threshold of 25 dB, the risk of dementia increased by approximately 20%, with risk ratios for mild, moderate, and severe hearing loss of 1.89, 3.00, and 4.94, respectively. Taljaard et al. (2016) conducted a meta-analysis illustrating that hearing impairments coexisted with more inferior cognitive ability in older individuals, and receiving hearing interventions improved cognitive outcomes.

Neuropathological changes in the auditory system of AD have been widely explored, and typical AD pathological changes have been observed in auditory pathways (Uhlmann et al., 1986). Extracellular amyloid-β (Aβ) peptide aggregation and intracellular neurofibrillary tangles (NFTs) are the neuropathological hallmarks of AD (Figure 1; Long and Holtzman, 2019). In the amyloidogenic pathway, amyloid precursor proteins (APP) are membrane proteins that are sequentially cleaved by β-secretase and γ-secretase, resulting in the release of extracellular amyloid-β peptides, where they clump together to form deposits (Aβ plaques) and initiate a cascade of pathogenic processes and neurodegeneration. Tau protein plays a critical role in the development of neurons, and its hyperphosphorylation leads to the production of NFTs. Aβ peptides and NFTs coalesce to induce cellular dysfunctions (inflammation, oxidative stress, etc.), synaptic loss, and neurodegeneration (Guo et al., 2017; Makin, 2018). Genetically, AD is classified into familial (FAD) and sporadic cases. FAD accounts for 5% of AD cases and has an autosomal dominant inheritance pattern. Mutations in APP, PSEN1 (Presenilin 1), and PSEN2 (Presenilin 2) are responsible for the occurrence of FAD, and it was reported that mutations in these genes alter APP processing, induce Aβ formation, and then initiate tau pathology. In contrast, more than 90% of AD patients appear sporadically, which usually presents with late-onset AD (Piaceri et al., 2013). The only confirmed risk gene for sporadic AD is apolipoprotein E (APOE), which encodes an amino acid lipoprotein that can bind to amyloid precursor proteins. The Epsilon4 allele in APOE is strongly associated with an increased risk of AD in either homozygous or heterozygous states. Over 60% of sporadic cases are unrelated to APOE, suggesting that the interplay of genetic and environmental elements contributes to the occurrence of sporadic AD (Verghese et al., 2011). Similar neuropathology is also observed in sporadic AD without such mutations, indicating that Aβ plaques may be the driving force behind tau pathology, but not the sole one (van der Kant et al., 2020).
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FIGURE 1. Amyloid plaque formation extracellular and tau pathology intracellular. Amyloid precursor protein (APP) is a transmembrane protein that can be cleaved by three kinds of secretases. In the process of amyloid plaque formation, APP is cleaved by β-secretase and γ-secretase sequentially, then amyloid-β peptides release to extracellular and clump together to form deposits (Aβ plaques). Tau plays a critical role in microtubule assembly and stabilization, hyperphosphorylation of tau leads to microtubules depolymerization, and paired helical filaments (PHF) aggregate to form tau neurofibrillary tangles (NFTs).


In the early stage of AD, brain atrophy occurs in the central auditory cortex and related functional nuclei; senile plaques (SPs) and NFTs are extensively distributed throughout relay stations in the ascending auditory pathway (Sinha et al., 1993; Parvizi et al., 2001; Rub et al., 2016). Many AD mouse models have been used to explore hearing dysfunction and their underlying mechanisms (summarized in Table 1). Studies have shown that AD mouse models initially exhibit high-frequency hearing loss and finally progress to the entire frequency. 5xFAD and APP/PS1 mice are mainly characterized by β-amyloid plaque deposition and show elevated auditory brainstem response (ABR) thresholds. 5xFAD mice co-express gene mutations in five FAD and can generate Aβ deposits rapidly (Oakley et al., 2006). In 5xFAD mice, amyloid depositions were observed at 2 months of age, while cochlear histopathology revealed a large amount of apical and basal hair cell loss at 13 months of age (O’Leary et al., 2017). The onset of auditory dysfunctions in APP/PS1 mice preceded before neuropathological changes, suggesting that acoustic measurements might be a non-invasive indicator for AD detection (Liu et al., 2020). 3xTg-AD mice express 3 AD-related transgenes, and its neuropathology developments are similar to FAD patients, characterized by Aβ deposition, tau pathology, and neuroinflammation. In 3xTg-AD mice, a reduction of SGN’s relative densities was observed at 9–12 months of age. A transgenic mouse model with overexpression of Aβ peptides in hair cells was established by Omata et al. (2016) and high-frequency hearing impairments were found at 4 months of age. Aligned with the electrophysiological assessment, basal hair cell loss was observed. They further established another model overexpressing tau pathology but found no significant hearing dysfunctions. Nevertheless, double transgenic mice showed an advanced and exaggerated hearing impairments, suggesting that Aβ deposition was a fundamental pathological etiology for hearing defects exhibited by AD and that tau pathology enhanced the dysfunction (Omata et al., 2016). Many previous studies have shown that both oxidative stress and apoptosis play essential roles in the death of hair cells (Yu et al., 2017; Li et al., 2018a), whether hair cell loss observed in the researches can be attributed to Aβ-induced oxidative stress and cell apoptosis need further study.


TABLE 1. List of AD, HD, ASD mice models that have been used for auditory function and anatomy study.
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Clinical literature suggests that midlife hearing loss is independently correlated with accelerated progression of sporadic AD and incident dementia. The degree of hearing loss was positively associated with an increased risk of dementia. AD-related neuropathology was found in the central auditory pathway but was not clinically identified in the peripheral auditory pathway. Although multiple clinical studies have been designed to determine the relationship between hearing loss and AD, there are still some flaws in the experimental design. Most of the important information has been neglected, including the extent of hearing loss, measurements of auditory processing, differences between sexes, and auditory condition in different AD classifications, resulting in restricted access to information to determine the relationship between auditory dysfunction and AD. Mouse model studies further illustrated that hearing loss is associated with AD development. In the APP/PS1 mouse model, the shifts of ABR and distortion product otoacoustic emission (DPOAE) preceded the neuropathy observed in the brain. Loss of hair cells and SGNs was observed in AD mouse models, which was likely induced by the spread of AD-related neuropathology (Aβ deposition and tau pathology) in the cochlea. However, the three AD-related mouse models were all designed with mutations in FAD genes, which could not completely mimic the pathogenesis of sporadic AD. The central auditory pathway has not yet been studied in these mouse models. High-frequency hearing loss has been observed in patients with AD and incident dementia. Moreover, both the central and peripheral auditory pathways are affected by AD-related neuropathology, but the concrete cochlear pathology is still debated. The results vary among studies due to different mouse models, sampling times, and hearing measurements. Hence, for a comprehensive understanding of AD-related hearing loss, standard observation criteria should be established in further studies.



HUNTINGTON’S DISEASE

Huntington’s disease is an autosomal-dominantly inherited disorder with a mean prevalence of 2.71 per 100,000 individuals worldwide (Pringsheim et al., 2012). HD manifests with midlife cognitive impairment, motor incoordination, and psychiatric symptoms (Martin and Gusella, 1986; Walker, 2007). Late-stage HD patients often present with auditory sensory, processing, and memory problems other than typical dysfunctions. Studies have illustrated that hearing impairment is involved in and is closely correlated with motor deficits in HD (Josiassen et al., 1984; Lin et al., 2011b). Lin et al. (2011b) recruited 19 HD patients and assessed hearing impairments using PTA and ABR. The PTA thresholds showed that an average increase of 15 dB was detected in high frequencies of HD patients, and no significant differences were observed in latency and inter-peak intervals of ABRs, indicating that hearing impairments in HD were more associated with the peripheral auditory pathway than retrocochlear lesions (Lin et al., 2011b). In contrast, other researchers found that HD patients displayed normal sound sensation, but with a significant decrease in speech understanding and sound source lateralization, suggesting that HD-associated neuropathology affects the central auditory system (cortical and subcortical parts) (Beste et al., 2008; Saft et al., 2008; Profant et al., 2017). Wetter et al. (2005) revealed that HD patients had delayed auditory event-related potentials (ERPs), which were also found in individuals at risk for HD. These findings showed HD-related dysfunction during sound processing (Homberg et al., 1986; Josiassen et al., 1988; Wetter et al., 2005).

The pathophysiological mechanisms underlying HD-related auditory dysfunction are poorly understood; nonetheless, recent studies in transgenic mouse models provide new insight into these mechanisms (Walker, 2007). Aggregated mutant huntingtin (mHtt) is the most classic cellular pathological characteristic of HD; extra amplificated CAG repeats in exon 1 of huntingtin lead to polyglutamine (polyQ) extension at the N-terminal of Htt protein, and mutant Htt accumulates to cause neuronal loss (Figure 2; Macdonald et al., 1993; Mangiarini et al., 1996; Ha and Fung, 2012). Neuronal loss preferentially affects the cortico-striatal circuits, which leads to characteristic chorea, and as HD progresses, mHtt spreads to peripheral tissues, including the inner ear (Vonsattel and DiFiglia, 1998; Cepeda et al., 2007; Snowden, 2017). Mouse models were also used to illustrate auditory dysfunction and pathology in HD (summarized in Table 1). R6/2-HD mice express mHtt and present with HD-related phenotypes at 5–6 weeks of age. Lin et al. (2011b) found that R6/2-HD mice exhibited approximately 10 dB elevation of ABR thresholds at 2 months of age before the presentation of motor deficits. After 3 weeks, the motor defects became apparent, and a 30 dB threshold shift for click stimuli and a 15 dB threshold shift for tone bursts at all frequencies were also observed. In addition, they found no difference in ABR latency and peak intervals between R6/2-HD mice and wild type mice (Lin et al., 2011b). As described in Wang’s research, R6/2-HD mice exhibited increased distortion product otoacoustic emission and ABR thresholds at 2–3 months of age. Furthermore, the relative expression of prestin was reduced in OHCs, which was reported to be responsible for dysfunction in hearing sensitivity and frequency selectivity. Cochlear SGN reduction and hair cell loss (especially OHCs) were observed histologically after that (Wang and Wu, 2015), suggesting that mHtt pathology in the central and peripheral auditory system contributed to the presence of hearing impairments in HD. Hdh(CAG)150 mice are knock-in mice that carry 150 CAG repeats on the Htt locus, of which mHtt aggregation in the nervous system and HD-related characteristics initiate at approximately 10 months of age. In Hdh(CAG)150 mice, thresholds measured by click and tone bursts ABR analysis at 15 months of age revealed that approximately 20 dB thresholds were increased for click and tone bursts at frequencies of 4 and 8 kHz. No differences were observed at frequencies of 16 and 32 kHz because wild type mice developed presbycusis at 15 months of age (Lin et al., 2011b). Moreover, aggregated mHtt and continuing loss of brain-type creatine kinase (CKB), which was previously reported to decline in HD patients, were both obtained in the organ of Corti and the spiral ganglion in both mouse models (Perluigi et al., 2005; Sorolla et al., 2008; Kim et al., 2010; Lin et al., 2011b). Aggregation of mHtt is thought to affect many transcriptional factors and induce mitochondrial dysfunction, which directly leads to the release of cytochrome C and oxidative stress (Kim and Kim, 2014). CKB, a cytosolic enzyme, can regenerate ATP by reversibly transferring high-energy phosphate from phosphocreatine (PCr) to ADP (Jacobus and Lehninger, 1973; Wallimann et al., 1992; Wyss and Kaddurah-Daouk, 2000). CKB also localizes in cochlear hair cells and ligaments and is critical for hearing function (Spicer and Schulte, 1992; Spicer et al., 1997). CKB-knockout mice presented with high-tone hearing loss that can be restored by dietary creatine supplements (Shin et al., 2007; Lin et al., 2011c). These studies suggest that CKB dysregulation may be associated with HD-related auditory dysfunction, synergistic with mHtt (Figure 2).
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FIGURE 2. mHtt aggregates induced toxicity and dysregulated PCr-CK system in hair cells. The PCr-CK system plays a critical role in providing ATP in hair bundles of hair cells, mitochondrial creatine kinase (CKMT1) phosphorylates creatine (Cr) to phosphocreatine (PCr). In the stereocilia, brain-type creatine kinase (CKB) regenerates ATP from PCr. Expression of mHtt in hair cells impairs the function of mitochondria, releases cytochrome C and reactive oxygen species (ROS) to the cytoplasm. On the other hand, mHtt aggregates lead to protein sequestration (including many transcriptional factors), then induce transcriptional dysregulation, which reduces the expression of CKB (creatine kinase).


Auditory dysfunction appears to be authentic for HD. Clinical studies have shown that hearing impairments and auditory processing dysfunction are present in HD patients. Delayed ERPs are suggested to be a potential predictor of HD. While there is no consensus that auditory sense, processing, or discrimination is uniparted or jointly present in HD, more research objectives, detailed acoustic measurements, and specified auditory items should be included. Hearing impairment is solid in HD mouse models, and hearing loss precedes the occurrence of motor defects and worsens with the progression of HD in R6/2-HD mice. The loss of hair cells and SGNs was also observed. Hdh(CAG)150 mice exhibited significant low-frequency hearing impairment compared to wild type mice, which was accompanied by presbycusis-related high-frequency hearing loss, suggesting that hearing impairments in HD patients was not merely related to the auditory pathway degeneration caused by natural aging and clarifying that hearing loss was authentic to HD, while the cochlear anatomy has not been assessed in Hdh(CAG)150 mice. Moreover, pathological studies of the central auditory pathway, including cochlear nuclei, superior olivary complex, and auditory cortex, should be performed to determine auditory-related lesions and guide auditory-related tests carried out for HD patients and high-risk groups.



PARKINSON’S DISEASE

Parkinson’s disease is a neurodegenerative disorder characterized by static tremor, bradykinesia, rigidity, and postural instability, affecting 1–2 per 1,000 individuals (Dorsey et al., 2007; Ascherio and Schwarzschild, 2016). Before the onset of typical motor symptoms, patients with PD often manifest with cognitive impairment, olfactory dysfunction, fatigue, etc. (Postuma et al., 2012; Khoo et al., 2013). Recently, hearing impairment has been considered as another non-motor feature in PD patients. Studies have shown that the incidence of developing PD in the hearing loss group was 1.77 higher than in the control group (Lai et al., 2014b), and high-frequency hearing impairment was observed in PD patients without self-perceiving (Yylmaz et al., 2009; Santos-Garcia et al., 2010; Shetty et al., 2019), which is positively related to PD duration and worsens as it progresses (Scarpa et al., 2020). PTA results showed an average elevation of 10 dB in 4 and 8 kHz in PD patients, and significantly increased latencies in wave V and interpeak were obtained (Yylmaz et al., 2009). PTA performed among the relatively younger (age < 55 years old) population of PD showed that thresholds were elevated at high frequency and low to mid frequencies. This ratio was even higher for low-mid-frequency hearing loss. Concurrently, the brain stem auditory-evoked potentials were comparable to the control group, indicating that hearing loss in PD was independent of aging and that the underlying mechanism appeared to be peripheral according to the study (Shetty et al., 2019). Vitale et al. (2013) calculated the proportion of different degrees of hearing loss in 75 patients with PD and found that 89% of them had mild to moderate hearing loss, and 11% had severe hearing loss. In addition, they revealed that the prevalence of PD with hearing impairments was higher in the male elderly (Vitale et al., 2013). Whole frequencies of distortion product otoacoustic emission thresholds in PD patients also increased. It can be alleviated by dopaminergic treatment (Georgiev et al., 2015; Pisani et al., 2015), which uncovered an undermined dopamine-dependent cochlear dysfunction undermined. Sisto et al. (2020) found that the ipsilateral cochlear dysfunction developed in parallel with asymmetric motor impairment. The abilities of speech discrimination and sound lateralization were also markedly reduced in PD patients (Lewald et al., 2004; Vitale et al., 2016; Folmer et al., 2017), and abnormal auditory evoked potentials were suggested as a measurement of PD duration and severity (Yylmaz et al., 2009; Jafari et al., 2020).

The association between hearing dysfunction and PD suggests a common neuropathological background. Lewy pathology and dopaminergic neuronal degeneration are two primary neuropathological features of PD that spread as PD progresses (Dickson et al., 2009; Dickson, 2012; Kordower et al., 2013). Other protein aggregations, such as Aβ plaques and NFTs, are also present in the nervous system of PD patients (Kalia and Lang, 2015). Lewy pathology consists of insoluble misfolded α-synuclein that can be found in certain regions of the central and peripheral nervous system in PD (Wakabayashi et al., 1989; Spillantini et al., 1997; Beach et al., 2010; Del Tredici et al., 2010; Goedert et al., 2013). In the inner ear, α-synuclein is located predominantly in the efferent neuronal system, especially in the OHC, and contributes to the physiological maintenance of auditory function. Hence, Lewy pathology in the auditory system has been speculated to be associated with PD-related auditory disorders (Akil et al., 2008; Park et al., 2011). On the other hand, common neurotransmitters between the auditory system and basal ganglia were indicated by the curative effect of dopaminergic therapy on auditory responses (Rey et al., 1996; Erro et al., 2015; Georgiev et al., 2015; Pisani et al., 2015). Furthermore, dopamine and glutamate mediate the synaptic interplay oppositely in the basal ganglia. In the auditory system, dopamine also counteracts the excitotoxic effects caused by glutamate to modulate auditory processing and neural plasticity. Since glutamate overdose can induce excitotoxic damage to primary auditory neurons, it was speculated that excessive glutamate caused by the degeneration of dopaminergic neurons might account for PD-related auditory dysfunction (Lendvai et al., 2011). Other common underlying mechanisms, including mitochondrial dysfunction, reduced neurotransmitter levels, perturbed protein homeostasis, and oxidative stress, have also been discussed in previous studies (Simon and Johns, 1999; Raza et al., 2019).

There have been no reports on auditory dysfunction and auditory anatomy in PD mouse model. Although manipulation of specific genes reported in familial PD, including transgenic overexpression for α-synuclein and leucine-rich repeat kinase 2 and knockout models for Parkin, DJ-1, phosphatase, and tensin homolog-induced novel kinase 1, made it possible to establish many mouse models, none of them recapitulate key clinical and neuropathological features of PD entirely, especially in the absence of neurodegeneration of dopaminergic neurons (Dawson et al., 2010). While the objective is to gain insight into the molecular mechanisms underlying auditory dysfunction and PD, studies of auditory function in mouse models with specific gene mutations are still needed. PD is a global neurodegenerative disorder that affects the central and peripheral nervous system, and extensive literature indicated a broad range of auditory dysfunctions from the peripheral auditory system to cortical areas in PD (Pekkonen et al., 1995; Kofler et al., 2001; Putzki et al., 2008; Bronnick et al., 2010; Pisani et al., 2015; Potter-Nerger et al., 2015; Seidel et al., 2015; Liu et al., 2017; Shalash et al., 2017; Guducu et al., 2019), asymptomatic hearing impairments appeared to be a newly non-motor manifestation of both early and late-onset PD, and it can be speculated that the natural aging process combined with PD-related neurodegenerative changes coalesce to induce that. Moreover, the central auditory dysfunctions, including abnormal speech discrimination and sound lateralization, cannot be ignored. The literature suggests hearing measurement as a non-invasive potential biomarker and indicator of disease severity for PD, widespread alpha-synuclein neuropathology, and loss of dopaminergic neurons were suspected of interfering with such auditory dysfunction, and PD mouse models should be applied for precise assessment of hearing function and pathological mechanism exploration.



AUTISM SPECTRUM DISORDER

Autism spectrum disorder is a neurodevelopmental disorder characterized by social isolation, stereotypical behaviors, and interests, with a prevalence of approximately 1% worldwide and has a strong male predominance (Johnson et al., 2007; Lai et al., 2014a). Sense dysfunction, including the feeling of touch, smell, taste, vision, and hearing, is another feature of ASD. The pathogenesis of ASD is not entirely understood, but comorbidities and maternal exposures in placental life may act as risk factors (Arndt et al., 2005). Researchers have suggested that genetic polymorphisms and environmental factors jointly contribute to the phenotypic variation in ASD (Bailey et al., 1995; Veenstra-VanderWeele et al., 2004; Lopez-Rangel and Lewis, 2006). Cerebellar and brainstem hypoplasia was observed in patients with ASD (Courchesne et al., 1988; Hashimoto et al., 1992, 1995), and multiregional neuropathy defects have been identified, including a reduced number of Purkinje cells in the cerebellum, delayed neuron maturation of the forebrain, abnormal development of the frontal and temporal lobes, and sporadic malformation in the brainstem and neocortex (Hardan et al., 2004; Pickett and London, 2005; Lainhart, 2006; Wegiel et al., 2010, 2014; Hampson and Blatt, 2015). These structural abnormalities lead to typical behavioral manifestations and sense dysfunctions in ASD.

Currently, most previous studies identified increased rates of audiological dysfunctions in ASD, including hearing impairments, hyperacusis, difficulty in sound discrimination with background noise and speech sounds encoding (Tomchek and Dunn, 2007; Russo et al., 2009; Stiegler and Davis, 2010). A higher incidence of hearing loss (from unilateral to bilateral) and hyperacusis was demonstrated in the ASD population (Rosenhall et al., 1999; Demopoulos and Lewine, 2016; Do et al., 2017). Fitzpatrick et al. (2014) found that approximately 29.4% of children with ASD had profound hearing loss and that those children with hearing loss benefited from the use of hearing aids. In addition, hearing dysfunction was attributed to ASD-related neuronal degeneration of the auditory pathway (Smith et al., 2019). In contrast, Szymanski et al. (2012) found a high prevalence of ASD among children with hearing loss, supporting that peripheral auditory dysfunction may be associate with functional impairment in ASD (Demopoulos and Lewine, 2016). Previous studies have provided an abundance of evidence supporting both abnormal structure and function in the auditory brainstem of ASD, but there remains a battery of literature showing that the peripheral auditory manifestations of children with ASD were comparable to controls (Gravel et al., 2006; Tharpe et al., 2006). Beers et al. (2014) reviewed 22 articles about peripheral hearing loss in ASD and concluded that there was no solid evidence for an increased risk of peripheral hearing loss among children with ASD. Tas et al. (2007) also evaluated the auditory function of children with ASD through transient evoked otoacoustic emission and ABR. The positive emission and normal hearing level at ABR revealed an insusceptible peripheral auditory system in patients with ASD. Nevertheless, the ABR results showed a prolonged III–V interpeak latencies (IPLs) in children with autism (Rosenhall et al., 2003; Tas et al., 2007).

Approximately 10% of ASD cases have an identifiable genetic background. Many ASD-related genetic and chromosomal disorders have been shown to present with auditory dysfunction (Table 2), underlying a potential common genetic etiology between ASD and auditory dysfunction. Many chromosomal disorders have been reported to manifest with auditory dysfunctions, ASD, developmental retardation, seizures, facial dysmorphism, and multisystem defects. Deletions and duplications range from specific loci to large segments and comprise a considerable number of related genes. Genes with remarkably high risk accounting for these manifestations are listed in Table 2. Most of them are involved in neuron and synaptic development (Smith et al., 2002; Sinajon et al., 2015; Yang et al., 2015; Lahbib et al., 2019; Wu et al., 2020a), among which only two genes are known to be auditory-related: ELMOD3 and FGF2. ELMOD3 is involved in autosomal recessive non-syndromic deafness disability (Lahbib et al., 2019), and FGF2 plays a role in the proliferation and survival of auditory neuroblasts (Wu et al., 2020a). Three monogenic disorders were reported to present with auditory dysfunction and ASD simultaneously, including Fragile X syndrome, MEIS2 syndrome, and ADNP syndrome (Rotschafer et al., 2015; Douglas et al., 2018; Hacohen-Kleiman et al., 2019), related genes all function in brain development, and MEIS2 is responsible for the development of the inner ear in chicken (Douglas et al., 2018). Restricted information about genes and their functions is insufficient to illustrate the genetic association between auditory dysfunction and ASD. Whether these certified ASD-related genes also participate in auditory function is unclear.


TABLE 2. List of ASD-related chromosomal and monogenic disorders that have been reported co-presented with auditory dysfunction.
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ASD-related mouse models have been developed to study auditory dysfunction (Table 1). Chromosomal disorder mice characterized by 16p 11.2 deletions showed whole frequency increased ABR and auditory startle response (ASR) thresholds, indicating that genes located in the area were responsible for auditory dysfunctions, of which KCTD13, SEZ6L2, and MAPK3 were considered to be highly correlated with autism (Konyukh et al., 2011; Golzio et al., 2012; Blumenthal et al., 2014; Yang et al., 2015), while their relationship with the auditory function has not been determined. Monogenic disorder mice were also studied; Fmr1–/–, Cntnap2–/– and Adnp± mice presented with classical characteristics of ASD and showed impaired hearing and auditory process functions. Anatomy of auditory circuits, such as the ventral cochlear nucleus and the medial nucleus of the trapezoid body exhibited reduced neuron size and number. Altered hearing-related protein levels, including VGAT, ChAT, and GAD67, were observed in the auditory cortex and cerebellum (Rotschafer et al., 2015; Ruby et al., 2015; Truong et al., 2015; Hacohen-Kleiman et al., 2019), underlying a central auditory and synaptic pathology.

Increased rates of auditory dysfunction, including hearing impairments, hyperacusis, difficulties in sound discrimination, and speech sounds encoding, were detected in patients with ASD. ASD children with hearing impairments were identified later than those with normal hearing for auditory disorders and related communication delays. Although hearing impairment is an uncommon manifestation of ASD, both diseases affect communication abilities in children, and hearing impairment may contribute to the development of ASD. Comprehensive audiological assessments of confirmed and suspected ASD in children and early hearing interventions are recommended to improve social communication and reduce the aggression of ASD. ASD with chromosomal and monogenetic disorders has been shown to manifest with hearing impairments and auditory process problems, which correspond to auditory dysfunctions in ASD mouse models, and reduced neuron size and number were observed in auditory brainstem nuclei. Studies have also reviewed the genes that might be involved in chromosomal and monogenetic disorders. They concluded that most of them function in neuronal development, suggesting that defective neuropathy in the auditory pathway leads to hearing dysfunction and raises the idea that ASD-related genes may act as potential deafness genes. Hence, specific transgenic mouse models should be applied to clarify their function and influence on the auditory system. For further analysis, next-generation sequencing should be applied to identify more potential ASD-related candidate genes for deafness.



CONCLUSION AND PERSPECTIVES

In this review, we presented research on hearing loss in four common neurological disorders (AD, PD, HD, and ASD) and concluded that hearing loss was present in these four disorders. However, the related auditory lesions and underlying mechanisms vary among them.

In AD, high-frequency hearing loss was observed in both the patient and mouse models. Moreover, Aβ deposition appeared to be the initial neurological etiology. Auditory studies on AD mouse models raise the possibility that the auditory pathway is more sensitive to AD-related neuropathology and auditory dysfunction, especially hearing loss, presents before the onset of cognitive impairments. Thus, auditory measurements can provide a reference for preliminary diagnosis and early interventions for patients with AD. Hearing impairments and auditory processing dysfunction have been observed in HD patients. In R6/2-HD mice, hearing loss precedes the characterized presentations of HD, and in the SGNs of Hdh(CAG)150 mice, mHtt aggregation was observed. However, for a comprehensive understanding of auditory dysfunction in AD and HD, more clinical trials involving more subjects and including a variety of detailed auditory measurements should be carried out, and complete studies on auditory circuitry (from the cochlea to the auditory cortex) of mouse models should be conducted in the future.

A broad range of auditory dysfunctions, including hearing loss, abnormal speech discrimination, and sound lateralization, have been reported in PD, and asymptomatic hearing impairments appear to be a new non-motor symptom of PD patients, and hearing measurements may act as a non-invasive potential biomarker and indicator of disease severity. There are no transgenic mouse models that can completely mimic the important neuropathological features of PD, especially the neurodegeneration of dopaminergic neurons. Hence, better PD mouse models should be established, and to gain insight into the underlying molecular mechanisms, auditory studies in existing mouse models still worth exploring.

Many auditory dysfunctions, including hearing impairments, hyperacusis, difficulty in sound discrimination, and speech sound encoding, have been detected in patients with ASD. Concomitant hearing loss makes the diagnosis of ASD more challenging. As both disorders affect communication abilities in children and early hearing interventions have been reported to improve social communication and reduce aggression in ASD, comprehensive audiological assessments should be carried out in confirmed and suspected ASD in children. Moreover, approximately 10% of ASD cases have an identifiable genetic background. Clinical and transgenic mouse model studies revealed the involvement of hearing impairments, raising the possibility that associated genes may act as potential deafness genes. Hence, more potential ASD-related candidate genes should be identified, and specific transgenic mouse models should be applied to explore the function of autism-related genes in the auditory system.

Sensorineural hearing loss affects a large population of people worldwide, and the impact of hearing loss is broad and profound, including delayed language development in children, social isolation, and psychological illness. Hearing loss is not only present in neurological disorders mentioned above but can also affect the prognosis of these diseases to some extent. Hence, exploring hearing loss in neurological disorders is beneficial for understanding the pathogenesis and improving the prognosis of these diseases.
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Objective: Both large vestibular aqueduct syndrome (LVAS) and high jugular bulb (HJB) are regarded as abnormalities commonly seen on the temporal bone CT. High jugular bulb has been found to erode the vestibular aqueduct, and there are several studies on jugular bulb vestibular aqueduct dehiscence. However, there is no study that specifically reports LVAS with concurrent HJB and its hearing loss relatedness. This study presents the pure tone audiometry differences between LVAS with HJB, and LVAS without HJB.

Methods: This was a case control study involving 36 bilateral LVAS with concurrent unilateral HJB patients, total of 72 ears. Intra-person comparison was done, by dividing ears into two groups: the case group, 36 ears (LVAS with HJB); and the control group, 36 ears (LVAS without HJB). Air conduction thresholds (250–4000 Hz), bone conduction thresholds (250–1000 Hz), and air bone gap (250–1000 Hz) were analyzed and compared between groups.

Result: There were statistically significant differences in AC thresholds at 250, 500, 2000, and 4000 Hz between the groups, p < 0.05. But there was no statistical significant difference at 1000 Hz, p > 0.05. There were statistical significant differences in BC thresholds at 250 and 500 Hz, p < 0.05, but there was no statistical difference at 1000 Hz. There were no significant differences in air bone gap at 250, 500, and 1000 Hz between the two groups.

Conclusion: LVAS with concurrent HJB was found to have higher air conduction thresholds, especially at 250, 500, 2000, and 4000 Hz. Bone conduction thresholds were higher at 250 and 500 Hz. Air bone gap at 250, 500, and 1000 Hz, were not significantly higher in LVAS with concurrent HJB.

Keywords: high jugular bulb, large vestibular aqueduct syndrome, hearing loss, hearing characteristics, pilot study


INTRODUCTION

Large vestibular aqueduct syndrome (LVAS) is defined as the enlargement of the narrow bony canals (aqueducts), which extends from the vestibule into the skull. It is known to cause about 5–15% of congenital sensorineural hearing loss in children (Madden et al., 2007; Kupfer et al., 2012; Noguchi et al., 2017). The vestibular aqueduct is determined as enlarged, by temporal bone CT showing the diameter of the aqueduct >1.5 mm at the midpoint or the operculum, or by MRI showing an enlargement of the endolymphatic duct and sac (Aimoni et al., 2017). Studies have revealed no direct relationship with the size of the enlarged vestibular aqueduct and the level of hearing loss (Yan et al., 2003; Zhang et al., 2006). High jugular bulb (HJB) is known as the elevation of the posterior part of the jugular bulb into any of the following parts in the temporal bone: the hypotympanum portion of the middle ear, the base of the cochlear base, and the internal auditory canal, either with dehiscence or without dehiscence (Tanrivermis Sayit et al., 2017). The cause of high jugular bulb could be linked to the imbalanced venous system, which drains blood from the head, and the effect of the blood flow dynamics (Friedmann et al., 2012). High jugular bulb is one of the most common anatomical variations found in the temporal bone and has been reported to have high occurrence in patients with inner ear anomalies (Singla et al., 2016; Tanrivermis Sayit et al., 2017). High jugular bulb has been found to erode inner ear structures including the vestibular aqueduct (Friedmann et al., 2012). Large vestibular aqueduct syndrome with concurrent high jugular bulb has been observed clinically in patients having hearing loss. However, there are no previous studies in literature about the large vestibular aqueduct syndrome with high jugular bulb and its hearing loss relatedness. Some patients with large vestibular aqueduct syndrome were observed to have worse degree of hearing loss, and easily experienced hearing fluctuation. Previous studies on high jugular bulb revealed worse hearing thresholds and progressive hearing in the affected ears of patients with bilateral hearing loss (Tsunoda, 2000; Sasindran et al., 2014). As a novel study, the purpose was to ascertain the audiological characteristics of vestibular aqueduct syndrome with concurrent high jugular bulb by finding out the differences in air conduction thresholds, bone conduction thresholds, and air bone gap between LVAS with HJB and LVAS without HJB. The findings of this study are intended to help ear and hearing health professionals to understand the differences that exist among LVAS patients, in order to guide their diagnosis, counseling, and hearing management, as well as to guide future research on LVAS and HJB.



MATERIALS AND METHODS

This is a case control study conducted at the Zhejiang Chinese Medical University’s Affiliated Hearing and Speech Rehabilitation Institute. The study protocol was approved by the Institutional Review Committee.


Subject Recruitment

The study involved EVA patients who visited the hearing and speech rehabilitation center between June 2020 and March 2021 for follow-up. Subjects were recruited based on the following inclusion criteria: (1) diagnosed with bilateral large vestibular aqueduct syndrome with unilateral high jugular bulb using CT; (2) ability to perform behavioral audiometry; (3) stable hearing for at least a 3-month period; (4) patients having outer ear and middle ear abnormalities were excluded by otoscopy, CT, and tympanometry; and (5) an informed consent for participation in the study.



Subjects

Thirty-six bilateral large vestibular aqueduct syndrome with unilateral high jugular bulb patients were recruited (Figure 1), comprising 19 males and 17 females; ages ranged from 3 to 27 years, and mean age was 8.08 years. A total of 72 large vestibular aqueduct syndrome ears, were divided into two groups: case group, 36 ears (LVAS with HJB) and control group, 36 ears (LVAS without HJB).


[image: image]

FIGURE 1. Representative CT (computed tomography) scan images showing bilateral large vestibular aqueduct syndrome with unilateral high jugular bulb (right ear) from a 3-years-old patient.




Audiological Testing

All tests were performed in a clinical setting and in accordance with standard procedures. Pure tone audiometry and tympanometry were performed in consideration of the respective ages of patients.


Test Equipment

Pure tone audiometry was performed in a double-walled sound booth, using a Grason–Standler Audiostar ProTM audiometer, TDH-39, and B-71 transducers. Interacoustics Titan/IMP440 tympanometer was used to perform the tympanometry.



Pure Tone Audiometry

Using the Hughson Westlake threshold finding approach, air conduction and bone conduction thresholds were measured at octave frequencies from 250 to 4000 Hz. Masking was performed when necessary.



Tympanometry

Using 226 Hz probe tone at 85 dB SPL, and varying pressure from +200 to –400 daPa, the tympanic membrane mobility and middle ear compliance were assessed. Indications for normal tympanogram were ear canal volume, tympanometric peak pressure, and tympanometric peak compliance within the normative data for tympanometry for children and adults (Margolis and Heller, 1987).



Variable and Comparison

Intra-person comparison was done between ears; 72 ears divided into the case group (36 ears) and the control group (36 ears). AC thresholds from 250 to 4000 Hz; BC thresholds from 250 to 1000 Hz; and air bone gap (ABG) from 250 to 1000 Hz were compared between the two groups.



Statistical Analysis

Statistical analysis was conducted using the IBM SPSS version 25.0; paired-samples t-test was performed to determine the differences between the groups, p < 0.05.



RESULTS


Demographic Characteristics and Radiological Findings

Thirty-six patients with bilateral large vestibular aqueduct syndrome with unilateral high jugular bulb constituted 19 males and 17 females, given a male to female ratio of 1.12:1; ages ranged from 3 to 27 years, and mean age was 8.08 years (Table 1).


TABLE 1. Gender and age characteristics of subjects.

[image: Table 1]Seventy-two large vestibular aqueduct syndrome ears were divided in two groups: the case group, 36 ears (LVAS with HJB); and control group, 36 ears (LVAS without HJB). High jugular bulb presented in both left and right ears. The lateralization of high jugular was more in right ears as compared to the left ears. Thirty patients were found to have high jugular bulb in the right ear; 6 patients had high jugular bulb in the left ear, p < 0.05.



Pure Tone Audiometry


Air Conduction Thresholds

The statistical analysis of air conduction thresholds from 250 to 4000 Hz showed the following mean thresholds for the case group: 250 Hz (61.94 ± 18.45 dB HL), 500 Hz (66.94 ± 19.50 dB HL), 1000 Hz (73.06 ± 19.10 dB HL), 2000 Hz (82.64 ± 20.96 dB HL), and 4000 Hz (89.44 ± 21.41 dB HL); for the control group: 250 Hz (54.31 ± 17.90 dB HL), 500 Hz (59.58 ± 17.94 dB HL), 1000 Hz (66.67 ± 18.60 dB HL), 2000 Hz (75.00 ± 16.48 dB HL), and 4000 Hz (78.47 ± 22.03 dB HL). The mean differences were 250 Hz (7.63 dB HL), 500 Hz (7.36 dB HL), 1000 Hz (6.39 dB HL), 2000 Hz (7.64 dB HL), and 4000 Hz (10.97 dB HL). Comparison between the two groups showed there were statistical significant differences in AC thresholds at 250, 500, 2000, and 4000 Hz. p Values were <0.05, but there was no statistical significant difference at 1000 Hz, p > 0.05 (Table 2). The tympanometry results also showed that there was no statistical significant difference in the tympanometric peak compliance between the case group (mean rank = 21.90), and the control group (mean rank = 26.52), z = −1.313, p = 0.189 > 0.05 (Supplementary Table 1).


TABLE 2. AC thresholds of case group and control group.
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Bone Conduction Thresholds at Low and Mid Frequencies

The results showed the following mean thresholds for the case group: 250 Hz (20.69 ± 14.70 dB HL), 500 Hz (37.36 ± 15.42 dB HL), and 1000 Hz (51.11 ± 14.50 dB HL); for the control group: 250 Hz (15.56 ± 11.33 dB HL), 500 Hz (32.08 ± 13.91 dB HL), and 1000 Hz (48.75 ± 14.21 dB HL). The mean differences in bone conduction thresholds were 250 Hz (5.14 dB HL), 500 Hz (5.28 dB HL), and 1000 Hz (2.36 dB HL). Comparison between the two groups showed that there were statistically significant differences in BC thresholds at low frequencies: 250 and 500 Hz. p Values were: 250 Hz (p = 0.008 < 0.05), 500 Hz (p = 0.010 < 0.05), but there was no statistical significant difference at 1000 Hz, p = 0.245 > 0.05 (Table 3).


TABLE 3. BC thresholds of case group and control group.
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Air Bone Gap at Low and Mid Frequencies

Statistical analysis of the air bone gap from 250 to 1000 Hz was performed in 36 patients, 72 ears (36 ears in the case group; 36 ears in the control group). The results showed the following mean ABG for the case group: 250 Hz (41.25 ± 14.46 dB HL), 500 Hz (30.00 ± 13.94 dB HL), and 1000 Hz (21.94 ± 13.11 dB HL); for the control group: 250 Hz (38.75 ± 15.23 dB HL), 500 Hz (27.50 ± 13.18 dB HL), and 1000 Hz (17.92 ± 11.91 dB HL). The mean differences in air bone gap were 250 Hz (2.50 dB HL), 500 Hz (2.50 dB HL), and 1000 Hz (4.03 dB HL). Comparison between the two groups showed there were no statistically significant differences in air bone gap at low and mid frequencies. p Values were 250 Hz (p = 0.379 > 0.05), 500 Hz (p = 0.320 > 0.05), and 1000 Hz (p = 0.078 > 0.05) (Table 4).


TABLE 4. Air bone gap of case group and control group.
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DISCUSSION

The laterality of high jugular bulb was found mostly in right ears, the study results showed 30 patients had high jugular bulb in the right ear, and six patients had high jugular bulb in the left ear. Some researches have reported the occurrence of high jugular bulb to be more in the right ears than left ears (Singla et al., 2016; Tanrivermis Sayit et al., 2017). The right side normally has the dominant venous system draining blood from the head, this blood flow dynamics could be linked to the cause of jugular bulb abnormalities. Right sided venous dominance was observed in majority of people with abnormal jugular bulb (Friedmann et al., 2012). The imbalanced system may be linked to the asynchronous development of the embryonic venous sinuses, which may lead to asymmetric blood flow during the early stages of cardiac venous pulsation (Wang et al., 2020). The prevalence of high jugular bulb in males and females and age categories are not significantly different, but the size or area of the jugular bulb may be different with males and females, and with different age categories (Friedmann et al., 2011; Wang et al., 2020).


Air Conduction Thresholds of LVAS With HJB

The study findings revealed that AC thresholds of the case group were higher at all test frequencies, compared to the AC thresholds of the control group. There was a statistically significant difference between the AC thresholds of the two groups at 250, 500, 2000, and 4000 Hz, p values were <0.05; but there was no statistical significant difference at 1000 Hz, p > 0.05, although there was an increase of >6 dB HL. Previous studies on jugular bulb abnormalities found that hearing thresholds of the ears with high jugular bulb were higher compared to the ears without jugular bulb abnormalities (Tsunoda, 2000; Sasindran et al., 2014; Tanrivermis Sayit et al., 2017). There was an average increase of 8 dB HL in air conduction thresholds across all the tested frequencies when LVAS with HJB present in single ear.


Low-Frequency AC Thresholds of LVAS With HJB

Findings of this study revealed significant increase in AC thresholds at low frequencies (250 and 500 Hz), an average of >7 dB HL difference was found between the groups. High jugular bulb affects hearing in the low-frequency domain, by interfering with the conductive process hearing. HJB obstructs the tympanic membrane, and the movement of the ossicles, as well as impinges on the round window niche (Weiss et al., 1997; Chennupati et al., 2011; Barr and Singh, 2016; Toman et al., 2016). High jugular bulb presenting in the middle could reduce the middle ear’s efficacy to achieve proper impedance matching. In order for a proper impedance matching to be achieved, there needs to be an intact tympanic membrane, a normal ossicular chain, and a conducive middle ear space. There could be a possibility that high jugular bulb changes the normal physiology of the middle ear, hence making it difficult for the middle ear to effectively change the low-pressure high-displacement movements of the eardrum into high-pressure low-displacement movements, required for the cochlear fluid to move. When efficient impedance matching is not achieved, some low-frequency sound energy lost. The obstruction or closure of the round window has been found to cause a threshold shift, a phenomenon known as the cochlear conductive loss, which affects mostly the low-frequency sounds (Weiss et al., 1997). The third window leak out created by the enlarged vestibular aqueduct causes low-frequency sound energy to leak out of the cochlear (Arjmand and Webber, 2004; Merchant et al., 2007; Gopen et al., 2011). Therefore, the interference of the middle ear and obstruction of the round window membrane by HJB, and the third window leakage caused by LVAS, explains the increase in low-frequency thresholds when LVAS with HJB are present in one ear.



High-Frequency AC Thresholds of LVAS With HJB

The findings of our study revealed that there was a significant increase in AC thresholds at high frequencies, 2000 and 4000 Hz; there was an average difference of >9 dB HL between the groups. Enlarged vestibular aqueduct has been reported to cause endolymphatic reflux, which is the flow back of the endolymph into the cochlear. This causes electrolyte imbalance due to the high volumes of endolymph in the cochlear and affects the ionic pump mechanism of stria vascularis, which could lead to accumulation of toxic metabolites, which may damage the inner ear hair cells (Gopen et al., 2011; Chenlu et al., 2020). The high jugular bulb, which can be found impinging on the cochlear from the base, could add pressure onto the inner ear and disturb the inner ear’s homeostasis. The added pressure on cochlear, and electrolyte imbalance in the cochlear, affects the cochlear hair cells, which causes cochlear dead regions mostly at high frequencies. The study results showed 4000 Hz to have the highest increase in thresholds (10.97 dB HL), suggesting having LVAS with HJB in one ear, greatly affecting the hearing at high-frequency hearing thresholds.

There was no statistical significant difference at 1000 Hz, although there was an increase of >6 dB HL in thresholds. LVAS and HJB and the frequencies affect hearing in different frequency spectra. LVAS affects mostly high frequencies, which is seen by a steep sloping audiogram. The hearing loss of HJB is a rising configuration, meaning low frequencies are mostly affected. Now when LVAS and HJB occur in one ear, all frequencies may be affected, but mid-frequency standing waves could not be affected much. Also, the human ear is known to have higher sensitivity to sounds around 1000 Hz; this could explain the statistically insignificant difference between thresholds at 1000 Hz.



Bone Thresholds of LVAS With HJB

The result showed bone conduction thresholds of the case group were higher than bone conduction thresholds of the control group. There were statistically significant differences in bone conduction thresholds at 250 and 500 Hz, p < 0.05, but there was no statistically significant difference at 1000 Hz, p > 0.05. Round window obstruction has been reported to affect bone conduction thresholds. Normally, vibrations of the osseous cochlear capsule would cause alternating compression and expansion of the labyrinthine fluids. The large volume of the scala vestibuli, relative to the scala tympani, sets a pressure differential across the two partitions of the cochlear duct, and produces a traveling wave in the direction of the scala tympani [16]. When the vibrations of the scala tympani are restricted by the closure of the round window, bone conduction would be affected due to compressed pressure retained in the cochlear. When there are no cochlear outlets, these compressed pressures would spill off forcefully through different outlets (third window), such as the cochlear aqueduct, vestibular aqueduct, semicircular canals, and vascular and neural channels (Weiss et al., 1997; Ho et al., 2017). In the case of LVAS with HJB in one ear, the enlarged vestibular aqueduct becomes the outlet for the compressed pressure to spill off and low-frequency vibrations to leak out. This explains the increased bone conduction thresholds found in LVAS with concurrent HJB. When the round window is immobile but there is an available acoustic outlet, low-frequency vibrations would escape efficiently with minimal bone conduction loss, and with increasing frequencies, the efficiency of the leakage decreases due to a rising impedance and bone thresholds become higher (Weiss et al., 1997). This supports the reason for which the result showed a significantly higher BC threshold at low frequencies, but was not significantly higher at 1000 Hz.



Air Bone Gap of LVAS With HJB

The study results showed there was no statistical significant difference in air bone gap between the two groups, p > 005. The mechanism of air bone gap in LVAS patients is caused by the third window created by the enlarged vestibular aqueduct and dehiscence of the semicircular canals. This abnormal opening in the bony labyrinth changes the compliance of the inner ear and results in sound energy being leaked out of the cochlea (Gopen et al., 2011). LVAS increases the impedance difference between scala vestibuli and scala tympani of the cochlear partition by lowering impedance on the vestibuli side, thereby improving cochlear response to bone conduction (Merchant et al., 2007). However, in the case of large vestibular aqueduct syndrome with concurrent high jugular bulb, the mechanism changes. Although LVAS lowers impedance on the vestibuli side to improve the cochlear response to sound vibrations, the obstructed round window membrane would still restrict the formation of the sound traveling wave pressure in the inner ear. This causes the bone conduction thresholds to fall on the audiogram. A study on high jugular bulb reported that both air conduction and bone conduction thresholds would fall simultaneously, by obstruction of the round window membrane with an available leak outlet and the interference with the traveling wave by an additional inner ear pressure (Tsunoda, 2000). This supports our study findings showing increase in both air conduction and bone conduction thresholds in LVAS with HJB. Air bone gap could still be seen on the audiogram of LVAS with HJB, but due to the synchronous decline on air conduction and bone conduction thresholds, the difference would not be high, when compared with LVAS without HJB.

The study findings predict that when LVAS and HJB are together in one ear, it affects low-frequency threshold by the conductive component, caused by the obstruction of the eardrum and ossicles, blocking of the round window niche, and the third window. High = frequency thresholds are affected by increased inner ear pressure and cochlear dead regions. This may account for the significant increase in air conduction thresholds at 250, 500, 2000, and 4000, as well as the increase in bone conduction thresholds at 250 and 500 Hz. Nevertheless, these findings may not be representative of all LVAS with HJB patients, since during the process of this research, some LVAS with HJB still had better thresholds than LVAS without HJB. Therefore, there may be other factors that could contribute to threshold increase in patients with LVAS, but this study presents HJB as a factor that could contribute to higher hearing thresholds in LVAS patients.



CONCLUSION

LVAS with HJB would have higher air conduction thresholds, especially at 250, 500, 2000, and 4000 Hz. Bone conduction thresholds would also be higher at 250 and 500 Hz. LVAS with HJB would have air bone gap at 250, 500, and 1000 Hz, but air bone gap would not be significantly higher than LVAS with HJB.
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Single-Cell RNA Sequencing Analysis Reveals Greater Epithelial Ridge Cells Degeneration During Postnatal Development of Cochlea in Rats
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Greater epithelial ridge cells, a transient neonatal cell group in the cochlear duct, which plays a crucial role in the functional maturation of hair cell, structural development of tectorial membrane, and refinement of audio localization before hearing. Greater epithelial ridge cells are methodologically homogeneous, while whether different cell subtypes are existence in this intriguing region and the degeneration mechanism during postnatal cochlear development are poorly understood. In the present study, single-cell RNA sequencing was performed on the cochlear duct of postnatal rats at day 1 (P1) and day 7 (P7) to identify subsets of greater epithelial ridge cell and progression. Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis were used to examine genes enriched biological processes in these clusters. We identified a total of 26 clusters at P1 and P7 rats and found that the cell number of five cell clusters decreased significantly, while four clusters had similar gene expression patterns and biological properties. The genes of these four cell populations were mainly enriched in Ribosome and P13K-Akt signal pathway. Among them, Rps16, Rpsa, Col4a2, Col6a2, Ctsk, and Jun are particularly interesting as their expression might contribute to the greater epithelial ridge cells degeneration. In conclusion, our study provides an important reference resource of greater epithelial ridge cells landscape and mechanism insights for further understanding greater epithelial ridge cells degeneration during postnatal rat cochlear development.

Keywords: single-cell RNA sequencing, cochlear duct, greater epithelial ridge cell, landscape, degeneration


INTRODUCTION

Mammalian hearing is dependent on the normal development of the cochlea, which includes the development of hair cells and supporting cells. The main cause of sensorineural hearing loss is damage to hair cells, which is difficult to reverse after hearing development has matured (Wagner and Shin, 2019). It has been found that hair cells in mice have a transient and limited ability to regenerate during hearing development, and further studies have revealed that this is related to the unique structural components of the inner ear (Henley et al., 1996; Chen et al., 2019).

The mammalian inner ear contains the vestibular sensory epithelium that perceives various accelerations and the auditory epithelia that perceive sound stimuli (Kelley, 2007). The auditory epithelium contains two main cell types: supporting cells and hair cells with greatly different anatomical and physiological characteristics (Scheffer et al., 2015). Hair cells continuously receive various stimuli from supporting cells and the outside world through unique receptors during their growth and development. These include the G-protein coupled P2Y receptors that activate phospholipase C (PLC) dependent production of inositor triphosphate (IP3) and release of intracellular ionized calcium (Ca2 +) from intracellular stores (Forsythe, 2007; Tritsch et al., 2007). In the developing cochlea, glutamate release from IHCs activates type I spiral neurons (SGNs) to generate action potentials, thereby mimicking in the pre-hearing cochlea the mechanical-electrical signal transduction effect triggered by acoustic waves transmitted via the external auditory canal (Tritsch and Bergles, 2010; Mammano and Bortolozzi, 2018; Ceriani et al., 2019), resulting in an increase in the frequency of spontaneous action potential release from IHCs and promoting the functional maturation of IHCs (Flores-Otero et al., 2007; Tritsch and Bergles, 2010; Dayaratne et al., 2014).

There are various types of supporting cells in the cochlea, and our group’s previous research focused on GER cells. We found direct evidence of ATP release from supporting cells, with interactions between proteins involved in the ATP synthesis, release and action pathway in the cochlea, and the intracellular ATP-containing vesicles are lysosomes (He and Yang, 2015a). In addition, we found that not only apoptosis but also autophagy of the supporting cells occurs in GER (Yang and He, 2016; Hou et al., 2020). The GER cells are a group of broad columnar support cells located medial to the hair cells in the cochlea, and is the earliest epithelial structure to appear during cochlear development (Lim and Anniko, 1985). GER cells stimulate the production of calcium waves in the supporting cells by spontaneously releasing ATP, which excites hair cells and afferent nerve fibers, triggers the development of action potentials in auditory nerve fibers, and synchronizes the transmitters released by IHCs to encode similar frequencies, playing an important role in the development of the cochlea (Mazzarda et al., 2020). GER cells are seen in numerous mammals, including human, rat, and mouse, and undergo a series of changes in cell morphology and number during embryonic and postnatal periods (Hinojosa, 1977; Lim and Anniko, 1985), such as cell cytoplasm moving away from the cytosol, cell crumpling, gradual increase in cell gaps, gradual replacement of columnar cells by cuboidal cells, etc., eventually degenerating and leading to a mature inner sulcus region on the Corti organ structure after the animal becomes sensitive to external acoustic stimuli (Kelley, 2007; Nickel and Forge, 2008; Dayaratne et al., 2014). Eventually, the GER cells disappear while cochlear development continues, leading to a fully mature auditory function.

Transcriptome sequencing has been extensively used in previous studies of the inner ear (Liu et al., 2014; Burns et al., 2015; Cai et al., 2015; Scheffer et al., 2015; Han et al., 2018; Cheng et al., 2019; Tang et al., 2019; Li et al., 2020). However, it remains to be established whether GER cells degenerate completely during development or are partially transformed into other cell types to achieve a mature auditory function. To examine the transcriptional changes that occur during the formation of the organ of Corti, Kolla et al. (2020) performed single-cell RNA sequencing of the cochlear basilar membrane at different developmental stages and clustered them according to different gene expression patterns. Kolla’s research team dissociated cochlear duct cells at four developmental time points and captured individual cells for analysis using single-cell RNAseq. They identified multiple unique cell types at each time point, including both known types, such as HCs and SCs, and previously unknown cell types, such as multiple unique cell types in Kölliker’s organ. The sampling in the Kolla’s team study was from E14 and E16 mice, whereas here we focussed our attention on rats at P1 and P7. However, the molecular mechanisms of how these cell clusters regulate GER cells development through changes in gene expression patterns at different times are not clear. Molecular signals released by GER cells during different periods may also shape hair cell maturation and auditory development by driving gene transcription, altering GER cell morphology, and changes in the number of GER cells, all of which are closely associated with hair cell maturation (Uziel, 1986; Legrand et al., 1988).

In the present work, we revealed the changes of GER cells profiles by single-cell RNA sequencing technology (Baslan et al., 2012; Shapiro et al., 2013; Huang et al., 2018). We also observed the change of the expression and regulation of key genes and signaling pathways enriched biological processes in these clusters during cochlear development. We identified four clusters with similar gene expression patterns and biological properties. Further investigations showed the genes of these four cell clusters were mainly enriched in Ribosome and P13K-Akt signal pathway. Among them, Rps16, Rpsa, Col4a2, Col6a2, Ctsk, and Jun are particularly interesting as their expression might contribute to degeneration of GER cells during normal development. Our present data provide a reference for the cellular landscape of the GER and suggests possible mechanism that lead to GER degeneration during normal postnatal development.



MATERIALS AND METHODS


Animals

Male and/or female Sprague-Dawley (SD) rats were purchased from Shanghai SIPPR-BK Laboratory Animals Co. Ltd. All the procedures involving rats were performed following the guidelines approved by the institutional Animal Care and Use Committee of the Shanghai Jiao Tong University School of Medicine.

In this study, the first postnatal day (P1) was the birthday, and P7 means the postnatal time points after the birthday. Forty SD rats were randomly selected for each age group. The rats were sacrificed using an approved guillotine method. The cochlea tissue was extracted from the temporal bone, and the otic capsule was carefully transferred to a dish containing 0.01 M cold sodium phosphate-buffered saline (PBS, pH 7.35, GIBCO, Invitrogen Inc., Carlsbad, CA, United States). The stria vascularis, spiral ligament, and spiral ganglions, was gently separated by microdissection. The isolated cochlear duct was washed twice with potassium and magnesium-free PBS.



Tissue Dissociation and Preparation of Single-Cell Suspensions

The cochlear duct tissues were placed in a sterile RNase-free culture dish containing an appropriate amount of calcium-free and magnesium-free 1 × PBS on ice, the tissues were transferred into the culture dish and cut it into 0.5 mm2 pieces, the tissues were washed with 1 × PBS, and remove as many non-purpose tissues as possible such as blood stains and fatty layers. Tissues were dissociated into single cells in dissociation solution (0.35% collagenase IV5, 2 mg/ml papain, 120 Units/ml DNase I) in 37°C water bath with shaking for 20 min at 100 rpm. Digestion was terminated with 1 × PBS containing 10% fetal bovine serum (FBS, V/V, then pipetting 5–10 times with a Pasteur pipette). The resulting cell suspension was filtered by passing through a 70–30 μm stacked cell strainer and centrifuged at 300 g for 5 min at 4°C. The cell pellet was resuspended in 100 μl 1 × PBS (0.04% BSA) and added with 1 ml 1 × red blood cell lysis buffer (MACS 130-094-183, 10×)and incubated at room temperature or on ice for 2–10 min to lyse remaining red blood cells.

After incubation, the suspension was centrifuged at 300 g for 5 min at room temperature. The suspension was resuspended in 100 μl Dead Cell Removal MicroBeads (MACS 130-090-101) and remove dead cells using Miltenyi Dead Cell Removal Kit (MACS 130-090-101). Then the suspension was resuspended in 1 × PBS(0.04% BSA) and centrifuged at 300 g for 3 min at 4°C (repeat twice). The cell pellet was resuspended in 50 μl of 1 × PBS (0.04% BSA). The overall cell viability was confirmed by trypan blue exclusion, which needed to be above 85%, single-cell suspensions were counted using a hemocytometer/Countess II Automated Cell Counter and concentration adjusted to 700–1200 cells/μl.



Chromium 10x Genomics Library and Sequencing

Single-cell suspensions were loaded to 10x Chromium to capture 5000 single cells according to the manufacturer’s instructions of the 10X Genomics Chromium Single-Cell 3′ kit (V3). The following cDNA amplification and library construction steps were performed according to the standard protocol. Libraries were sequenced on an Illumina NovaSeq 6000 sequencing system (paired-end multiplexing run, 150 bp) by LC-Bio Technology Co. Ltd. (Hangzhou, China) at a minimum depth of 20,000 reads per cell.



Bioinformatics Analysis of scRNA-Seq Data

Sequencing results were demultiplexed and converted to FASTQ format using Illumina bcl2fastq software. Sample demultiplexing, barcode processing, and single-cell 3′ gene counting by using the Cell Ranger pipeline1 (version 3.1.0) and scRNA-seq data were aligned to Rattus norvegicus reference genome (Source: Rattus norvegicus UCSC; version: rn6). The Cell Ranger output was loaded into Seurat (version 3.1.1) to be used for dimensional reduction, clustering, and analysis of scRNA-sequencing data. Overall, 25139 cells passed the quality control threshold: all genes expressed in less than 1 cell were removed, the number of genes expressed per cell > 500 as low and <5000 as high cut-off, and UMI counts less than 500 and the percent of mitochondrial-DNA derived gene-expression < 25%.

To visualize the data, we further reduced the dimensionality of all 25139 cells using Seurat and used t-SNE to project the cells into 2D space (Satija et al., 2015), the steps include: (1) Using the Log normalize method of the “Normalization” function of the Seurat software to calculate the expression value of genes; (2) PCA (Principal component analysis) analysis was performed using the normalized expression value, Within all the PCs, the top 10 PCs were used to do clustering and t-SNE analysis; (3) To find clusters, selecting weighted Shared Nearest Neighbor (SNN) graph-based clustering method. Marker genes for each cluster were identified with the Wilcoxon rank-sum test (default parameters is “bi-mod”: Likelihood-ratio test)with default parameters via the “Find All Markers” function in Seurat. This selects markers genes that are expressed in more than 10% of the cells in a cluster and average log2 (Fold Change) of greater than 0.26.



Pathway Enrichment Analysis

Gene ontology (GO) enrichment analyses were performed with top GO package in R (Bioconductor) (Brionne et al., 2019) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis examining enriched processes in clusters was performed using Ingenuity Pathway Analysis (IPA) (Krämer et al., 2014). These two Functional enrichment analyses were used to identify which DEGs were significantly enriched in GO terms and/or metabolic pathways. GO is an international standard classification system for gene function. DEGs are mapped to the GO terms (biological functions) in the database. The number of genes in each term was calculated, and a hypergeometric test was performed to identify significantly enriched GO terms in the gene list out of the background of the reference gene list. GO terms and KEGG pathways with the adjusted p-value < 0.05 were considered significantly different.



Localization of Gene Expression by Fluorescence in situ Hybridization (FISH)

The Paraffin-DIG (digoxigenin)-TSA (Tyramide Signal Amplification)-ISH protocol was used to verify the localization of gene expression. Cochleae were collected from SD rats of both sexes at postnatal day 1 (P1) and day 7 (P7) fixed in 4% paraformaldehyde overnight. The tissue was then dehydrated by gradient alcohol, paraffin, embedding, and sectioned on a cryostat at 10-μm thickness. Hybridization protocol was carried out based on the manufacturer’s suggestions. After RNA ISH, sections were washed in 2 × SSC for 10 min at 37°C, with 1 × SSC two times for 5 min at 37°C, and wash in 0.5 × SSC for 10 min at room temperature. Formamide washing can be added if there are more non-specific hybrids. Blocking solution (rabbit serum) was added to the section and incubate at room temperature for 30 min, and then remove the blocking solution and add anti-digoxigenin-labeled peroxidase. Sections were incubated with secondary antibodies at 37°C for 40 min, then washed with PBS four times for 5 min each. And Nuclei were counterstained with DAPI for 15 s at room temperature. All fluorescent images were obtained on a Nikon Eclipse CI upright fluorescence microscope.



Statistical Analysis

All the statistical analyses of the cochlear cells data described in this paper were performed using Prism version 7.0 (GraphPad Software) and calculated according to the relative abundances. Experimental data are presented as the mean ± standard error of the mean. Comparisons were made by one-way analyses of variance or student’s unpaired two-tailed t-tests between two different stages. P-values < 0.05 were considered statistically significant differences between these two periods.




RESULTS


scRNA-seq Identifies Multiple 26 Clusters of Cochlear Cells at P1 and P7

We performed scRNA-seq using a 10 × Genomics platform in pooled cochlear cells from 40 cochlear tissues from P1 and P7 phases. The cochlear duct cells comprise a highly diverse cellular mosaic that includes an undefined number of supporting cell (SC) types, two different types of mechanosensory hair cells (HCs), and unknown cell types in Kölliker’s organ (KO).

The cochlear duct cells were isolated from the P1 and P7 cochlear duct and applied to scRNA-seq analysis (Figure 1A). The results obtained from Cell Ranger analyses were shown in Supplementary Figure 1. The estimated number of cells in the current study was 28557. Fraction reads in cells were 91.1%. Mean reads per cell were 38929 in P1 and 32218 in P7. Median genes per cell were 2151 in P1 and 2283 in P7. Total genes detected were 20866 in P1 and 20367 in P7. Reads Mapped to Genome were 96.20% in P1 and 96.30% in P7 (Supplementary Data 1). Following the quality control of scRNA-seq data, we retained 12826 cells in P1 and 12313 cells in P7 for the downstream analysis (Supplementary Data 2). After aggregated and normalized scRNA-seq data, t-distributed stochastic neighbor embedding (t-SNE) analysis (Satija et al., 2015) using Seurat R Package was performed for cell-type identification (Butler et al., 2018). The results of single-cell sequencing analysis showed that a total of 26 cell clusters were identified in P1 and P7 phases. An examination of the top five genes defining each cluster was used to assign identities to each group. Figure 1B showed the cell clusters in the P1 phase, and Figure 1C showed the cell clusters in the P7 phase. Visualization of the top five most variably expressed genes between cell clusters showed distinct transcriptional programs of the 26 clusters (Figure 1D).
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FIGURE 1. Global expression profiling of cochlear cells by scRNA-Seq and cell clusters identification. (A) Scheme of cochlear duct preparation, single-cell isolation, and Chromium 10x Genomics library and scRNA-seq at P1 and P7. (B) t-SNE plots of cochlear cells at P1. (Left) Cell colors based on the origins (donors) are shown. (C) t-SNE plots of cochlear cells at P7. (Right) Cell colors based on the origins (donors) are shown. (D) Heat map for cochlear cell clusters. The top 5 deferentially expressed (DE) genes for the 26 identified clusters are shown. Cellular identity for each cluster is indicated by a color bar at the top of the heat map. The color ranges from blue to bright yellow indicates low to high gene expression levels, respectively.


The expression patterns of enriched genes of each cluster were analyzed. Figure 2 shows the high expressed gene in each cell group. The darker the color, the richer the expression level of these genes in this cell’s cluster. Cldn5, Loc100910270, Mt3, Plvap, Epcam, Stmn2, Rgs5, Lyz2, Ube2c, Gjb6, Gcg, Slco1a4, Cenpf, Coch, Aldh1a2 genes are highly expressed on one of the clusters, while Crym, Gpc3, Ccn3, Dbi, Col9a1, Sptssa, Pmp22 genes are co-express on several clusters (Figure 2). t-SEN plots of most ten abundant genes of each cell cluster were shown in Supplementary Figures 2–28).
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FIGURE 2. Cochlea cells landscape revealed by scRNA-seq analysis. scRNA-seq was performed on single-cell suspensions pooled from P1 and P7 cochlea duct. All samples were analyzed using canonical correlation analysis with the Seurat R package. Cells were clustered using a graph-based shared nearest-neighbor clustering approach plotted by tSNE plot. Feature Plots of the most abundant gene in each cell cluster of cochlea cells.




scRNA-Seq Identifies Four GER Cell Clusters According to the Cells Number Dynamic Change From P1 to P7, and Gene Expression for Significant Marker Genes

Analysis of the cell numbers of each cell cluster of P1 and P7 showed that there was a significant decrease in the cell number of clusters 0, 2, 3, 4, 6, and 8, with statistically significant differences in clusters 0, 3, 6, and 8. And the cell number of clusters 1, 7, 9, and 12 increased and had statistical differences, as shown in Supplementary Data 2 and Figure 3.
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FIGURE 3. The change of cell number of the above different cell clusters in two different periods of P1 and P7. Cells were clustered using a graph-based shared nearest-neighbor clustering approach plotted by a tSNE plot. (A,C–E,I) The decreased clusters of 0, 3, 4, 6, and 8. (B,F–H,J) The significantly increased clusters of 1, 7, 9, and 12.


Great epithelial ridge cells are transient structures during cochlear development (Dayaratne et al., 2014), and a typical manifestation of this is a gradual decrease in the number of cells during auditory development. We performed genotypic analysis on these five cell clusters with significantly reduced cell numbers: clusters 0, 3, 4, 6, and 8. Figure 4 shows the top five genes with high expression in each cell cluster (Figure 4). Oto and Crym were relatively highly expressed on cluster 0 (Figure 4A), and these two genes were also highly expressed on cluster 2 and cluster 12. On the t-SNE plot, cluster 12 and cluster 0 were closely linked in spatial position. Vcan, Edn3, and Gpc3 had similar gene expression patterns in clusters 3, 7, and 9 (Figure 4B). Scara3 and Aldh1a2 were relatively specifically highly expressed on cluster 4 (Figure 4C). More specific marker genes were present on cluster 6, including Ccn3, Irx3, Scg3, and Postn. Slc1a3 and Postn were similarly expressed on clusters 4 and 6 (Figure 4D). Cluster 8 lacked significant specific highly expressed genes and differed significantly from cluster 0, 3, 4, and 6 in gene expression patterns and spatial location.
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FIGURE 4. Dot plots representing expression levels of cochlea cells. scRNA-seq was performed on single-cell suspensions pooled from the cochlea duct of SD rats including P1 and P7 stages. All samples were analyzed using Dot plot analysis with the Seurat R package. Expression levels of the top five genes on cluster 0 (A), cluster 3 (B), cluster 4 (C), cluster 6 (D) are shown. Each dot was sized to represent the proportion of cells of each type expressing the marker gene and colored to represent the mean expression of each marker gene across all cells, as shown in the key.


The select genes with high expression in the decreased clusters of 0, 3, 4, 6, and 8 were further analyzed and the results are shown in Figure 5. In terms of gene expression, clusters 0, 3, 4, and 6 have similar gene expression patterns. Separately, Isyna1 was more highly expressed on cluster 0; Col6a1 and Gpc3 were more highly expressed on cluster 3; Otor and Ccn3 had similar high expression levels in cluster 0, 3, 4, and 6; Clu, Scara3, and Calb2 were significantly and specifically highly expressed on cluster 4; Slc1a3 had similar expression levels on cluster 4 and 6. In contrast to cluster 8, most of these aforementioned genes showed a lower expression on cluster 8, but the gene of Dbi was relatively highly expressed on cluster 8, suggesting that cluster 8 and the other four cell clusters are two cell types of different nature.
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FIGURE 5. Violin plots showing select genes that are deferentially expressed in the decreased clusters of 0, 3, 4, 6, and 8. Y-axis, log-normalized transcript counts.




Gene Ontology (GO) Function Analysis Showed These Four Identified GER Cell Clusters Have Similar Expression Patterns

Gene Ontology function consists of biological processes (BP), cellular components (CC), and molecular functions (MF). We analyzed the GO functions of clusters 0, 3, 4, 6 and found the following characteristics. The gene of cluster 0 is mainly enriched in Translocation (BP), Nucleus (CC), and Structural constituent of Ribosome (MF) (Figure 6A). The gene of cluster 3 is mainly enriched in Negative regulation of transcription from RNA polymerase II, Biological process, Positive regulation of transcription from RNA polymerase II, Cell differentiation and translation (BP), Extracellular exosome, Extracellular space, Cytoplasm and Nucleoplasm, Cytoplasm, and Nucleus (CC) and Protein binding (MF) (Figure 6B). The gene of cluster 4 has similar BP and CC as cluster 3 that are mainly enriched in Translation, Cytoplasm, Extracellular exosome, and Nucleus (Figure 6C). Besides, cluster 4 is similar to cluster 0 in terms of MF and is enriched in Protein binding and Structural constituents of the Ribosome. Cluster 6 is similar to cluster 2 in terms of BP, mainly enriched in Translocation, Biological process, negative regulation of transcription from RNA polymerase II (Figure 6D). Also, in the CC, cluster 6 is mainly enriched in Cytoplasm, Nucleus, and Membrane, similar to cluster 3 and cluster 4 (Figures 6B,C), while enriched in Structural constituent of Ribosome, RNA-binding, and Protein binding which is similar to cluster 0 in MF, which shows that these cell clusters have similar expression patterns.
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FIGURE 6. GO enrichment analysis of genes for cluster 0 (A), cluster 3 (B), cluster 4 (C), cluster 6 (D). The Go functions include biological processes (BP, blue color), cellular components (CC, green color), and molecular functions (MF, yellow color). The horizontal coordinate-axis X is the item of go function, and the ordinate represents the genes enriched by different items.




KEGG Pathway Analysis for the Identified GER Cell Clusters

The results of KEGG signaling pathway analysis for cluster 0, cluster 3, cluster 4, and cluster 6 are shown in Figure 7. The results showed that genes in all clusters were predominantly enriched in Ribosome signaling pathway (Figures 7A–D). In cluster 0, 44 genes are rich in Ribosome, and the top 5 genes are Rps16, Rps18l1, Rpsa, Rps5, Rps17 (Supplementary Data 3). In cluster 3, there were 13 genes enriched in Ribosome, and the top 5 genes are Rps16, Rps8, Rpl41, Rpl28, Rps12 (Supplementary Data 4). In cluster 4, there were 31 genes enriched in Ribosome, and the top 5 genes are Rps18l1, Rps5, Rps17, Rpl10a, Rps8 (Supplementary Data 5).
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FIGURE 7. Functional enrichment analyses using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for cluster 0 (A), cluster 3 (B), cluster 4 (C), cluster 6 (D). The triangle size indicates the significance and corresponding significance values displayed as log10 (P-value).


In cluster 6, there were 58 genes enriched in Ribosome, and the top 5 genes are Rps16, Rps19, Rps18l1, Rpsa, Rpl35 (Supplementary Data 6). We found that Rp16 was involved in the Ribosome signaling pathway of these three cell clusters. While in cluster 3, some genes were also clearly enriched in the P13K-Akt signal pathway, Focal adhesion, and Protein digestion and absorption. The genes enriched in the P13K-Akt signal pathway are Col4a2, Col6a2, Creb3l1, AABR07068316.1, Igf2, Col4a1, Gf1, Col6a1, Fn1, Pten, Col1a1, Spp1, and genes enriched in Protein digestion and absorption are Col5a2, Col4a2, Col6a2, Col3a1, Mme, AABR07068316.1, Col5a1, Col4a1, Col6a1, Col1a1 (Supplementary Data 4). In addition, we found the main genes in the apoptotic pathway were Ctsk, Fos, Ctsb, and Jun.



The Heterogeneity Analysis of These Four GER Cell Clusters

To analyze the heterogeneity of these four cell clusters, we performed a re-clustered analysis. Analysis of the top ten genes with high expression showed that the top five genes expressed on cluster 0 were Col9a1, Col2a1, Crym, Col9a2, and S100b, respectively; the top five genes expressed on cluster 3 were Dcn, Sparcl1, Col3a1, Gpc3, and Mgp, respectively. The top five expressed genes on cluster 4 were Gsn, Clu, Sat1, Itga8, and Cavin2. The top five expressed genes on cluster 6 were Apoe, Ccn3, Postn, Ccdc80, and Nr2f1. Figure 8 shows the top five genes highly expressed in the above four cell clusters.
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FIGURE 8. Dot plots representing expression levels of the four GER cells. A re-clustered analysis was performed to reveal the heterogeneity of differential genes expression. Expression levels of the top five genes on cluster 0 (A), cluster 3 (B), cluster 4 (C), cluster 6 (D) are shown. Each dot was sized to represent the proportion of cells of each type expressing the marker gene and colored to represent the mean expression of each marker gene across all cells, as shown in the key.


The select genes of these four cell clusters were analyzed to reveal the heterogeneity, and the results are shown in Figure 9. In terms of gene expression, Col9a2 and S100b was more highly expressed on cluster 0 and 3; Dcn was more highly expressed on cluster 3; Gsn had similar high expression levels in cluster 3 and 4; Postn was highly expressed on cluster 4 and 6; Apoe had similar expression levels on this four clusters. These findings indicate that these four GER cell clusters are some heterogeneity.
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FIGURE 9. Expression of select genes of these four GER cell clusters. Violin plots showing normalized log-transformed expression values for the select genes for cluster 0, cluster 3, cluster 4, cluster 6.


The results of GO functional enrichment analysis showed that the genes in cluster 0 were mainly enriched in the extracellular space and extracellular region; the genes in cluster 3 and cluster 4 were mainly enriched in the extracellular exosome and extracellular space; the genes in cluster 6 are mainly enriched in the extracellular region and negative regulation of cell promotion. These results showed that they had similar GO functions, and the genes were mainly enriched in regulating the changes of cell spatial structure, among which cluster 3 and cluster 4 had higher homogeneity. Cluster 6 plays a major role in the negative regulation of cell proliferation (Figure 10).
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FIGURE 10. GO enrichment analysis of genes for the heterogeneity of cluster 0 (A), cluster 3 (B), cluster 4 (C), cluster 6 (D). The triangle size indicates the significance and corresponding significance values displayed as log10 (P-value).


KEGG signaling pathway analysis showed that the genes in cluster 0 were mainly enriched in protein digestion and absorption and TGF beta signaling pathway, which regulated the digestion and absorption of cell debris after apoptosis; The genes in cluster 3 are mainly enriched in the PI3K-Akt signaling pathway and pathways in cancer, which regulates cell apoptosis; The genes in Cluster 4 are mainly enriched in fluid shear stress and atherosclerosis, and hepatocellular carcinoma, which also plays a role in regulating apoptosis. The genes in cluster 6 were mainly enriched in Wnt signaling pathway, and human papillomavirus infection (Figure 11). According to these results, the four-cell clusters are heterogeneous.
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FIGURE 11. KEGG pathways functional enrichment analyses for the heterogeneity of cluster 0 (A), cluster 3 (B), cluster 4 (C), cluster 6 (D) after re-clustered. The triangle size indicates the significance and corresponding significance values displayed as log10 (P-value).




Fluorescence in situ Hybridization (FISH) of GER Cell Clusters

To validate the cell-type-specific genes of clusters 0, 3, 4, and 6, we used fluorescence in situ hybridization (FISH) to localize transcripts for these four GER cells types in cross-sections from P1 to P7 cochlea (Figure 12). Four genes with the high expression on clusters 0, 3, 4, and 6 based on scRNA-seq results were selected for FISH: Otor, Col6a1, Scara3, and Ccn3. All four genes showed patterns of expression that were consistent with the single-cell results. Otor that was detected in all GER cell clusters, and was among the top five differentially expressed genes in cluster 0. From the FISH result, it can be seen that Otor was high and nearly restricted expressed to the whole GER cells at P1 (green color), and down-regulated expression in GER at P7 (Figures 12A,E). Col6a1 was significantly expressed in EGR region of the cochlea at P1, but almost disappeared at P7 (Figures 12B,F). Scara3 was centrally expressed in the lateral wall of the GER region of the cochlea during the P1 period but showed a significantly reduced scattered expression during the P7 period (Figures 12C,G). The location of Ccn3 expression in the GER region of the cochlea during P1 overlapped a lot with Otor, but the expression was also significantly reduced at P7 (Figures 12D,H).
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FIGURE 12. Validation of high expression gene of GER cell clusters at P1 and P7. Otor was high and nearly restricted expressed to the whole GER cells at P1 (green color), and down-regulated expression in GER at P7 (A,E). Col6a1 was significantly expressed in EGR region of the cochlea at P1, but almost disappeared at P7 (B,F). Scara3 was centrally expressed in the lateral wall of the GER region of the cochlea during the P1 period, but showed a significantly reduced scattered expression during the P7 period (C,G). The location of Ccn3 expression in the GER region of the cochlea during P1 overlapped a lot with Otor, but the expression was also significantly reduced at P7 (D,H). For all panels, the IHC is indicated with an arrow and the three OHCs are indicated by a bracket.





DISCUSSION

As a temporary structure in the development of the cochlea, the presence of GER indicates that the cochlea is still immature (Bryant et al., 2002; Inoshita et al., 2014; Peeters et al., 2015; Mazzarda et al., 2020). GER cells undergo cellular morphological changes after birth, such as plasma membrane separation, cell shrinkage, cell gap enlargement, and columnar cells replaced by cubic cells (Uziel, 1986). At the same time, the number of cells is greatly reduced and eventually changes to a mature inner sulcus region (Hinojosa, 1977; Woods et al., 2004; Sirko et al., 2019). The present single-cell RNA sequencing results confirmed that the GER cell population decreases over time, in accord with prior work (Hinojosa, 1977; Woods et al., 2004; Sirko et al., 2019). The GER has an important role in the survival and maturation of auditory neurons, synaptic development, and refinement of auditory afferent and efferent innervation before the emergence of hearing (Chai et al., 2012; Johnson et al., 2017; Mammano and Bortolozzi, 2018; Ceriani et al., 2019). There is a high degree of morphological uniformity in a range of cell shapes in the GER region, but it is not clear whether different subtypes of cells play different regulatory roles during cochlea development (Dayaratne et al., 2014; Hayashi Y. et al., 2020). Kolla et al. (2020) classified GER cells into four different subtypes by single-cell sequencing analysis, and genes with different expression abundance on different cell subtypes. The authors named the cells as L.KO, lateral Kölliker’s organ cells and M.KO, medial Kölliker’s organ cells according to their expression patterns, and further divided the L.KO cells into KO1, KO2, and KO3 subtypes. Among them, KO1 cell cluster highly expresses Dcn and Rcn3; KO2 cell cluster highly expresses Cpxm2, Ctgf, Kazald1, and Tectb; KO3 cell cluster highly expresses, Gjb6, Net1, Tectb, and Tsen15; KO4 cell cluster highly expresses Calb1, Clu, Crabp1, Epyc, and Itm2a. Kubota et al. (2021) classified GER cells into S2, S3, and S4 cell subtypes based on specific gene expression. Among them, Gsn and Sparcl1 were significantly highly expressed on all three cell subtypes, Crabp1 was significantly highly expressed on the S2 cell subtype, and Scara3, Clu, and Gpc3 were highly expressed on the S2 and S3 cell subtype. From these results, three distinct GER cells groups that correlate with a specific spatial distribution of marker genes were identified, and disappeared during post-natal cochlear maturation.

In the present study, we compared cell cluster typing and numbers at P1 and P7. The results showed that the cells of clusters 0, 3, 4, 6, and 8 were significantly reduced over time. Clusters 0, 3, 4, and 6 showed high similarity in the expression patterns, GO functions, and signaling pathways. Besides, these four clusters were also closely related to each other on the tSNE plot, while cluster 8 had no spatial relationship with these clusters. Based on these results, we considered that clusters 0, 3, 4, and 6 were different subtypes of GER cells.

At the same time, we found that clusters 2, 7, 9, and 12 were highly similar to clusters 0 and 3 in terms of gene expression patterns, and the cell numbers of these four clusters showed an increase around P7, with a statistically significant difference in the cluster 7, 9, and 12. Vcan, Edn3 and Gpc3 had similar gene expression patterns in clusters 3, 7, and 9. Oto and Crym were closely linked in spatial locations between cluster12 and 0, and their spatial locations were close to each other. The research of Kubota et al. (2021) is consistent with this study. Kubota et al. (2021) believe that the most lateral GER group has the highest similarity with neonatal inner border and inner phalangeal cells, and thought these inner border and inner phalangeal cells have a similar organ-forming potential. However, whether these cell populations can also be considered as different subtypes of GER cells or other types of cochlear support cells that disappear after full maturation of cochlear hearing development still requires further in-depth investigation.

Although, the number of cells in clusters 0, 3, 4, and 6 decreased significantly from P1 to P7, the detailed mechanism is unclear.

Yang and He (2016) found that the morphology of GER cells in the newborn rat cochlea gradually appeared to replace the short columnar epithelium with high columnar cells from the basilar turn to the apex as they developed, and the number of cells also gradually decreased. They hypothesized that GER cells apoptosis played an important role in the development of rat cochlea. In addition, GER cells exhibited programmed apoptosis from the basilar turn to the apex turn in vivo experiments, but showed proliferation in vitro experiments (He and Yang, 2015b). The authors suggested that the initiating factors of apoptosis might come from outside of the GER cells rather than from intrinsic cellular factors. It was also found (Hou et al., 2019, 2020) that the expression levels of caspase-3, caspase-8, caspase-9, and Bcl-2 gene mRNA and protein in the basilar membrane of rat cochlea at different times after birth were significantly time-dependent. Together, those studies suggest that some GER cells undergo apoptosis while other proliferate. However, proliferating cells are outnumbered by apoptotic cells, which eventually leads to the disappearance of GER cells. Autophagy is also thought to be involved in GER cells development and both autophagy and apoptosis show a strict time dependence, with peak activity occurring at P1 or earlier in autophagic, and apoptosis occurring at P7 or later (He and Yang, 2015b; Yang and He, 2016). Autophagy and apoptosis play different roles in different stages of cochlea development (Takahashi et al., 2001; Peeters et al., 2015; Liu et al., 2017; Hayashi K. et al., 2020). Disruption of autophagy or apoptosis of supporting cells during cochlea development will result in impaired development or hearing impairment (He et al., 2017; Mammano and Bortolozzi, 2018; Zhou et al., 2020). Therefore, the dynamic balance between autophagy and apoptosis regulates the normal differentiation and development of the cochlea, but the specific regulatory mechanism is not yet clear.

The results of this scRNA sequencing showed that GER clusters have many commonalities in Go function enrichment. In terms of biological processes, the enrichment is more consistent in Translation and Negative regulation of transcription from RNA polymerase II; in terms of cellular components, the gene enrichment is more consistent in Nucleus and Cytoplasm; in terms of molecular functions, the enrichment is mainly in Protein binding and Structural constituent of Ribosome. In terms of molecular mechanisms, transcription and translation are very active. Meanwhile, different GER cell clusters, such as clusters 3 and 4, have a large number of genes enriched in Negative regulation of transcription from RNA polymerase II, which play a negative dynamic regulatory role (Sun et al., 2015). These negatively regulated genes are mainly Nedd4, Rarb, Foxp2, Pawr, Dact1, Igf2, Egr1, H2afy2, Btg2, Calr, Foxc1, Mdfi, Rps14, Jun, Peg3, and Ets2.

At present, several genes and signaling pathways have been confirmed to play important roles in the development of the inner ear, such as the Sox2 (Yang et al., 2019), Pax2 (Patel et al., 2018), Atoh1 (Zhong et al., 2019), FGF (Yang et al., 2018) Notch (Daudet and Żak, 2020, FoxG1 (Ding et al., 2020), Shh (Bok et al., 2007), mTOR (Fu et al., 2018), and Wnt (Waqas et al., 2016) pathways. The results based on the KEGG signaling pathway showed a high degree of consistency in gene enrichment in these four GER cell clusters. Clusters 0, 4, and 6 were significantly enriched in the Ribosome signaling pathway (see Figures 7A,C,D); cluster 3 was enriched in PI3K-Akt and Protein digestion and absorption signaling pathway in addition to the Ribosome signaling pathway (see Figure 7B), which is consistent with the Go function results. The ribosome signaling pathway is an important signaling pathway regulating development, and ribosome biosynthesis is one of the most multifaceted and energetically demanding processes in the whole of biology, involving protein assembly and maturation factors, and requiring the coordinated involvement of multiple cellular functions (Pelletier et al., 2018). Mitosis is a key process of organ development and maturation, and vigorous mitosis suggests cells are dividing and proliferating, yet the overall number of GER cells decrease during postnatal development, presumably mainly related to the negative regulatory signaling pathway of cluster 3. The PI3K-Akt signaling pathway is an important signaling pathway that regulates cell proliferation, differentiation, apoptosis, and migration (Ediriweera et al., 2019; Jia et al., 2019). It has also been shown to regulate hair cell regeneration in cochlea developmental regeneration studies (Mullen et al., 2012; Xia et al., 2019).

Cluster 3 has a large number of genes enriched in the PI3K-Akt signaling pathway, including Col4a2, Col6a2, Creb3l1, AABR07068316.1, Igf2, Col4a1, gf1, Col6a1, Fn1, Pten, Col1a1, Spp1, which might regulate the proliferation and apoptosis of GER cells, and through Col5a2, Col4a2, Col6a2, Col3a1, Mme, AABR07068316.1, Col5a1, Col4a1, Col6a1, Col1a1 on the Protein digestion and absorption signaling pathway regulate these apoptotic proteins and autophagy of cellular debris, thereby directing the orderly degeneration of GER cells or possible trans-differentiation of hair cells or supporting cells. In this study, we also found that the genes enriched in the apoptotic pathway are mainly Ctsk, Fos, Ctsb, and Jun. The mechanism of these genes in regulating the degeneration of GER cells and promoting auditory development has not been reported, and the role of this signaling pathway and related genes still needs to be investigated in depth.



LIMITATION OF STUDY

The present study has the following shortcomings: (1) We did not perform localization studies of the characteristic genes expressed in these four GER subtypes; (2) Previous morphological studies showed that GER cells in rodents degenerate and disappear in 12–14 days after birth, by which time auditory function emerges. In the present study, we only studied GER cells subtypes up to P7, and found a significant decrease in the number of GER cells, but not a complete degeneration; (3) We also found that clusters 2, 7, 9, and 12 have an increased number of cells and their gene expression patterns are common to the above four subtypes of GER cells. Whether these cells are trans-differentiated hair cells, supporting cell precursor cells, or other subtypes of GER cells, and the fate transition of these cells still needs more in-depth study and exploration; (4) Although we identified several gene candidates, we did not perform mechanistic studies to determine the relationship of these genes and related signaling pathway with proliferation, apoptosis, and autophagy of GER cells.
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Opa1 Prevents Apoptosis and Cisplatin-Induced Ototoxicity in Murine Cochleae
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Optic atrophy1 (OPA1) is crucial for inner mitochondrial membrane (IMM) fusion and essential for maintaining crista structure and mitochondrial morphology. Optic atrophy and hearing impairment are the most prevalent clinical features associated with mutations in the OPA1 gene, but the function of OPA1 in hearing is still unknown. In this study, we examined the ability of Opa1 to protect against cisplatin-induced cochlear cell death in vitro and in vivo. Our results revealed that knockdown of Opa1 affects mitochondrial function in HEI-OC1 and Neuro 2a cells, as evidenced by an elevated reactive oxygen species (ROS) level and reduced mitochondrial membrane potential. The dysfunctional mitochondria release cytochrome c, which triggers apoptosis. Opa1 expression was found to be significantly reduced after cell exposed to cisplatin in HEI-OC1 and Neuro 2a cells. Loss of Opa1 aggravated the apoptosis and mitochondrial dysfunction induced by cisplatin treatment, whereas overexpression of Opa1 alleviated cisplatin-induced cochlear cell death in vitro and in explant. Our results demonstrate that overexpression of Opa1 prevented cisplatin-induced ototoxicity, suggesting that Opa1 may play a vital role in ototoxicity and/or mitochondria-associated cochlear damage.

Keywords: OPA1, mitochondria, cisplatin, apoptosis, ototoxicity


INTRODUCTION

Mitochondria are responsible for numerous vital cell functions, such as respiration, oxidative phosphorylation (OXPHOS), calcium homeostasis, and apoptotic signaling. These highly dynamic organelles continually modify their shape and undergo fusion and fission in order to maintain their morphology and activity (Hoppins et al., 2007; Rogers et al., 2017). Mitofusin 1 and 2 (Mfn1 and Mfn2) are crucial for outer mitochondrial membrane (OMM) fusion (Santel and Fuller, 2001; Chen et al., 2003), and the dynamin-related GTPase, OPA1, is essential for IMM fusion (Olichon et al., 2002). Dynamin-related protein 1 (Drp1) is a cytosolic protein that is required for mitochondrial fission. The recruitment of Drp1 is regulated by the OMM proteins, mitochondrial fission factor (Mff), mitochondrial division (Mid) 49, Mid51, and mitochondrial fission protein (Fis1) (Loson et al., 2013; Palmer et al., 2013). Mitochondrial fusion and fission are vital processes for cellular functions. Numerous studies have drawn connections between abnormal mitochondrial morphology and various diseases, including neurodegenerative diseases, cardiovascular diseases, and cancers (Mishra and Chan, 2014; Liu L. et al., 2016; He et al., 2017; Li A. et al., 2018; Gao et al., 2019; Zhang et al., 2019; Zhong et al., 2020; Fu et al., 2021b).

OPA1, which is localized at chromosome 3q28, has been identified as the causative gene of Dominant Optic Atrophy (DOA) (Alexander et al., 2000; Delettre et al., 2000). The OPA1 mRNA has eight alternatively spliced isoforms (Delettre et al., 2001), while the OPA1 protein exists in two forms, the membrane-bound long-OPA1 (L-OPA1) and the soluble short-OPA1 (S-OPA1). Both are required for mitochondrial fusion (Olichon et al., 2002; Ishihara et al., 2006). In addition to its function in IMM fusion, OPA1 is crucial for the maintenance of crista structure and mitochondrial morphology (Frezza et al., 2006; Patten et al., 2014). Opa1 depletion was associated with mitochondrial fragmentation, crista disorganization, and cytochrome c redistribution (Frezza et al., 2006). In contrast, Opa1 overexpression was associated with: normally shaped cristae; alterations in the responses of multiple tissues to apoptotic, necrotic, and atrophic stimuli; and phenotypic rescue of mitochondrial diseases in mice (Civiletto et al., 2015; Varanita et al., 2015). Opa1 also contributes to safeguarding mtDNA integrity, preserving mtDNA function in the face of mutations (Chen et al., 2010), and supporting cellular adaptation to metabolic demand (Patten et al., 2014). Opa1 dysfunction has been linked to ROS overproduction and unbalanced redox homeostasis (Yarosh et al., 2008; Chen et al., 2012).

In the clinic, about 60–70% of DOA cases are associated with pathogenic mutations of OPA1 (Alexander et al., 2000; Delettre et al., 2000). DOA is characterized by destruction of retinal ganglion cells (RGCs) and the optic nerve (Kjer, 1959), deafness, and chronic progressive external ophthalmoplegia (Treft et al., 1984; Meire et al., 1985). Hearing loss usually follows the onset of visual symptoms (Leruez et al., 2013). Although OPA1 is highly expressed in the retina, it is broadly expressed in multiple tissues. In cochlear tissue, OPA1 is expressed in both hair cells and ganglion cells. Unlike ganglion cells, which express OPA1 at birth, OPA1 expression in the organ of Corti increases after birth and approaches the mature expression level during the onset of hearing (Bette et al., 2007). This suggests that OPA1 is crucial for the function of hair cells and ganglion cells in the inner ear.

In this study, we investigated the potential effect of Opa1 to protect against cisplatin-induced apoptosis in vitro and in vivo. Our results indicated that loss of Opa1 caused mitochondrial dysfunction and thereby triggered apoptosis in HEI-OC1 and Neuro 2a cells, an auditory hair cell line and a neural cell line. Cisplatin treatment markedly reduced Opa1 expression in HEI-OC1 and Neuro 2a cells. In the two tested cell lines, Opa1 depletion aggravated the cisplatin-induced apoptosis and mitochondrial dysfunction, whereas Opa1 overexpression partially prevented cisplatin-induced apoptosis. Histological analyses were performed using cisplatin-treated organotypic cochlear cultures, and our results showed that Opa1 overexpression decreased cisplatin-induced cell death, indicating Opa1 is a potential therapeutics gene in cisplatin induced auditory impairment.



MATERIALS AND METHODS


Cell Culture

Murine HEI-OC1 cells were grown in DMEM supplemented with 10% heat-inactivated FBS and maintained at 33°C with 10% CO2. Murine Neuro 2a cells were grown in the same medium at 37°C with 5% CO2. HEI-OC1 and Neuro 2a cells were incubated in 96-well plates for cell viability assessment or 6-well plates for flow cytometry, transmission electron microscopy, and immunostaining. siRNA or plasmids were transfected after cells were grown to 60% confluence. siRNA was transfected using LipoRNAiMax (Invitrogen). Plasmids were transfected into Neuro 2a cells using Lipo2000 (Invitrogen, 11668-019) and into HEI-OC1 cells using Lipo3000 (Invitrogen, L30000015), with the relevant reagents diluted in Opti-MEM (Gibco). The cells were then treated with or without cisplatin for 24 h. For cell viability detection, HEI-OC1 or Neuro 2a cells were transfected with siRNA or plasmids, and then treated with or without cisplatin for 24 h, unless indicated the timepoint in the picture. For qRT-PCR analyses, HEI-OC1 or Neuro 2a cells were grown in a 6-well plate to 70–80% confluence, treated with siRNA, plasmids or cisplatin for 24 h. For Western blot, HEI-OC1 or Neuro 2a cells were grown in a 6-well plate to 70–80% confluence, treated with siRNA, plasmids or cisplatin for 48 h. For flow cytometry, transmission electron microscopy, and immunostaining, cells were transfected with siRNA or treated with or without cisplatin for 24 h. For almost all the experiments both HEI-OC1 and Neuro 2a cells were used. Several experiments (Mitochondria morphology detection after Opa1 knockdown and cisplatin treatment; Cytochrome C release analysis; TEM; Bcl-2 protein expression; and DCF level after cisplatin treatment) were only used HEI-OC1 cells.



Cell Viability Assessment

HEI-OC1 and Neuro 2a cells were plated in 96-well plates (1 × 105 cells/well) and incubated with 100 μL drug-supplemented DMEM. After 24, 48, or 72 h, cell viability was measured using a Cell Counting Kit-8 (CCK-8; Dojindo) according to the manufacturer’s instructions. The optical density at 450 nm (OD450 nm) was measured using a Tecan Spark multimode microplate reader.



Flow Cytometry

To test the ROS level and mitochondrial membrane potential (MMP), cells were collected, washed thrice with PBS, and stained using DCFH-A (Sigma, D6883; 10 mM in DMSO, 1:1,000) or TMRM (Invitrogen, 134361; 1:1,000) at 37°C for 30 min, and then counterstained with DAPI (Invitrogen,D357; 1:1,000). Apoptosis was assessed with apoptosis detection kit (BioLegend, San Diego, CA, United States). Briefly, cells were collected, washed thrice with PBS, suspended with 500 μL binding buffer, and stained with Annexin V-FITC and propidium iodide following the manufacturer’s instructions. Stained cells were analyzed using a flow cytometer and data were processed with the FlowJo software (FlowJo, LLC, Ashland, OR, United States).



Western Blot Analysis

Collected cells were lysed with RIPA buffer (Thermo Fisher Scientific, 89900) containing a complete protease inhibitor cocktail (Roche) at 4°C for 20 min with shaking, and then centrifuged at 4°C for 20 min at 13,000 rpm. The supernatant was collected, the total proteins were quantified, and 10 μg of total protein from each sample was boiled for 10 min in sample buffer (BioRad, #161-0737), resolved by SDS-PAGE, and transferred to a PVDF membrane. The membrane was blocked with TBST containing 5% skim milk, incubated with primary antibodies in TBST containing 5% skim milk, and incubated with HRP-conjugated secondary antibodies. The results were visualized with ECL reagents. The following primary antibodies were used: mouse anti-Opa1 (BD, 612606), rabbit anti-Hsp60 (CST, 12165), rabbit anti-Bcl2 (CST,3498), and rabbit anti-β-actin (CST, 4967S).



Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted from cultured cells using a commercially available kit (Qiagen, #74136) with the optional DNase digestion step. The RNA was reverse transcribed with an Evo M-MLV RT kit with gDNA Clean for qPCR (Accurate Biotechnology, China) and qRT-PCR was performed using a Roche LightCycler 480 with a SYBR Green Premix Pro Taq HS qPCR kit (Accurate Biotechnology) and the following cycling conditions: 95°C for 5 min followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. The relative level of each target gene was normalized to that of endogenous Rpl19 and calculated using the comparative Ct (ΔΔCt) method. The sequences of the utilized primers were as follows: 5′- TGGAAAATGGTTCGAGAGTCAG-3′ (forward) and 5′- CATTCCGTCTCTAGGTTAAAGCG-3′ (reverse) for Opa1; 5′-ACGGAGGCTGGGATGCCTTTG-3′ (forward) and 5′-AGTGATGCAGGCCCCGACCA-3′ (reverse) for Bcl2; and 5′-ACCTGGATGAGAAGGATGAG-3′ (forward) and 5′-ACCTTCAGGTACAGGCTGTG-3′ (reverse) for Rpl19.



Transmission Electron Microscopy

HEI-OC1 cells were collected, placed in 2.5% glutaraldehyde, and incubated at room temperature for 20 min and then at 4°C for 1 h. The cells were post-fixed with 1% osmium tetroxide for 2 h at room temperature, dehydrated in a graded alcohol series, and infiltrated in a graded alcohol series containing eopn812. The samples were double-stained with uranyl acetate followed by lead citrate and examined with a 120 kV transmission electron microscope (FEI Talos L120C).



Organotypic Cochlear Cultures

Organotypic cochlear cultures were generated from the cochlea of postnatal day 1–2 (P1–P2) mouse pups of both sexes. Briefly, mouse pups were sacrificed by decapitation and dissected in HBSS supplemented with HEPES. The basal membrane was isolated, plated in a glass-bottom dish with DMEM/F12 medium containing 1 × N2 (Sigma, A1370701) and 1 × B27 (Sigma, 17504044), and incubated overnight at 37°C with 5% CO2. For immunostaining, the basal membrane cells were simultaneously transfected with Opa1 plasmid (pOpa1) or siRNA and treated with 60 μM cisplatin for 24 h. Control cultures were treated with cisplatin alone for 24 h or left untreated.



Immunofluorescence Assay

HEI-OC1 and Neuro 2a cells were collected and rinsed thrice in phosphate-buffered saline (PBS) for 10 min per wash. The cells were fixed in 4% paraformaldehyde (PFA) for 30 min and incubated overnight at 4°C with anti-cleaved caspase-3 (CST, 9661; rabbit, 1:400). The cells were rinsed thrice with PBS, incubated with Alexa Fluor 488 donkey anti-rabbit IgG antibody (Invitrogen, 1:400) for 60 min at room temperature, rinsed thrice in PBS, and stained with DAPI (YEASEN, 36308ES20). Alternatively, cells were incubated with MitoTracker (Invitrogen; M7510, 1:10,000) at 37°C for 30 min, rinsed thrice in PBS, fixed in 4% PFA for 30 min, and then either directly sealed with DAPI or incubated overnight at 4°C with anti-cytochrome c (CST, 11940; rabbit, 1:100), rinsed thrice in PBS, incubated with Alexa Fluor 488 donkey anti-rabbit IgG antibody (Invitrogen; 1:400) for 60 min at room temperature, rinsed thrice in PBS, and then sealed with DAPI.

The basal membrane cells were collected, rinsed thrice in PBS for 10 min per rinse, fixed in 4% PFA for 30 min, incubated overnight at 4°C with MYO 7A (proteus biosciences; 1:500), rinsed thrice in PBS, incubated with Alexa Fluor 488 donkey anti-rabbit IgG antibody (Invitrogen; 1:400) for 60 min at room temperature, rinsed thrice in PBS, and sealed with DAPI.



Statistical Analysis

Data are presented as mean ± standard errors of the mean (SEM). Experiments were performed in triplicate and repeated three times. Statistical significance was assessed with t-test, one-way ANOVA, or two-way ANOVA, as applied using the GraphPad Prism 9.0 software (GraphPad Software). A value of p < 0.05 was considered statistically significant.



RESULTS


Knockdown of Opa1 in HEI-OC1 and Neuro 2a Cells by siRNA

To study the role of Opa1 in the inner ear, we used siRNA transfection to assess the effect of Opa1 knockdown in HEI-OC1 and Neuro 2a cells, which were chosen to represent two important cell types of the inner ear: hair cells and spiral ganglion neurons. In the latter case, we selected the most common used neuronal cell line because there was no specific cell line available for spiral ganglion neurons. The transfection efficiency was monitored by transfecting cells with fluorescence-tagged sham siRNA. Almost all HEI-OC1 and Neuro 2a cells were fluorescence-positive at 24 h post-transfection (Figure 1A). We designed three different mouse Opa1 siRNA (siOpa1-260, siOpa1-1681, siOpa1-2361) and analyzed their effects in HEI-OC1 and Neuro 2a cells compared to those of a control scramble siRNA (Ctrl-siRNA). At 24 h after siOpa1 transfection, Opa1 mRNA expression was reduced by 70% in HEI-OC1 cells (Figure 1B) and by 90% in Neuro 2a cells (Figure 1C). To test whether there was a corresponding reduction in the protein expression of Opa1, we performed Western blot analysis at 48 h after siOpa1 transfection. All three of the Opa1 siRNA were found to significantly decrease the Opa1 protein levels in the two cell lines (Figures 1D,F). Quantification revealed that Neuro 2a cells displayed less Opa1 protein expression than HEI-OC1 cells (Figures 1E,G), which was consistent with the trends in their mRNA expression levels (Figures 1B,C). These results indicate that Opa1 could be successfully suppressed by the designed siRNA in HEI-OC1 and Neuro 2a cells. For the following experiments, siOpa1-260 was used for Opa1 knockdown subsequently.
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FIGURE 1. Depletion of Opa1 in HEI-OC1 and Neuro 2a cells. (A) Representative confocal images of HEI-OC1 and Neuro 2a cells after siRNA transfection for 24 h, showing transfection efficiency. DIC: Differential interference contrast. Quantification of Opa1 mRNA expression levels in HEI-OC1 (B) and Neuro 2a (C) cells transfected with siOpa1 for 24 h. In this and all following graphs: the levels of Opa1 mRNA were normalized to that of mouse rpl19; error bars represent standard error of the mean (SEM); and experiments were performed in triplicate and repeated three times. ***p < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). Representative Western blot images (D) and quantification (E) of Opa1 expression in HEI-OC1 cells transfected with siOpa1 for 48 h. In this and all following graphs, the protein levels of Opa1 are normalized to that of β-actin. ***p < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). Representative Western blot images (F) and quantification (G) of Opa1 expression in Neuro 2a cells transfected with siOpa1 for 48 h. ***p < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test).




Knockdown of Opa1 Impairs Mitochondrial Function

To study the cellular function of Opa1 in HEI-OC1 and Neuro 2a cells, we first monitored mitochondrial morphology by electron microscope and MitoTracker staining. MitoTracker staining and Electron microscopic analysis of HEI-OC1 cells transfected with Ctrl-siRNA revealed mainly elongated mitochondria (Figure 2A), with some tubular mitochondria (Figure 2B). HEI-OC1 cells transfected with Opa1 siRNA for 24 h exhibited highly fragmented, dot-like mitochondria, as assessed by MitoTracker staining (Figure 2A) and electron microscopy (Figure 2B). In contrast, mitochondria of Neuro 2a cells displayed fragmented shapes prior to siRNA transfection (data not shown), and there was no further difference of mitochondria shape between Ctrl-siRNA- and siOpa1-transfected Neuro 2a cells under MitoTracker staining (data not shown). To assess whether Opa1 depletion affected mitochondrial function, we transfected the cells with siRNA for 24 h and measured the ROS level and mitochondrial membrane potential (MMP, ΔΨm) using DCFH-DA and TMRM, respectively. HEI-OC1 cells lacking Opa1 exhibited an increased ROS level (Figures 2C,D) and reduced MMP (Figures 2G,H) compared with control cells. Despite displaying no alteration of mitochondrial shape, Opa1-silenced Neuro 2a cells displayed a higher ROS level (Figures 2E,F) and lower MMP (Figures 2I,J) compared with control cells. These findings indicate that Opa1 depletion affects mitochondrial function in HEI-OC1 and Neuro 2a cells, independent of its contribution to mitochondrial formation.
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FIGURE 2. Loss of Opa1 leads to mitochondrial dysfunction in HEI-OC1 and Neuro 2a cells. (A) Representative confocal microscopic images of MitoTracker staining at 24 h after siRNA transfection of HEI-OC1 cells. Right panels show magnified views of the areas marked in the left panels. (B) HEI-OC1 cells were transfected with scramble (Ctrl) siRNA or siOpa1 for 24 h and fixed, and thin sections of cells were visualized by transmission electron microscopy. (C) Intracellular ROS level was measured by flow cytometric analysis using DCFH-DA in HEI-OC1 cells transfected with siRNA for 24 h. (D) Quantitative histograms of the mean fluorescence intensity of DCFH-DA in HEI-OC1 cells. **p < 0.01 (non-parametric Mann-Whitney t-test). (E,F) Representative flow cytometric plot (E) and quantitative histograms (F) of the mean fluorescence intensity of DCFH-DA in Neuro 2a cells transfected with siRNA for 24 h. *p < 0.05 (non-parametric Mann-Whitney t-test). (G) The mitochondrial membrane potential of HEI-OC1 cells was measured by flow cytometric analysis using TMRM fluorescence at 24 h after siRNA transfection. (H) Bar graph shows the relative TMRM mean intensity in HEI-OC1 cells. *p < 0.05 (non-parametric Mann-Whitney t-test). Representative flow cytometric plot (I) and quantitative histograms (J) of the relative TMRM mean intensity in Neuro 2a cells. *p < 0.05 (non-parametric Mann-Whitney t-test).




Silencing of Opa1 Increases Vulnerable to Apoptosis

Next we sought to identify the cellular changes that arise from Opa1 silencing. At 24 h post-transfection, the cell numbers were comparable between siOpa1- and Ctrl-siRNA-transfected HEI-OC1 and Neuro 2a cells (Figures 3A,B, left). At 48 h post-transfection, Opa1-depleted Neuro 2a cells displayed a significant increase in cell death, whereas Opa1-depleted HEI-OC1 cells did not (Figures 3A,B, middle). At 72 h post-transfection, Opa1-depleted Neuro 2a and HEI-OC1 cells both exhibited significant increases in cell death (Figures 3A,B, right). To assess whether cells underwent apoptosis upon Opa1 knockdown, we stained siRNA-transfected cells for cleaved caspase-3. Cleaved caspase-3 staining was evident in HEI-OC1 and Neuro 2a cells transfected with siOpa1 (Figure 3C), indicating that apoptosis was activated upon Opa1 depletion. In agreement with this increased caspase-3 activation, transmission electron microscopy revealed the presence of apoptotic cells in cultures of Opa1-depleted HEI-OC1 cells (Figure 3C). We postulated that loss of Opa1 decreased the MMP (Figures 2E,I) and led to cytochrome c leakage, thereby increasing caspase-3 activation. In support of this proposal, staining experiments revealed that cytochrome c and mitochondria were colocalized in HEI-OC1 cells transfected with Ctrl-siRNA, as reflected by an orange color representing the merging of green (cytochrome c) and red (MitoTracker) fluorescence signals (Figure 3D). In Opa1-knockdown cells, in contrast, we observed largely non-overlapping green and red signals that suggested the cytochrome c had been released from the mitochondria (Figure 3D). To further confirm that cells underwent apoptosis following siOpa1 transfection, we preformed Annexin V/PI staining and flow cytometric analysis. Annexin V staining showed that knockdown of Opa1 induced more early apoptotic cells in HEI-OC1 cultures (Figures 3E,F) and more late apoptotic cells in Neuro 2a cultures (Figures 3G,H). This finding is consistent with our observation that Opa1 depletion led to earlier cell death in Neuro 2a cells than in HEI-OC1 cells (Figures 3A,B). Bcl family proteins, such as Bcl-2, regulate the release of cytochrome c through the OMM (Adams and Cory, 2007). To assess whether Bcl2 was involved in the apoptosis induced by Opa1 knockdown, we detected Bcl2 expression in cells transfected with siRNA for 24 h. After Opa1 depletion, the mRNA level of Bcl2 was markedly reduced in both HEI-OC1 and Neuro 2a cells (Figures 3I,J), and the protein level of Bcl2 was reduced in Neuro 2a cells (Figure 3K).
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FIGURE 3. Lacking Opa1 triggers apoptosis in HEI-OC1 and Neuro 2a cells. (A,B) CCK-8 was used to assess the cell viability of HEI-OC1 (A) and Neuro 2a (B) cells cultured for 24, 48, and 72 h after transfection with scramble siRNA (Ctrl) or siOpa1. *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA). (C) Representative confocal microscopic images of cleaved caspase-3 staining at 24 h after siRNA transfection of HEI-OC1 and Neuro 2a cells. Representative transmission electron microscopic images of HEI-OC1 cells at 24 h after siRNA transfection. (D) Representative confocal images of HEI-OC1 cells co-stained for mitochondria (MitoTracker) and cytochrome c at 24 h after siRNA transfection. (E) Representative flow cytometric plots generated from HEI-OC1 cells stained with Annexin V-FITC/PI to detect apoptosis at 24 h after transfection with scramble siRNA (Ctrl) or siOpa1. (F) The percentages of early and late apoptotic cells were compared between Ctrl-siRNA- and siOPA1-transfected HEI-OC1 cells. **p < 0.01 (two-way ANOVA). FITC, fluorescein isothiocyanate; PI, propidium iodide. (G) Representative flow cytometric plots generated from Neuro 2a cells stained with Annexin V-FITC/PI to detect apoptosis at 24 h after transfection with scramble siRNA (Ctrl) or siOpa1. (H) The percentages of early and late apoptotic cells were compared between Ctrl-siRNA- and siOPA1-transfected Neuro 2a cells. **p < 0.01 (two-way ANOVA). (I,J) Quantification of Bcl2 mRNA expression levels in HEI-OC1 (I) and Neuro 2a (J) cells transfected with siRNA for 24 h. *p < 0.05, **p < 0.01 (non-parametric Mann-Whitney t-test). (K) Representative Western blot images showing Bcl2 protein levels in Neuro 2a cells transfected with siRNA for 48 h.




Knockdown of Opa1 Aggravates Cisplatin-Induced Mitochondrial Dysfunction and Apoptosis

Serious side effects, such as ototoxicity, are associated with the use of cisplatin. Several studies demonstrated that cisplatin-induced cytotoxicity is closely related to mitochondrial dysfunction such as that signaled by ROS generation (van Gisbergen et al., 2015; de Sa Junior et al., 2017). Increased ROS alters the MMP and induces damage in the respiratory chain, thereby triggering apoptosis. To identify a suitable concentration of cisplatin that could induce cellular damage in our system, we exposed HEI-OC1 and Neuro 2a cells to various concentrations of cisplatin. After incubation with 60 μM cisplatin for 24 h, cell death was observed in 60% of HEI-OC1 cells and 50% of Neuro 2a cells (Figures 4A,B). Interestingly, Opa1 mRNA expression was reduced in HEI-OC1 and Neuro 2a cells exposed to cisplatin for 24 h (Figure 4C). Consistent with mRNA level, Opa1 protein level also decreased after cisplatin treatment in the two cell lines (Figure 4D). According to MitoTracker staining, HEI-OC1 cells treated with cisplatin for 24 h exhibited highly fragmented, dot-like mitochondria (Figure 4E), which is similar to the morphology of mitochondrion in HEI-OC1 cells with Opa1 knockdown (Figure 2A). Treatment with siOpa1 for 24 h did not cause cell death in HEI-OC1 or Neuro 2a cells, but loss of Opa1 significantly worsened cell survival upon cisplatin treatment (Figures 4F,G). To confirm these cell viability results, we performed Annexin V/PI staining followed by flow cytometric analysis. Annexin V staining showed that cisplatin treatment for 24 h induced ∼12% late apoptotic cells in HEI-OC1 cells and ∼3.5% late apoptotic cells in Neuro 2a cells (Figures 4H–K). Silencing of Opa1 additively enhanced the proportions of late apoptotic cells in cisplatin-treated HEI-OC1 and Neuro 2a cell cultures (Figures 4I,K). Moreover, the mitochondrial dysfunction caused by cisplatin treatment was worsened by Opa1 depletion, as evidenced by increased ROS generation in HEI-OC1 cells (Figures 4L,M). These results indicate that Opa1 depletion exacerbates the mitochondrial dysfunction and apoptosis induced by cisplatin in both HEI-OC1 and Neuro 2a cells.
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FIGURE 4. Knockdown of Opa1 aggravates cisplatin-induced apoptosis and mitochondrial dysfunction in HEI-OC1 and Neuro 2a cells (A,B) CCK-8 was used to assess cell viability in HEI-OC1 (A) and Neuro 2a (B) cells treated with the indicated doses of cisplatin for 24 h. **p < 0.01, ***p < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). (C) Quantification of Opa1 mRNA expression levels in HEI-OC1 and Neuro 2a cells treated with cisplatin for 24 h. **p < 0.01, ***p < 0.001 (two-way ANOVA). (D) Representative Western blot images of Opa1 expression in HEI-OC1 and Neuro 2a cells treated with cisplatin for 24 h. (E) Representative confocal microscopic images of MitoTracker staining at 24 h after cisplatin treatment of HEI-OC1 cells. Right panels show magnified views of the areas marked in the left panels. (F,G) CCK-8 was used to assess cell viability in HEI-OC1 (F) and Neuro 2a (G) cells at 24 h after siRNA transfection with or without cisplatin treatment. N.S., non-significant, *p < 0.05 (two-way ANOVA). (H) Representative flow cytometric plots were generated from HEI-OC1 cells stained with Annexin V-FITC/PI to detect apoptosis at 24 h after siRNA transfection with or without cisplatin treatment. (I) The percentage of late apoptotic cells in each group. ***p < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). (J) Representative flow cytometric plots were generated from Neuro 2a cells stained with Annexin V-FITC/PI to detect apoptosis at 24 h after siRNA transfection with or without cisplatin treatment. (K) The percentage of late apoptotic cells in each group. *p < 0.05, ***p < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). (L) Intracellular ROS levels were measured by flow cytometric analysis of HEI-OC1 cells stained with DCFH-DA at 24 h after siRNA transfection with or without cisplatin treatment. (M) Quantitative histograms of the mean fluorescence intensity of DCFH-DA in HEI-OC1 cells. *p < 0.05, **p < 0.01 (two-way ANOVA).




Opa1 Upregulation Suppresses Cisplatin-Induced Apoptosis

To determine if the overexpression of Opa1 suppresses the apoptosis induced by cisplatin, we first transiently transfected HEI-OC1 and Neuro 2a cells with Opa1 and examined Opa1 mRNA and protein expression levels. At 24 h after Opa1 transfected to HEI-OC1 and Neuro 2a cells, the expression levels of the Opa1 mRNA (Figures 5A,C) and protein (Figures 5B,D) were significantly elevated. Treatment of both cell lines with 60 μM cisplatin for 24 h caused almost half of the cells to die (Figures 5E,F), but these death rates were diminished significantly in cells transfected with Opa1 (Figures 5E,F). Furthermore, flow cytometric analysis showed that upregulation of Opa1 reduced the number of early and late apoptotic cells in HEI-OC1 cells (Figures 5G,H). Opa1 was also found to protect Neuro 2a cells from cisplatin-induced apoptosis (Figures 5I,J).
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FIGURE 5. Overexpression of Opa1 partially restores cisplatin-induced apoptosis in HEI-OC1 and Neuro 2a cells (A) Quantification of Opa1 mRNA expression in HEI-OC1 cells transfected with Opa1 for 24 h. **p < 0.01 (non-parametric Mann-Whitney t-test). (B) Representative Western blot images showing the Opa1 protein expression level in HEI-OC1 cells transfected with Opa1 for 48 h. (C) Quantification of Opa1 mRNA expression in Neuro 2a cells transfected with Opa1 for 24 h. *p < 0.05 (non-parametric Mann-Whitney t-test). (D) Representative Western blot images showing the Opa1 protein expression level in Neuro 2a cells transfected with Opa1 for 48 h. (E,F) CCK-8 was used to assess cell viability in HEI-OC1 (E) and Neuro 2a (F) cells at 24 h after cisplatin treatment with or without Opa1 transfection. *p < 0.05, ***p < 0.001 (one-way ANOVA with Dunnett’s multiple comparisons test). (G) Representative flow cytometric plots were generated from HEI-OC1 cells stained with Annexin V-FITC/PI to detect apoptosis at 24 h after cisplatin treatment with or without Opa1 transfection. (H) The percentages of early and late apoptotic cells in each group. *p < 0.05, ***p < 0.001 (two-way ANOVA). (I) Representative flow cytometric plots were generated from Neuro 2a cells stained with Annexin V-FITC/PI to detect apoptosis at 24 h after cisplatin treatment with or without Opa1 transfection. (J) The percentages of early and late apoptotic cells in each group. *p < 0.05, ***p < 0.001 (two-way ANOVA).




Opa1 Protects Against Cisplatin-Induced Hair Cell Death

Next, we tested the otoprotective potential of Opa1 in vivo. Organotypic cochlear cultures were treated with 60 μM cisplatin for 24 h, and hair cell damage was observed in whole-organ inner ear explants. Hair cell morphology and structure were evaluated by immunolabeling of the hair cell marker, myosin 7a. As shown in the Figure 6A, knockdown or overexpressed Opa1 didn’t affect cochlea morphology. Under cisplatin treatment, the numbers of OHCs were significantly reduced in the apical, middle, and basal turns of the cochlea, but there was no change in the number of IHCs (Figures 6B,C). Opa1 knockdown followed by cisplatin treatment resulted in more severe cochlear lesions: There were 30% fewer OHCs and 20% fewer IHCs compared to the cisplatin treatment groups (Figures 6B,C). On the contrary, the overexpression of Opa1 was modestly effective in preventing OHCs death in the middle turn of explants exposed to cisplatin (Figures 6B,C).
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FIGURE 6. Opa1 knockdown or overexpression respectively aggravates or partially rescues cisplatin induced hair cell damage in organotypic cochlear cultures. (A) Representative confocal images of the apical, middle, and basal regions of organotypic cochlear cultures transfected with siOpa1 or Opa1 and treated with 60 μM cisplatin. Hair cells are indicated by MYO7A staining (red) and nuclei are indicated by DAPI staining (blue). (B,C) Quantification of IHCs (B) and OHCs (C) in the apical, middle, and basal turns. N = 3–5 per groups. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (two-way ANOVA).




DISCUSSION

Mitochondrial fission and fusion are counterbalancing mechanisms that control the shape, size, and number of organelles. These dynamic processes are also critical in regulating cell death, mitophagy, and organelle distribution (Itoh et al., 2013). In many adherent cell types, such as Hela cells, mitochondria form elongated tubules that continually divide and fuse to form a dynamic interconnecting network (Suen et al., 2008). As shown in Figures 2A,B, we observed elongated and tubular mitochondria in HEI-OC1 cells, then they became highly fragmented upon the loss of Opa1. In Neuro 2a cells, in contrast, fragmented mitochondria were observed by MitoTracker staining even in untreated control cells (data not shown), which is consistent with a previous report that only 30% of mitochondria in this cell line had a length at least twice their width when observed by transmission electron microscopy (Qiao et al., 2017). Because of this, we were unable to observe a change in mitochondrial shape following Opa1 knockdown in Neuro 2a cells, as assessed by MitoTracker staining. In addition to this difference in mitochondrial shape in the effect of Opa1 knockdown, HEI-OC1 cells and Neuro 2a cells exhibited differences in the progression of cell death following Opa1 knockdown: Opa1 downregulation was associated with significant cell death at 48 h in Neuro 2a cells and at 72 h in HEI-OC1 cells (Figures 3A,B). Moreover, at 24 h after Opa1 depletion, more early apoptotic cells were seen in HEI-OC1 cells, whereas more late apoptotic cells were found in Neuro 2a cells (Figures 3G,H). This difference appeared to reflect the knockdown efficiencies of the two cell lines, indicating that Opa1 knockdown level is correlated to apoptosis.

Cisplatin is an effective chemotherapeutic agent that is widely used to treat a variety of malignant tumors. In recent years, cisplatin has been reported to affect many different pathways, including cell cycle arrest, apoptosis, proliferation, DNA repair, the TCA cycle, and glycolysis (Pabla and Dong, 2008; Li et al., 2016; Li H. et al., 2018; Gentilin et al., 2019; Liu W. et al., 2019; Zhang et al., 2020; Liu et al., 2021). The anti-tumor effect of cisplatin is mainly due to its ability to interfere with tumor cell proliferation (Wang and Lippard, 2005). Soon after its administration, cisplatin binds to nuclear DNA, where it blocks transcription and induces double-strand breaks leading to cell cycle arrest (Siddik, 2003). As cells from the cochlea are not proliferative, it is thought that mtDNA damage is a more likely cause of cisplatin-induced hearing loss than nuclear DNA damage (Hutchin and Cortopassi, 2000). Hair cells, spiral ganglion neurons, and the stria vascularis have been considered the three major targets of cisplatin ototoxicity (Schacht et al., 2012; He et al., 2019, 2020, 2021; Liu Y. et al., 2019; Zhou et al., 2020; Fu et al., 2021b). Several molecular mechanisms have been proposed as mediators of cisplatin-induced ototoxicity. Cisplatin was reported to stimulate ROS, which in turn triggers inflammatory pathways in the cochlea and promotes apoptotic and necrotic cell death (Rybak et al., 2009; Mukhopadhyay et al., 2012; Qi et al., 2019; Ding et al., 2020; Cheng et al., 2021; Fu et al., 2021a; Lv et al., 2021). As shown in Figure 2 of the present work, Opa1 deletion significantly elevated ROS generation and reduced MMP in both hair cells and neural cells. Cisplatin was reported to decrease Opa1 mRNA expression in the HK-2 kidney cell line (Choi et al., 2015). We therefore speculated that Opa1 expression might involve in cisplatin induced hair cell damage. Furthermore, our observation that HEI-OC1 and Neuro2a cells treated with cisplatin exhibited downregulation of Opa1 transcription and translation level (Figures 4C,D). Meanwhile fragmented mitochondria were observed when HEI-OC1 cells treated with cisplatin (Figure 4E), which may due to the reduction of Opa1. These results indicated Opa1 depletion would exacerbate cisplatin-induced damage.

OPA1 is essential for IMM fusion and plays a prominent role in maintaining the membrane ultrastructure of cristae and the function of mitochondria (Chan, 2020). OPA1 is ubiquitously expressed in all human tissue (Alexander et al., 2000; Delettre et al., 2000). The highest transcript level is found in retina, followed by the brain, testis, heart and skeletal muscle (Alexander et al., 2000).

Though OPA1 is expressed in multiple systems, OPA1 dysfunction diseases are all related to peripheric neuropathy. Furthermore, the rich expression of OPA1 is found in both white and brown adipocytes, and it’s expression elevated during lipid accumulation in adipocytes (Chu et al., 2017). OPA1 has been reported as a dual-specificity A-kinase anchoring protein associated with lipid droplets (Pidoux et al., 2011). At the meantime, many studies reported that Opa1 dysfunction has been involved in muscle mass and cardiac function (Wai et al., 2015; Tezze et al., 2017). Many OPA1 disease mutations have been identified, some of which result in OPA1 haploinsufficiency (Chun and Rizzo, 2017). Mutations in OPA1, particularly truncating mutations, most often manifest as DOA (Cipolat et al., 2004). DOA is characterized by progressive bilateral vision loss, along with hearing loss, myopathy, and peripheral neuropathy (Amati-Bonneau et al., 2008; Hudson et al., 2008). Opa1 dysfunction have been known resulted in RGC neuropathy, increasing the susceptibility of RGCs to apoptosis and vulnerability to oxidative stress (Williams et al., 2010). Given the crucial functions of OPA1, many studies have sought to increase Opa1 levels in vivo and in vitro as a potential therapeutic approach (Del Dotto et al., 2018). In a transgenic mouse model, a mild increase of the Opa1 isoform 1 protein level was found to protect mice from denervation-induced muscular atrophy, ischemic heart and brain damage, and hepatocellular apoptosis (Varanita et al., 2015). Moreover, Opa1 overexpression efficiently rescued the phenotypes of two mouse models of defective mitochondrial bioenergetics: Ndufs4–/– and Cox15sm/sm (Civiletto et al., 2015). Overexpression of each of the eight Opa1 isoforms or different constructs encoding isoform 1 of Opa1 in Opa1–/– MEFs revealed that any isoform could restore the crista structure, mtDNA abundance, and energetic efficiency independent of the mitochondrial network morphology (Del Dotto et al., 2017). Although it is known that mutation of OPA1 often leads to hearing loss, it remains unclear how OPA1 is involved in cochlear dysfunction. Our present results indicate that Opa1 plays key roles in maintaining mitochondrial function and preventing apoptosis induced by cisplatin damage. Future work is warranted to assess the potential of OPA1 as a treatment target for cochlear protection and/or repair.



CONCLUSION

Our results show that depletion of Opa1 affects the mitochondrial function and cell survival of cochlear cells. We herein report that Opa1 depletion is detrimental to the survival of cisplatin-treated cochlear cells both in vitro and in vivo, and that Opa1 overexpression protects cochlear cells against cisplatin-induced ototoxicity in cell lines and in organotypic tissue cultures. Our findings collectively suggest that Opa1 modulates mitochondrial function and is essential for the survival of cisplatin-exposed cochlear cells. In conclusion, our study provides strong cell biological evidence that Opa1 can protect against cisplatin-induced cochlear cell death by enhance mitochondrial function.
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In the mammalian cochlea, spiral ganglion neurons (SGNs) relay the acoustic information to the central auditory circuits. Degeneration of SGNs is a major cause of sensorineural hearing loss and severely affects the effectiveness of cochlear implant therapy. Cochlear glial cells are able to form spheres and differentiate into neurons in vitro. However, the identity of these progenitor cells is elusive, and it is unclear how to differentiate these cells toward functional SGNs. In this study, we found that Sox2+ subpopulation of cochlear glial cells preserves high potency of neuronal differentiation. Interestingly, Sox2 expression was downregulated during neuronal differentiation and Sox2 overexpression paradoxically inhibited neuronal differentiation. Our data suggest that Sox2+ glial cells are potent SGN progenitor cells, a phenotype independent of Sox2 expression. Furthermore, we identified a combination of small molecules that not only promoted neuronal differentiation of Sox2– glial cells, but also removed glial cell identity and promoted the maturation of the induced neurons (iNs) toward SGN fate. In summary, we identified Sox2+ glial subpopulation with high neuronal potency and small molecules inducing neuronal differentiation toward SGNs.
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INTRODUCTION

In the mammalian cochlea, the spiral ganglion neurons (SGNs) relay the acoustic information from inner hair cells (IHCs) to the central auditory circuits (Fettiplace, 2017). SGNs are essential for normal hearing and communication, and degeneration causes sensorineural hearing loss (Sun et al., 2016; Liu et al., 2019; Zhao et al., 2019). Degeneration of SGN nerve terminals or cell bodies can be caused by ototoxicity, noise, or aging (Lang et al., 2005; Bao and Ohlemiller, 2010; Fryatt et al., 2011; Liberman, 2017; Vlajkovic et al., 2017). Because the SGNs lack the ability to regenerate in mammals, damages to the SGNs lead to permanent hearing impairment (Guo et al., 2016, 2020, 2021; Yan et al., 2018; Liu et al., 2021). In addition, the effectiveness of hearing aids and cochlear implants relies on the health and numbers of intact SGNs (Muller and Barr-Gillespie, 2015). If SGNs could be replaced or regenerated, it might be possible to restore the hearing of patients with severely damaged SGNs (Meas et al., 2018b) and benefit individuals treated with hearing aids and cochlear implants.

At the early stage of SGN damage which precedes neuronal cell body degeneration, neurotrophic factors such as neurotrophin 3 (NT3), brain-derived neurotrophic factor (BDNF), and glial-derived neurotrophic factor (GDNF) are used to support the survival of SGNs and their neurite outgrowth to the sensory HCs (Wise et al., 2011; Suzuki et al., 2016; Akil et al., 2019). However, therapeutic strategies are limited to generate induced neurons (iNs) to replace the SGNs once they are lost and SGN regeneration remains a major challenge.

Multiple attempts have been made to replace and regenerate SGNs, including transplantations of iNs differentiated from embryonic stem cells (ESC) or iPSC-derived progenitors (Chen et al., 2012; Koehler et al., 2013; Perny et al., 2017), or neuronal differentiation of cochlear-resident multipotent stem cells/progenitor cells to SGNs (Oshima et al., 2007; Zhang et al., 2011; Diensthuber et al., 2014a,b; Li et al., 2016; McLean et al., 2016; Noda et al., 2018). For induced differentiation of ESC or iPSC-derived progenitors, three-dimensional culture systems have been used to convert mouse ESC into hair cells, supporting cells, and neuronal cells (Koehler et al., 2013; Perny et al., 2017). hESC differentiated into neuronal cells expressed specific neuronal markers with electrophysiological properties characteristic of auditory neurons (Chen et al., 2012). However, transplantation of ESC-derived iNs is hampered by immuno-rejection, tumorigenesis, SGN maturation and functional integration (Lee et al., 2013; Lukovic et al., 2014).

Alternatively, inner ear-resident cells, such as progenitor cells within the utricle (Li et al., 2003) or in the spiral ganglion region (Oshima et al., 2007; Zhang et al., 2011; Li et al., 2016; McLean et al., 2016), could also be induced to neuron-like cells, forming neurites, developing synapses and expressing neuronal markers in vitro. It has been reported that Plp1+ glial cells were cochlear-resident multipotent stem cells/progenitor cells (McLean et al., 2016). Induced neuronal reprogramming of these cochlear-resident progenitors have several advantages over cell transplantations such as enhanced cell survival, physiological relevance of cellular localization and ease of maturation due to lineage similarities. However, Plp1+ glial cells may include heterogenous cell subpopulation. The identity of these progenitor cells is elusive, and it is unclear how to induce these cells to functional SGNs post-injury both in vitro and in vivo.

In this study, we found that Sox2+ subpopulation of cochlear glial cells preserves high potency of neuronal differentiation and identified a combination of small molecules promoted the maturation of the iNs toward SGNs fate. Together, we found that cochlear Sox2+ glial cells subpopulation is highly potent in neuronal differentiation and identified small molecules promoting both neuronal differentiation efficiency and maturity toward the SGN fate.



MATERIALS AND METHODS


Animals

Plp1CreERT (stock number 005975), Sox2CreERT, (stock number 017593) lines were obtained from Jackson laboratory and crossed with Rosa26-LSL-Cas9-tdTomato (NBRI T002249) mice obtained from Gempharmatech Inc., China. Scrt2-P2A-tdTomato mice were generated as previously reported (Li C. et al., 2020). Mice were injected i.p. with Tamoxifen (Sigma, T5648) at 33 mg/kg for postnatal mice (P1–P3) and 50 mg/kg for juvenile mice (P17–P20). Tamoxifen was dissolved in corn oil.

All mice used in this work were on a mixed background containing C57BL6 and FVB/N strains. Both male and female mice were used. All animal procedures were approved by the Institutional Animal Care and Use Committee of Model Animal Research Center of Nanjing University.



Cell Culture

Both sexes of the 6–8 postnatal 4–21 days (P4–P21) mice spiral ganglia were dissected in HBSS (Invitrogen 14065056) at pH 7.4 on ice for tissue harvesting. The stria vascularis, vestibule and the organ of Corti were removed carefully with forceps (Dumont) to dissect the modiolus. The modiolus were digested with Trypsin/EDTA (Sigma 59418C) and DNase I (20 U/ml) at 37°C in a total volume of 50 μl for ∼15 min with shaking at 300 rpm/min (Thermo) in 1.5 ml EP tube. Dissociation was terminated by adding 0.4 ml SCM media containing DMEM/F12 (HyClone 36254) supplemented with B27 (Thermo 17504044) and N2 (Thermo 17502048) supplement, 20 ng/ml EGF (Peprotech 315-09), 10 ng/ml bFGF (Peprotech 450-33), 50 ng/ml IGF (Peprotech 250-19), and 50 ng/ml heparan sulfate (MCE HY-101916). The samples were then carefully triturated with 1 ml pipette tips and next with 200 μl tips, followed by suspension with 1 ml SCM medium.

The cell suspension was then passed through a 70-μm cell strainer, and spun at 300 g for 5–10 min. A small white cell pellet should be observed at the bottom and then carefully aspirate the supernatant. SCM medium were added to resuspend and count cells, and then 200,000–240,000 cells were plated in each well of the six-well dish (Corning 3471). For propagation, the cochlear glial spheres were harvested after 5–7 days and passaged for 3–4 generations.

For P21 mice, the modiolus were calcified and the cochlear glial cells decrease the potential to form spheres. P21 modiolus were digested with Trypsin/EDTA (Sigma 59418C) and DNase I (20 U/ml) at 37°C in a total volume of 50–100 μl for ∼20 min with shaking 300 rpm/min (Thermo) in 1.5 ml EP tube. We used culture media contains DMEM/F12, 10% FBS, B27 in 2D dish (Lang et al., 2011). Firstly, culture media was added to stop trypsin reaction. Tissues were triturated with pipet tips and centrifuged at 300 × g for 5–10 min. The pellet was resuspended in culture media and filtered through a 70 μm cell strainer. Cells were counted, plated and grown to full confluency (5–7 days). Media was then removed and replaced with SCM media for suspension culture.



Neuronal Differentiation

To induce neuronal differentiation, cochlear glial spheres were plated on 96-well plate (Thermo 310109008) or glass slides (Thermo Fisher 12-545-80) coated with Poly-L-ornithine (Sigma P4957) and 10 ng/ml Laminin (Corning 354232) in SCM for 12–24 h, and then replaced with SCDM containing DMEM/F12 (HyClone 36254) supplemented with B27 (Thermo 17504044) and N2 (Thermo 17502048) supplement, 50 ng/ml BDNF (Stemcell 78005), 50 ng/ml NT3 (Stemcell 78074). Half of the medium was replaced every 2–3 days. Differentiated cells were analyzed after 9 days or more for immunocytochemistry and qPCR. Additional control SCDM/FGF referred to SCDM supplemented with bFGF (100 ng/ml).

The induction media (IM) for small molecule reprogramming contains Neurobasal Medium (Thermo 21103049), supplemented with B27 and N2, GlutaMax (Thermo 35050061), penicillin-streptomycin and bFGF (100 ng/ml), with or without small molecules Forskolin (20 μM), ISX9 (20 μM), I-BET (1–2 μM), Chir99021 (10 μM) (all from Selleck), and LIF (1000 U/ml) (Novus Biologicals).



Real-Time Quantitative PCR

RNA was isolated using Trizol (Takara 9108) and reverse transcription of total RNA was performed with the Primescript RT reagent kit (Takara RR047A) according to the manufacturer’s protocol. The Quantitative PCR reactions were performed with the Hieff UNICON® qPCR SYBR Green Master Mix (YEASEN 11198ES03) on LightCycler 96 (Roche LightCycler® 96 Instrument). Details of the primers were in Table 1. Data are normalized to GAPDH, and fold changes are calculated by using 2–ΔΔCT method.


TABLE 1. Primers used for real-time qPCR.
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Immunofluorescence

Cells were fixed in 4% paraformaldehyde in PBS for 15 min with shaking at room temperature. Inner ear tissues were dissected and fixed in 4% paraformaldehyde in PBS for 2 h with shaking at room temperature, followed by decalcification in 5% EDTA for 4–5 days. Then cells were blocked with 5% heat inactivated horse serum with 0.3% Triton X-100 in PBS for 1 h.

Cells were incubated with primary antibody overnight at 4°C. The primary antibodies used in this study were as follows: anti-Sox2 (goat anti-Sox2;sc-17320, Santa Cruz Biotechnologies; 1:200); anti-Sox10 (rabit anti-Sox10; 69661, Cell Signaling Technology; 1:200); anti-TUJ1 (mouse anti-TUJ1; MMS 435P, Biolegend; 1:2,000); anti-Prox1 (goat anti-Prox1; AF2727, R&D; 1:250); anti-Gata3 (Rabbit anti-Gata3; 5852T, Cell Signaling Technology; 1:1500); anti-Map2 (Mouse anti-Map2; M4403, Sigma-Aldrich; 1:250); anti-Syp (mouse anti-Syp; MA5-14532, Thermofisher; 1:300), and anti-GFP (Rabbit anti-GFP; 31002, Yeasen; 1:400).

Then cells or tissues were incubated with Alexa 488-, Alexa 568-, and/or Alexa 647-labeled secondary antibodies for 1–2 h with shaking at room temperature. Nuclei were visualized with DAPI.

Confocal z-stacks (0.5 μm step size) of cochlear tissues were taken using Leica SP5 microscope equipped with 40× and 63× oil-immersion lens. ImageJ software (version 1.52i, NIH, Bethesda, MD, United States) was used for image processing and three-dimensional reconstruction of z-stacks. All immunofluorescence images shown are representative of at least three individual results. Efficiency of conversion was measured by the number of TUJ1+ cells divided by the total number of plated cells from random 6–10 fields. Axon length was measured with NeuronJ, a plugin of ImageJ to facilitate the tracing and quantification of elongated image structures (Ho et al., 2011).



Molecular Cloning and Lentiviral Infections

cDNAs for Sox2 was cloned into lentiviral constructs of pLKO.1 vector (Addgene 10879). We modified the plasmid to replace the PuroR with Sox2-P2A-EGFP. Lentiviruses were produced by transfection of lentiviral backbones containing the indicated transgenes together with packaging plasmids pSPAX2 (Addgene 12260) and pMD2G (Addgene 12259) into HEK293T cells (ATCC® CRL-3216TM). Viruses were concentrated from culture supernatant by ultra-centrifugation (25,000 rpm, 2 h, 4°C). After 24–48 h infection of spheres with 10 μg/ml polybrene in suspension culture, virus-containing medium was replaced with fresh SCM media.



RNA-seq Analyses

Total RNA was extracted from the tissue using TRIzol® Reagent according the manufacturer’s instructions (TaKara) and genomic DNA was removed using DNase I (TaKara). Then RNA quality was determined by 2100 Bioanalyzer (Agilent) and quantified using the ND-2000 (NanoDrop Technologies). RNA-seq transcriptome library was prepared following TruSeqTM RNA sample preparation Kit from Illumina (San Diego, CA, United States) using 1 μg of total RNA. Libraries were size selected for cDNA target fragments of 200–300 bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantified by TBS380, paired-end RNA-seq sequencing library was sequenced with the Illumina HiSeq x ten/NovaSeq 6000 sequencer (2 × 150 bp read length). The raw paired end reads were trimmed and quality controlled by SeqPrep and Sickle with default parameters. Then clean reads were separately aligned to reference genome with orientation mode using TopHat (Langmead and Salzberg, 2012) software.

To identify differential expression genes (DEGs) between two different samples, the expression level of each transcript was calculated according to the fragments per kilobase of exon per million mapped reads (FRKM) method. RSEM (Li and Dewey, 2011) was used to quantify gene abundances. R statistical package software EdgeR (Empirical analysis of Digital Gene Expression in R (Robinson et al., 2010) was utilized for differential expression analysis. In addition, functional-enrichment analysis including GO and KEGG were performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at Bonferroni-corrected P-value ≤ 0.05 compared with the whole-transcriptome background.

The transcription data of primary SGN were obtained from previous study (Noda et al., 2018). Raw RNA-seq data have been deposited in the NCBI Gene Expression Omnibus (GEO) under accession number GSE169042.



Statistical Analysis

Statistical tests were performed using Graphpad Prism 8 (Graphpad Software Inc., La Jolla, CA, United States). Results were reported as mean ± SD. Specific statistical tests used in each experiment were described in figure legends. Results were analyzed using Student’s t-test or one-way ANOVA, followed by Bonferroni’s multiple comparisons test.



RESULTS


Postnatal Cochlear Spheres Proliferate and Differentiate Into Neuron-Like Cells

To expand the population of progenitor cells, we dissociated cochlear modiolus from the postnatal 3–4 days (P3–P4) mice and digested into single cells for 3D suspension culture. The cells grew spheres in vitro and were able to proliferate for more than five generations (Figures 1A,B). We then optimized the growth media by evaluating the sphere numbers with diameters larger than 50 μm. The result showed that bFGF is the primary factor for spheres growth, consistent with the previous report (Diensthuber et al., 2014a). Heparan sulfate has been reported to promote the binding and activation of FGF (Loo and Salmivirta, 2002). Therefore, we cultured the spheres with serum-free media containing IGF, EGF, FGF, and heparan sulfate (Figure 1C). Real-time quantitative PCR (RT-qPCR) results showed increased expression of neuronal stem cell markers such as Sox2 and Nestin in spheres compared to cochlear modiolus (Figure 1D). These results indicated that postnatal cochlear spheres were able to proliferate and preserve the stemness following passages in vitro.
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FIGURE 1. Postnatal cochlear glial cells proliferate as neurospheres and differentiate into neuron-like cells. (A) Bright-field images of the proliferating generation 1 (G1) spheres at 1–5 days in vitro (div). (B) Diameters of G1–G4 spheres during propagation. (C) Quantification of sphere diameters at 5 div with supplementations of E, I, F, H. E, EGF; I, IGF; F, FGF, and H, heparan sulfate. N = 21–48. P-values were calculated against vehicle control. (D) mRNA expression of Sox2 and Nestin in cochlear spheres compared to controls (dissociate modiolus cells). N = 3, error bars represent mean ± SD. (E) Representative TUJ1-positive cells after differentiation at 18 div with BDNF and NT3 (B-NT3). (F) The ratio of TUJ1 positive cells. N = 5 and 4, error bars represent mean ± SD. (G) Axon lengths of the induced neuron-like cells. N = 35 and 220, error bars represent mean ± SD. (H) mRNA expression of Tubb3, Vglut1, Sox2, and Nestin of either spheres or differentiated neuron-like cells (Diff). N = 3 or 4, error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (C) or unpaired student’s t-test (D,F–H).


To investigate the neuronal potential of the spheres, we induced the spheres for neuronal differentiation. After induction for 8–9 days, the differentiated cells showed typical bipolar neuronal morphology and neuronal marker TUJ1 expression (Figure 1E, top panels). Brain-derived neurotrophic factor and NT3 are important neurotrophic factors for SGN development and function, and are able to promote neuronal differentiation in vitro (Wise et al., 2011; Li et al., 2016; Suzuki et al., 2016; Akil et al., 2019). We found that BDNF and NT3 treatment not only increased the differentiation efficiency (Figures 1E,F) but also promoted neurite extension (Figures 1E,G) during induced differentiation of the spheres. Therefore, BDNF and NT3 were added in the subsequent differentiation experiments. RT-qPCR results also showed that neuronal markers Tubb3, Vglut1 expression were increased, while neuronal stemness markers Nestin and Sox2 were decreased after induced neuronal differentiation (Figure 1H). These results indicate that postnatal cochlear spheres are able to differentiate into neuron-like cells.



Sox2 Expression Identifies a Subpopulation of Cochlear Glial Cells

Previous studies show the glial cells in association with the SGNs may serve as the source of neuronal progenitors (McLean et al., 2016). Based on the function and localization, cochlear glial cells consist of two major populations including Schwann cells (SCs) and satellite glial cells (SGCs) (Jessen and Mirsky, 2005; Wan and Corfas, 2017). The SCs wrap the axons of SGNs with myelin sheaths and are primarily localized to the osseous spiral lamina (OSL) of the cochlea; while the SGCs are in close association with the SGN cell bodies exclusively localized to the Rosenthal’s canal (RC) of the cochlea (Wan and Corfas, 2017). Despite these differences, the two glial populations share same developmental origin and both serve important roles in survival and function of the SGNs.

It has been reported proteolipid protein 1 (Plp1) was widely expressed in cochlear glial cells, including SCs and SGCs (Jessen and Mirsky, 2005; McLean et al., 2016; Meas et al., 2018b), while Sox2 was expressed in a cochlear glial subpopulation (Zuchero and Barres, 2015; Meas et al., 2018b). To label the cochlear glial cells and the Sox2+ subpopulation of glial cells in mice, we crossed the Plp1CreERT and Sox2CreERT with Rosa26-tdTomato line for lineage tracing. After induction with tamoxifen from P1 to P3, majority of the Sox2+ cells were labeled with tdTomato (70.6 ± 4.3% of the total Sox2+ cells) (Figure 2A). Importantly, Sox2CreERT/tdTomato (Sox2-tdT) positive cells all expressed Sox2 in the cochlea, suggesting the inducible Sox2-tdT specifically labels the Sox2+ subpopulation of glial cells in mice (Figure 2A).
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FIGURE 2. Sox2 labels a subpopulation of cochlear glial cells. (A) Immunocytochemical staining of Sox2-tdT cochlea for Sox2, showed Sox2-Cre:tdTomato labeled the Sox2 positive cochlear glial cells in P4 mice. The yellow arrowheads represent Sox2-tdT+/Sox2+ cells. (B,C) Sox2 were expressed in a subpopulation of Plp1-tdT positive cells in both P4 (B) and P21 (C) cochlea. The white arrowheads represent Plp1-tdT+/Sox2– cells, and the yellow arrows represent Plp1-tdT+/Sox2+ cells. tdTomato expression was induced by tamoxifen from P1 to P3.


The results of the immunofluorescence showed that Plp1CreERT/tdTomato (Plp1-td) not only labels the Sox2+ glial cells, but also Sox2– glial cells at both P4 and P21 (Figures 2B,C), indicating that Sox2 positive cells are a subpopulation of Plp1 positive cochlear glial cells. Thus, Plp1-tdT labels both SCs and SGCs while Sox2-tdT positive glial cells represents a lineage population of cochlear glial cells.



Cochlear Sox2+ Glial Cells Are Primary Progenitors for Neuronal Differentiation

To directly compare the potency of Plp1+ and Sox2+ glial cells as neuronal progenitors, the lineage-traced cells (Plp1-tdT and Sox2-tdT) were subjected to sphere formation and neuronal differentiation assays (Figure 3A). Although both Plp1-tdT and Sox2-tdT cells were able to form spheres, >95% of the spheres were Plp1-positive while only about 60% of the spheres were Sox2-positive (Figures 3B,C), suggesting that both Plp1+/Sox2+ and Plp1+/Sox2– glial cells were able to proliferate as spheres. Interestingly, Plp1-tdT+ or Sox2-tdT+ cells were clustered at the periphery of the spheres with the non-glial cells proliferating at the center of spheres (Figure 3B). These non-glial cells were also highly proliferative and Plp1-tdT or Sox2-tdT cells contribute to only about 20 or 12% of the total cells after sphere culture, respectively (Supplementary Figure 1A). To investigate the identity of these non-glial cells, Plp1-tdT– cells were separated from Plp1-tdT+ cells by FACS followed by continuous sphere culture (Supplementary Figure 1B). While the non-glial markers failed to express Sox10 or Sox2 as expected, they expressed high levels of Sox9 and Pou3f4 (Supplementary Figure 1C), both of which are enriched in otic mesenchyme cells (Coate et al., 2012; Brooks et al., 2020).
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FIGURE 3. The Sox2+ cochlear glial cells were highly efficient in neuronal differentiation. (A) Distributions of Sox2-tdT and Plp1-tdT positive cochlear glial cells in P4 cochlea. tdTomato expression was induced by tamoxifen from P1 to P3. (B,C) Representative images and quantification of the Sox2-tdT and Plp1-tdT positive spheres at 5 div. N = 3, error bars represent mean ± SD. (D,E) Representative images and ratios of TUJ1+ neurons differentiated from Sox2-tdT and Plp1-tdT positive cells at 8–9 div. N = 3 or 4, error bars represent mean ± SD. Data from 3 to 4 independent experiments. (F) Percentages of TUJ1+ neurons derived from Sox2-tdT or Plp1-tdT positive cells relative to the total amount of TUJ1+ plus tdT+ cells. (G) A model showing Sox2+ glial cells exhibit high potential for neuronal differentiation. **p < 0.01 by unpaired student’s t-test.


To address if Plp1+/Sox2+ and Plp1+/Sox2– glial cells display different potential for neuronal differentiation, spheres from Plp1-tdT and Sox2-tdT mice were induced to neuronal differentiation for 8–9 days. Firstly, both Plp1-tdT and Sox2-tdT positive cells developed typical bipolar neuronal morphology and expressed neuronal marker TUJ1 (Figure 3D). Intriguingly, while only ∼68% Plp1-tdT cells expressed TUJ1, more than 90% Sox2-tdT cells were co-labeled with TUJ1 (Figure 3E). Further analyses indicated that almost all TUJ1+ neurons were derived from Plp1+ glial cells but a large proportion of Plp1+ cells were unable to differentiate (Figure 3F, left). In contrast, although Sox2+ glial cells only contributed to ∼70% of total iNs, almost all Sox2+ cells were successfully differentiated (Figure 3F, right). These results indicate that Plp1+ cochlear glial cells are the major source of neuronal differentiation in vitro, and that Plp1+/Sox2+ glial subpopulation displays much higher potency/efficiency in neuronal differentiation compared to the Plp1+/Sox2– glial cells (Figure 3G).



P21 Cochlear Sox2+ Glial Cells Preserve High Potency of Neuronal Differentiation

As Sox2 expression marks a subpopulation of cochlear glial cells with high neuronal differentiation potency, we next examined the expression of Sox2 at different postnatal ages. The ratio of Sox2+ glial cells were calculated based on co-labeling with Sox10, a generic marker of cochlear glial cells similar to Plp1 (Jessen and Mirsky, 2005). We found that the percentage of Sox2+ glial cells gradually declined after birth (Figures 4A,B). Specifically, at P4, ∼70% glial cells were Sox2+, and the Sox2+ ratio decreased to ∼47 and ∼38% at P7 and P10. At hearing onset (P14), the percentage of Sox2+ glial cells reduced further to ∼30%, which was maintained at P21 (Figure 4C).


[image: image]

FIGURE 4. Dynamic changes of Sox2+ cochlear glial cells during postnatal development. (A,B) Immunocytochemical staining of Sox2 and Sox10 from P4, P7, P10, P14, and P21 cochleae. The white arrow represents the Sox2–/Sox10+ cell. (C) Percentages of Sox2+/Sox10+ cells from P4, P7, P10, and P14 to P21 cochleae. N = 4–13 sections from 3 cochleae, error bars represent mean ± SD. ***p < 0.001 by one-way ANOVA.


We next examined if the Sox2+ glial population remains highly efficient in neuronal differentiation at P21. Due to difficulties in obtaining sufficient cochlear glial cells in the calcified modiolus of P21 cochlea, the P21 cochlear glial cells were initially cultured 2D in SCM-FBS medium (Lang et al., 2011) and then transferred to 3D sphere suspension culture. We used the same inducible Plp1CreERT and Sox2CreERT to cross with Rosa26-tdTomato line to specific label the total glial cell population and Sox2+ glial cell subpopulation, respectively (Figure 3A). Lineage tracing was induced by tamoxifen injection from P17 to P20, and the cochlear glial cells isolated at P21. Both P21 Plp1-tdT and Sox2-tdT positive cells distributed at the periphery of spheres (Figure 5A), similar to the observation from the P4 spheres (Figure 3B). Followed by induction of neuronal differentiation, ∼55% Plp1+ glial cells were TUJ1 positive and ∼90% Sox2+ glial cells were TUJ1 positive (Figures 5B,C). In summary, the cochlear Sox2+ glial cell subpopulation preserves high potency of neuronal differentiation in both neonatal (P4) and P21 mice.
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FIGURE 5. Cochlear Sox2+ glial subpopulation preserves high potency of neuronal differentiation in P21 mice. (A) Representative images of the Sox2-tdT and Plp1-tdT positive spheres culture 5 div. The white arrow represents the Plp1-tdT or Sox2-tdT negative spheres. (B,C) Representative images (C) and ratios (B) of TUJ1+ neurons differentiated from Sox2-tdT or Plp1-tdT positive cells. N = 3, error bars represent mean ± SD. **p < 0.01 by unpaired student’s t-test.




Sox2 Downregulation Is Required for Efficient Neuronal Differentiation

To further investigate if the Sox2 expression contributes to the high neuronal differentiation potential of the Sox2+ glial cells, we overexpressed Sox2 in both Sox2+ and Sox2– glial cells during 3D suspension culture of the spheres. Spheres were infected with lentivirus encoding Sox2-GFP or GFP control and the Sox2 overexpression was validated by both RT-qPCR and immunofluorescence (Figures 6A,B).
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FIGURE 6. Sox2 overexpression inhibits the neuronal differentiation of Sox2+ glial cells. (A,B) mRNA expression (A) and immunocytochemical staining (B) of Sox2 overexpressed in cochlear glial cells. N = 3, error bars represent mean ± SD. (C) Immunocytochemical staining of TUJ1+ neurons differentiated from cochlear glial cells of Sox2-tdT mice. The yellow arrows represent TUJ1+/GFP+/tdT+ cells, and the red arrows represent TUJ1–/GFP+/tdT+ glial cells. (D) Quantification of TUJ1+/GFP+ cells from Sox2-tdT negative glial cells. N = 8–13 images from 3 coverslips, error bars represent mean ± SD. (E) Quantification of TUJ1+/Sox2-tdT+ cells from glial cells overexpressing either GFP or Sox2. N = 7–11 images from 3 coverslips, error bars represent mean ± SD. (F) mRNA expression of Sox2 during induced neuronal differentiation of the cochlear glial cells at different conditions and time points. N = 3, error bars represent mean ± SD. **p < 0.01, ***p < 0.001 by one-way ANOVA (F) or unpaired student’s t-test (A,E).


Next, the spheres were induced to neuronal differentiation for 8–9 days and were immuno-stained with TUJ1 antibody. We first evaluated the effect of Sox2 overexpression on neuronal differentiation of Sox2– glial cells. Neuronal differentiation of Sox2– glial cells, as marked by TUJ1+/Sox2-tdT– cells, was not affect by Sox2 overexpression compared to GFP controls (Figures 6C,D). This result suggest that the incompetence of Sox2– glial cells in neuronal differentiation is not due to lack of Sox2 expression. To our surprise, neuronal differentiation of the Sox2-tdT (Sox2+) glial cells was significantly reduced after Sox2 overexpression (Figures 6C,E). Consistently, Sox2 expression was decreased dramatically from the proliferative stage in 3D culture to the differentiation stage in 2D culture, and then maintained at a stably low level during the entire process of neuronal differentiation (Figure 6F). These results suggest that Sox2+ glial cells exhibit high potential for neuronal differentiation independent of Sox2 expression, and that downregulation of Sox2 is required for efficient neuronal differentiation.



Small Molecules Promote Neuronal Differentiation and Maturation Toward Spiral Ganglion Neuron Fate

Although cochlear glial cells can be differentiated into iNs, the specific markers for SGNs were rarely detected, indicative a major huddle in SGN fate conversion and maturation. Small molecules have been reported to promote neuronal reprogramming from somatic and glial cells (Hu et al., 2015; He et al., 2017; Belin-Rauscent et al., 2018). To promote the neuronal differentiation and maturation to SGNs from cochlear glial cells, we next screened 10 neurogenic small molecules that were shown to activate neuronal signaling pathways, inhibit glial signaling pathways, or modulate epigenetics to promote neuronal reprogramming. Small molecules selected for our initial screening were as follows: SB431542, CHIR99021, Y27632, retinoic acid (RA), valproic acid (VPA), Forskolin, ISX9, I-BET151, Vitamin C (Vc), and LIF.

It has been reported that Forskolin, ISX9, I-BET151, and CHIR99021 (FIBC) combination induced neuronal differentiation from mouse embryonic fibroblasts (MEFs) and astrocytes efficiently (Hu et al., 2015; He et al., 2017). Firstly, we used the FIBC combination to test the concentration for neuronal differentiation from cochlear glial cells (Supplementary Figure 2A). Based on the bipolar neuronal morphology of TUJ1+ cells and minimal cytotoxicity, we identified the optimal concentrations of Forskolin (20 μM), ISX9 (20 μM), I-BET151 (2 μM), and CHIR99021 (10 μM). Next, we induced the neuronal differentiation with FIBC in the presence of SB431542, Y27632 (Y), RA, VPA, Vc, or LIF (L). The results showed FIBC and Y27632 (FIBCY) and FIBC and LIF (FIBCL) increased the expression of Prox1 (Supplementary Figure 3E), an SGN marker, compared with other small molecules (Supplementary Figure 2B). Thus, we used FIBCY and FIBCL as the small molecules cocktail for neuronal induction and maturation.

RT-qPCR results also showed increased expression of generic neuronal markers such as Tubb3 (Supplementary Figures 3A,B), and SGN-specific markers including Prox1, Islet1, and Scrt2 (Supplementary Figure 3G) of the iNs by small molecules FIBCL compared with SCDM or IM control medium (Figure 7A). Furthermore, the expression of Tubb3, Scrt2, and Islet1 were further increased in a temporal manner during neuronal differentiation (Figure 7A, 7 dpi vs. 18 dpi). FIBCY and FIBCL increased the number of TUJ1+ cells and induced both co-labeling of TUJ1 and Prox1 (Figure 7B). Quantitative analyses indicate that FIBCY and FIBCL significantly increased the percentage of overall TUJ1+ cells (Figure 7C) and percentage of TUJ1+ cells co-expressing Prox1 (Figure 7D). FIBCL appeared to perform better in inducing TUJ1+ iNs than FIBCY (Figure 7C). These results suggested that FIBCY/FIBCL promoted neuronal differentiation and maturation toward SGNs from neonatal cochlear glial cells.
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FIGURE 7. Small molecules promote neuronal differentiation and maturation of cochlear glial cells. (A) RT-qPCR gene expression analyses of P4 cochlear glial cells differentiated in SCDM, IM or FIBCL at 7 and 18 div. FIBCL, Forskolin, ISX9, I-BET151, CHIR99021, and LIF. N = 3, error bars represent mean ± SD. (B) Immunocytochemical stainings of TUJ1 and Prox1 in neurons induced from P4 cochlear glial cells at different conditions. (C,D) Percentages of TUJ1 positive cells (C) and TUJ1/Prox1 double positive cells (D) differentiated in SCDM, FIBCY, or FIBCL. N = 3–13 images from 2 wells of each condition, error bars represent mean ± SD. (E) mRNA expression of SGN markers Scrt2 and Islet1. N = 3, error bars represent mean ± SD. (F) Immunocytochemical staining of TUJ1 of induced neurons from P21 Plp1-tdT cochlear glial cells. The white arrowheads represent the Plp1-tdT+/TUJ1– cells. (G) Percentages of TUJ1 positive cells differentiated from P21 Plp1-tdT+ cochlear glial cells. N = 3, error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (A,C–E) or unpaired student’s t-test (G).


We then induced neuronal differentiation of P21 Plp1-tdT glial cells in the presence or absence of FIBCL. For P21 glial cells, FIBCL also promoted the expression of SGN markers Scrt2, Islet1 (Figure 7E). Remarkably, FIBCL treatment resulted in a significant increase in the percentage of TUJ1+/Plp1-tdT+ cells (∼90%) compared to the control group (∼55%) (Figures 7F,G). As Plp1+/Sox2+ but not Plp1+/Sox2– cells showed potent neuronal differentiation in control condition, FIBCL treatment may have also promoted neuronal differentiation of Plp1+/Sox2– glial cells. Together, these results highlight the effectiveness of small molecule combinations FIBCY and FIBCL in promoting neuronal differentiation and SGN maturation of neonatal and P21 cochlear glial cells.



FIBCL-Induced Neurons Display Similar Transcriptomic Profile as the Primary Spiral Ganglion Neurons

To evaluate the maturity under different induction conditions of iNs, we performed transcriptome sequencing analyses. Pearson correlation analyses showed that the expression profiles of neurons induced by SCDM and SCDM/FGF were relatively closer to that of the spheres (Figure 8A). However, the overall expression profile of FIBCL-iNs was distinct from those of the spheres, SCDM or SCDM/FGF, and was more similar to that of the primary SGNs (Figure 8A). In addition, the results of principal component analyses (PCA) showed that FIBCL-iNs were similar to the SGNs (Figure 8B). Comparing the differentially expressed genes between SCDM and FIBCL-iNs, we found about 3200 genes in the FIBCL group were significantly upregulated and 3000 genes were significantly downregulated (Figure 8C). The GO and KEGG enrichment analyses of these genes, respectively showed that the upregulated genes were mainly enriched in neuron development, neurotransmitter, synapse and calcium ion channels; while the downregulated genes contained glial cell migration and myelination, as well as GPCR and cytokine signaling pathways (Figures 8D–G).
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FIGURE 8. Transcriptomic analyses of the induced neurons. (A,B) Pearson correlation analysis (A) and principal component analysis (B) of neurospheres, differentiated culture in SCDM, SCDM/FGF, FIBCL media, and primary SGNs. (C) Volcano graph of the genes upregulated and downregulated in the FIBCL-induced neurons compared to the SCDM media. (D,E) GO enrichment analysis of upregulated (D) and downregulated (E) functional pathways in the FIBCL-induced neurons compared to the SCDM media. (F,G) KEGG enrichment analysis of upregulated (D) and downregulated (E) cellular processes in the FIBCL-induced neurons compared to the SCDM media. (H) Heatmap graph of specific glial and neuronal genes expressed in spheres, differentiated culture in SCDM, SCDM/FGF, FIBCL media, and primary SGNs. Changes in expression of selected genes (gene symbol highlighted in red) were validated by RT-qPCR in Supplementary Figure 4.


Analyses of specific gene expression revealed that glial cell-specific genes such as Plp1, Sox10, S100β, and MBP still maintained high expression in sphere, SCDM and SCDM/FGF groups, but the expression levels of these genes were significantly downregulated in FIBCL-iNs group (Figure 8H). Interestingly, Sox2 expression was also further reduced after FIBCL treatment (Figure 8H), consistent with an inhibitory role of Sox2 in neuronal differentiation (Figure 6). In addition, expression levels of neuron-specific genes such as Tubb3, Nefh, Snap25, Syp (Supplementary Figure 3D), and Map2 (Supplementary Figure 3F) were induced in SCDM and SCDM/FGF groups compared to the spheres, which were further upregulated in the FIBCL group (Figure 8H). Finally, the expression levels of SGN-specific genes such as Isl1, Pou4f1, Prox1, Gata3 (Supplementary Figure 3C), and Mafb were also significantly upregulated, while cochlear glial genes such as Sox10, Sox2, and S100a4 were downregulated in the FIBCL-iNs (Figure 8H and Supplementary Figure 4). Overall, the RNA-seq results indicate that iNs in control medium were at the immature state, retaining some of the glial cell characteristics; while small molecules FIBCL removed glial cell barriers and further promoted neuronal maturation.



DISCUSSION

Spiral ganglion neurons lack the ability to regenerate after damage in the mammalian cochlea, which is a major cause of auditory neuropathy and may compromise the therapeutic effects of cochlear implants (Guo et al., 2019). Extensive studies have been performed using neural stem cells for regeneration of neurons and the SGNs (Fang et al., 2019; Li et al., 2019; Tang et al., 2019; Han et al., 2020; Xia et al., 2020; Yang et al., 2020, 2021; Yuan et al., 2021). Yet, functional regeneration of SGNs from the resident glial cells may represent a novel strategy for hearing restoration caused by SGN damages. In this study, we found that the cochlear Sox2+ glial cell subpopulation exhibits high potency of neuronal differentiation, and the efficiency of neuronal differentiation requires Sox2 downregulation. Furthermore, we identified a small molecule combination that promotes neuronal differentiation and maturation toward SGN fate (Figure 9).
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FIGURE 9. Graphic summary of cochlear Sox2+ glial cells as potent progenitors for spiral ganglion neuron reprogramming induced by small molecules. Sox2+ cells are a subpopulation of Plp1+ cochlear glial cells. Although both Sox2+ and Sox2– glial cells can form neurospheres, Plp1+/Sox2+ spheres are more neurogenic compared to Plp1+/Sox2– spheres. Efficiency and maturity of the induced neurons can be further improved by a small molecule cocktail.



Cochlear Sox2+ Glial Cell Subpopulation as Potent Neuronal Progenitors

The starting progenitor population is one of the key considerations for successful cell fate reprogramming (Gascon et al., 2017). In the brain and retina, astrocytes (Guo et al., 2014; Qian et al., 2020) and Müller glial cells (Qian et al., 2020) have been shown to convert to new neurons and retinal ganglion cells under specific conditions. Cochlear glial cells were regarded as specialized cells and exhibited characteristics as well as corresponding functions of glial cells. Similar to the central glial cells, cochlear glial cells can also proliferate and regenerate themselves upon injury in vivo (Lang et al., 2015; Wan and Corfas, 2017), suggesting that these glial cells may also function as progenitors for SGNs.

Cochlear glial cells are heterogeneous and include SCs and Satellite cells (Wan and Corfas, 2017). While Plp1 and Sox10 are generic markers for cochlear glial cells, Sox2 is only expressed in a subset of glial cells. Sox2+ glial cells are mainly located around the SGN cell body, which overlapped with SGCs. A few Sox2+ glial cells are also located along SGN axons at OSL after P14 in mice. In this study, we identified Sox2+ glial cells sub-population as potent neuronal progenitors compared to Sox2– glial cells, suggesting that Sox2+ glial cells may be the target progenitor population for SGN regeneration in future studies.

In recent years, mechanisms of proliferation and neuronal differentiation of the cochlear glial progenitor has been under close investigation. The Plp1+ cochlear glial cells serve as potent progenitors for neurons, astrocytes and oligodendrocytes, but not hair cells in vitro (McLean et al., 2016). Cochlear glial cells isolated from Sox2-eGFP reporter mice also displayed potent neurogenic potential in vitro (Lang et al., 2015; Meas et al., 2018a). However, a direct comparison of glial subpopulations is lacking and the iNs did not appear to mature as SGNs. Importantly, two groups recently reported that iNs can be generated from Plp1+ glial cell by Ng1/Nd1 or Lin28 overexpression in vivo post-SGN injury, and that iNs expressed both pan-neuronal and SGN markers (Kempfle et al., 2020; Li X. et al., 2020). However, the efficiency of neuronal conversion and neuronal maturity is still limited. Based on our findings, we believe that direct reprogramming of the Sox2+ glial cells may be key to enhance functional glia-to-neuron conversion in vivo.



Role of Sox2 Expression in Neuronal Differentiation From Cochlear Glial Cells

Developmentally, Sox2 is generally expressed in a variety of cells types including neuronal stem cells (Graham et al., 2003; Zhang and Cui, 2014; Cui et al., 2018) and tissue specific cells, such as DRG satellite cells and cochlear supporting cells (Kiernan et al., 2005; Koike et al., 2015). Our finding on higher potential of Sox2+ glial cells poses a question on whether Sox2 expression is required for efficient neuronal induction or merely serves as a marker for progenitors with high neurogenic potential. Our results point to the later scenario and may also suggest that Sox2 serves as an inhibitory signal for efficient neuronal induction. This notion is consistent with the observations in CNS, whereby Sox2 was highly expressed in neuronal progenitor cells (NPCs) and inhibited the neuronal differentiation of these progenitor cells (Graham et al., 2003; Cavallaro et al., 2008). Sox2 expression was gradually downregulated during the process of neuronal differentiation (Cavallaro et al., 2008; Cui et al., 2018; Mercurio et al., 2019). Knockdown of Sox2 partially rescued the impairment of neuronal differentiation induced by miR-145 downregulation (Morgado et al., 2016).

Intriguingly, although Sox2 was downregulated during neuronal differentiation of the cochlear glial cells, we observed that the iNs still maintained the expression of Sox2 at a specific level. Sox2 expression of iNs was higher than that of SGNs, which may present a barrier for further neuronal maturation. This is in congruence with our finding that the small molecule cocktail promoted further neuronal maturation while also significantly reduced the expression of Sox2.



Small Molecules Promote Efficiency and Maturity of Induced Neurons

Neuronal reprogramming may not be initiated due to the stable barriers of glial cells identity and lack of neuronal factors to regulate specific transcriptional program (Mertens et al., 2016; Black and Gersbach, 2018; Li et al., 2018). Small molecules that modulate specific signaling pathways have been shown to promote neuronal reprogramming. For example, small molecules CHIR99021, Forskolin, and ISX9 were shown to improve the neuronal conversion and differentiation (Schneider et al., 2008; Dworkin and Mantamadiotis, 2010; Liu et al., 2013; Li et al., 2015; Gao et al., 2017; Gascon et al., 2017; Yang et al., 2019). IBET151 serves to erase the initial cell-fate specific gene expression pattern (Di Micco et al., 2014; Li et al., 2015; Wu et al., 2015; Marazzi et al., 2018). VPA has been reported to enhanced neuronal induction of cochlear glial cells (Moon et al., 2018). However, more small molecules were hardly studied in cochlear glia-to-neuron induction.

In this study, the small molecule cocktail we identified can promote neuronal maturation and cell fate conversion toward SGNs. The results showed upregulation of generic neuronal genes and SGN specific genes such as Prox1, Islet1, Pou4f1, and Scrt2. Consistent with previous reports that Ng1/Nd1 or Lin28 induced glial cells-to-auditory neuron conversion in the cochlea (Kempfle et al., 2020; Li X. et al., 2020), the iNs also exhibited increased expression of both Nd1 and Lin28. Furthermore, we observed the downregulation of glial cell markers such as Plp1, Sox10, S100β, and MBP. Thus, the small molecule cocktail induces neuron differentiation and maturation by removal of glial identity and establishment of neuronal identity.



Outlook Into Functional Maturation of the Induced Neurons

Although the small molecule cocktail greatly promoted neuronal induction toward SGN, expression levels of SGN-specific genes were still lower than those in primary SGNs and some key SGN markers, such as Ntrk3, were not upregulated. It is possible that means to upregulate these developmental and functional relevant genes may further promote the maturation of the iNs to functional SGNs in vivo.

Other challenges in functional maturation of the iNs remain to be addressed. For example, synaptic connections between the iNs and hair cells or cochlear nucleus are the fundamental elements of the cochlear neuronal circuitry in vivo. Previous studies showed synapse formation between ESC-derived iNs and sensory epithelium or cochlear nucleus in vitro with limited efficiency (Liu et al., 2018; Meas et al., 2018b) and the de novo synapses were not observed in vivo (Kempfle et al., 2020; Li X. et al., 2020). Secondly, SGNs are heterogenous in nature and display distinct molecular signature and spontaneous firing rates (Petitpre et al., 2018). The determination of SGN identity is induced by interaction of different spontaneous activity from hair cells (Petitpre et al., 2018; Shrestha et al., 2018; Sun et al., 2018). How the iNs may adopt specific SGN subtype and integrate into the cochlear neuronal circuitry needs to be explored in future studies.
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Supplementary Figure 1 | The non-glial cells in the spheres are likely derived from cochlear mesenchyme cells. (A) Percentage of Plp1-tdT+ or Sox2-tdT+ cells to the total number of cells after sphere culture. N = 8–10, error bars represent mean ± SD. (B) Representative images of Plp1-tdT+ glial and Plp1-tdT– non-glial cells after FACS followed by sphere culture. (C) RT-qPCR analyses of the glial and non-glial spheres with glial markers (Sox10, Sox2) and mesenchymal markers (Sox9, Pou3f4). N = 3, error bars represent mean ± SD. ***p < 0.001 by unpaired student’s t-test.

Supplementary Figure 2 | Small molecules screening and optimization. (A) Representative images of TUJ1 immunostaining of iNs treated with various concentrations of small molecules, I-BET, Forskolin, ISX9, Chir99021 at 15 div. (B) Representative images of Prox1 immunostaining of iNs treated with small molecules Y27632, SB431542, RA, LIF, Vitamin C, and VPA at 15 div. The white arrowheads represent Prox1+ cells.

Supplementary Figure 3 | Specific expression of SGN markers. (A) Representative cartoon showing cochlear localization of SGNs and surrounding glial cells. (B–G) Specific expressions of TUJ1 (B), Gata3 (C), Syp (D), Prox1 (E), Map2 (F), and Scrt2 (G) in P3–P42 cochlear SGNs.

Supplementary Figure 4 | RT-qPCR validations of glial and neuronal genes regulated during FIBCL-induced differentiation. mRNA expressions of Islet1, Scrt2, Pou4f1, Prox1, Sox10, Sox2, Ntrk3, and S100a4 (as highlighted in Figure 8H) in non-differentiated spheres or differentiated cultures treated with SCDM, SCDM/FGF, or FIBCL were analyzed by RT-qPCR. N = 3, error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA.
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Hearing loss is one of the most common disabilities affecting both children and adults worldwide. However, traditional treatment of hearing loss has some limitations, particularly in terms of drug delivery system as well as diagnosis of ear imaging. The blood–labyrinth barrier (BLB), the barrier between the vasculature and fluids of the inner ear, restricts entry of most blood-borne compounds into inner ear tissues. Nanoparticles (NPs) have been demonstrated to have high biocompatibility, good degradation, and simple synthesis in the process of diagnosis and treatment, which are promising for medical applications in hearing loss. Although previous studies have shown that NPs have promising applications in the field of inner ear diseases, there is still a gap between biological research and clinical application. In this paper, we aim to summarize developments and challenges of NPs in diagnostics and treatment of hearing loss in recent years. This review may be useful to raise otology researchers’ awareness of effect of NPs on hearing diagnosis and treatment.
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INTRODUCTION

Hearing loss is one of the most common disabilities affecting the quality of life. Nowadays, people’s lifestyle has been changed with longer life expectancy, and the prevalence and the severity of hearing loss have increased (Cruickshanks et al., 2003; Isaacson, 2010). According to World Health Organization (WHO), more than 5% of the world’s population suffer from disabling hearing loss that includes 34 million children (Chadha and Cieza, 2017), and it is more prevalent in the elderly (≥70 years) (Zahnert, 2011). Hearing loss is divided into three categories: conductive, sensitive, and mixed hearing loss. Common causes of conductive hearing loss are earwax embolism, otitis media, cholesteatoma, and otosclerosis, among others (Zahnert, 2011). Sensorineural hearing loss (SNHL) is usually caused by sensory nerve transmission problems at or behind the cochlea, including presbycusis, inner ear infection (He et al., 2020), Meniere’s disease (Wang et al., 2015), noise-induced hearing loss (Varela-Nieto et al., 2020), autoimmune hearing loss (Fan et al., 2019), genetic diseases (Zhu et al., 2018; Cheng et al., 2021; Fu et al., 2021a; Lv et al., 2021), age-related hearing loss (He et al., 2021), and ototoxic material hearing loss (Liu et al., 2016, 2021; Gao et al., 2019; Liu W. et al., 2019; Zhang Y. et al., 2019; Zhong et al., 2020; Fu et al., 2021b).

Attention to the treatment of hearing loss has varied, which is influenced by social status, education, and race. For example, nearly two-thirds of United States adults aged 70 years and older are affected by hearing loss, and only 15% of older people use hearing aids (Mamo et al., 2016). At present, the traditional treatment of hearing loss includes drug therapy, hearing aids, and cochlear implant (CI). Systemic administration and intratympanic (IT) steroid injection are much prevalent clinical therapy to restore hearing loss (Ermutlu et al., 2017; Mirian and Ovesen, 2020). Due to the special and complex anatomical structure of the inner ear, the blood–labyrinth barrier (BLB) prevents most drugs in the blood from reaching the inner ear, such as protein, carbohydrate, and other small molecules (Shi, 2016); most of the hearing loss drug treatment is ineffective (Nyberg et al., 2019). Compared to systemic administration, IT injection has been shown to keep high concentrations of steroids in the perilymph and can be used as a substitute or supplement for systemic steroid therapy (Chandrasekhar et al., 2000). However, there are also differences in round window membrane (RWM) size and permeability in IT injection, which makes it difficult to accurately determine the drug concentration for individualized treatment (Goycoolea, 2001).

Hair cells are the mechanical transduction cells in the cochlea, which detect sound through the deflection of mechanosensory stereocilia, and are the most critical cells in the inner ear (He et al., 2017, 2019; Liu Y. et al., 2019; Qi et al., 2019, 2020; Zhou et al., 2020). Once damaged, hair cells only have very limited regeneration ability in mammals, and it is difficult for the new neuron cell to proliferate in a specific site (Cheng et al., 2019; Tan et al., 2019; Zhang S. et al., 2019; Zhang et al., 2020b; Chen et al., 2021). Possibly, hair cells are so fragile that the generation of inflammation in the inner ear can affect hair cell survival, and the protection of these cells is the key to the treatment of hearing loss (Zhang et al., 2020a,c). Because of the limitations of traditional treatment of hearing loss, nanomaterials are more and more likely to appear in the treatment of inner ear diseases as a new type of small medical molecular particles (Liu et al., 2018; Han et al., 2020; Yuan et al., 2021; Zhao et al., 2021). Nanoparticles (NPs) with a diameter of 1–1,000 nm can not only promote the effective concentration time of drugs in vivo, but also carry drugs to specific parts of the cochlea (Pyykkö et al., 2016). NPs have been demonstrated to have high biocompatibility, good degradation, and simple synthesis in the process of diagnosis and treatment (Zha et al., 2016; Shang et al., 2018; Yang et al., 2018; Zhao et al., 2019). Because of this, nanomaterials and their related products have been widely used in drug delivery applications, including cancer treatment, diagnosis, molecular imaging, and other applications (Shaikh et al., 2018; Li D. et al., 2019; Guo J. et al., 2020; Yang et al., 2021). Also, it is possible for nanomaterials to be used in hearing loss with many advantages that have been found in many other diseases’ treatment, such as the regeneration of neural stem cells, the induced differentiation of neurons, and the transmission of some specific active substances in inner ear cells (He et al., 2016; Jiang et al., 2020; Xia et al., 2020; Yang et al., 2020). There are various kinds of medical nanomaterials for hearing loss, such as poly(lactic-co-glycolic-acid) NPs, silica NPs, magnetic NPs, and lipid NPs (Pyykkö et al., 2016). This review aims to summarize the useful nanomaterials emerging in the diagnosis and treatment of hearing loss in recent years.



COMPARISON OF TRADITIONAL MEDICINE TREATMENT AND NANOMEDICINE IN HEARING LOSS

At present, systemic drug delivery and IT injection (Figure 1) are the traditional drug treatments for hearing loss caused by inner ear diseases (Li et al., 2018). Previous studies have reported that systemic administration has been successfully used in the treatment of sudden hearing loss (SHL), autoimmune inner ear disease (AIED), Meniere’s disease, and other inner ear diseases by intravenous, intramuscular, or oral administration (Li and Ding, 2020; Liu et al., 2020). Although the drugs can reach the inner ear through systemic administration, the limited local blood supply and poor penetration of BLB often lead to the local drug concentration lower than the treatment criteria (Nyberg et al., 2019). In order to reach the expected therapeutic effect, large doses of drugs are needed, which often lead to serious ototoxicity. However, high dose of systemic glucocorticoids can lead to hypertension, hyperglycemia, osteoporosis, and immunosuppression, as well as long-term high-dose adrenal suppression (McCall et al., 2010; Stout et al., 2019), which is harmful to human health.
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FIGURE 1. Applications of nanomaterials in hearing loss. (A) Nanoparticles (NPs) can serve in drug delivery systems to the inner ear with intratympanic (IT) injection. (B) Nanomaterials can be used as contrast agents in otologic imaging. (C) Application of nanomaterial in cochlear implants (CIs). Part of the material in Figure is from https://smart.servier.com.


On the other hand, IT injects the drug into the middle ear space, allowing the drug to diffuse to the inner ear through the RWM, bypassing the labyrinthine artery and blood inner ear barrier, which is more efficient than systemic administration and avoids the side effects of high-dose medication (Buniel et al., 2009). Schuknecht (1957) first used IT injection as a means to deliver streptomycin into the inner ear to effectively treat the hearing loss of Meniere’s disease. The drug concentration of IT injection in the inner ear fluid, perilymph, and endolymph was significantly higher than that of oral or non-injection (Jackson and Silverstein, 2002; Buniel et al., 2009). Although IT administration is highly efficient and reduces the toxic and side effects of systemic administration, the concentration of drug reaching the inner ear depends on the dose of drug contacting the RWM circular window membrane of the middle ear, and the difference of RWM permeability will lead to the change of drug retention and elimination rate (Buniel et al., 2009; Lehner et al., 2021), which eventually makes it difficult to formulate a standard for dosing regimen. As a result, it is difficult to achieve precision therapy for hearing loss with traditional medication.

Compared with IT injection of dexamethasone, the products of nanotechnology have great advantages in drug treatment of hearing loss. For example, hydrogel nanomaterials deliver poloxamer 407 loaded with micronized dexamethasone (mDex) to guinea pig round window, which provides sustained release of drugs, increases the total concentration of peripheral blood lymphocytes by about 1.6-fold, and increases the residence time of drugs by about 24-fold. The initial peak concentration of dexamethasone injection before clearance from the lymphatic vessels was within 12 h, while the mDex hydrogel sustained release for 10 days (Wang et al., 2009). This study also demonstrates that mDex delivery using poloxamer 407 led to more homogenous distribution of dexamethasone along the length of the cochlea (Salt et al., 2011; Rathnam et al., 2019). In addition, some natural substances can also be transformed into NPs that promotes the growth of nerve cells or protect cells from inflammatory damage (Lambert et al., 2016), which means there will be more possibilities to find various natural NPs.



NANOMATERIALS IN OTOLOGY IMAGING

As a new medical application of nanomaterials, the nano drug delivery system not only has a wide application in drug transportation of inner ear hearing loss, but also plays a role in clinical diagnosis and treatment of inner ear hearing loss diseases because of its specific penetration, good biocompatibility, and editability (Rathnam et al., 2019). Due to the special anatomical structure of BLB and the highly complex separation of the inner ear region, it is difficult to get enough contrast agents to reach the inner ear (Kayyali et al., 2017). Therefore, conventional Computed tomography (CT) and magnetic resonance imaging (MRI) are not appropriate for the imaging of the microstructure of the cochlea. However, it is difficult for many novel contrast agents with certain biocompatibility or targeting to guarantee the sensitivity and specificity of the inner ear diseases’ diagnosis (Liu et al., 2021).

Superparamagnetic nanoparticles (SPIONs) with good physical properties are characterized by nanocrystalline iron oxide (Fe3O4) or magnetite (γ-Fe2O3) nucleus, with a molecular diameter of 100–300 nm and with a certain biocompatibility (Laurent et al., 2008; Salazar-Alvarez et al., 2008). Therefore, many studies have verified its possibility as a new MRI contrast agent. Ceric ammonium nitrate oxidant stabilized γ-maghemite NPs could be detected in the inner ear using MRI after IT administration in vivo (Zou et al., 2017b). Besides, there are also some NPs such as superparamagnetic magnetohematite (γ-Fe2O3) NPs and lipid NPs that are designed to combine with traditional contrast agents to form chelates that can reflect the distribution of these contrast agents in the cochlea and form visual images (Zou et al., 2017a,b). Some metal ion NPs have great advantages in inner ear structure imaging. For example, the contrast enhancement rate of the new optical contrast agent containing nano silver clusters is more than 90%, and the ear veins can be detected much clearly (Chu et al., 2014; Ray et al., 2014). Interestingly, the nano chelate containing gold proved that the CT imaging effect of the inner ear structure was concentration gradient dependent in a certain range (Zou et al., 2015). These findings may indicate that they can be used as a potential nano template to visualize the cochlear structure in the middle ear granule in the future and to assess whether the drugs reach the designated site by positron emission tomography and MRI in the application of inner ear diagnosis and therapy.



APPLICATION OF NANOMATERIALS IN COCHLEAR IMPLANT

There are more than 324,000 CI users in the world. CI has greatly improved the quality of hearing life of patients with hearing loss. The mechanism of CI in the treatment of hearing loss is related to the connection between the CI electrode array and auditory neurons (Zhao et al., 2020). CI directly injects current into surrounding tissues through the implanted electrode array and maps the frequency of cochlea to location (Danti et al., 2020). Therefore, the emergence of nanotechnology makes significant innovation and progress of the CI electrode array. In order to reduce the damage caused by cochlear implantation, nanomaterials are applied to the corresponding electrode array to improve cochlear signal transmission and promote the growth of auditory nerve cells. Some physical stimulations as well as the influence of the cellular microenvironment are able to regulate cell migration and can direct neurite outgrowth in spiral ganglion neurons (SGNs) preferentially along a certain direction (Guo et al., 2019; Girão et al., 2020; Hu et al., 2021; Wei et al., 2021). More importantly, changes in cell culture environment can help to maintain and promote the electrophysiological properties of the SGNs, regulate the cells’ polarity, promote the area of growth cones, or significantly increase the synapse density of the SGNs (Sun et al., 2016; Yan et al., 2018).

The application of nanomaterials, such as graphene and MXene, can also promote the proliferation and differentiation of neural stem cells in the inner ear, and many ultrastructures can be produced by 3D printing technology or other novel methods, so as to obtain more satisfactory biological characteristics that can be applied in hair cells (Waqas et al., 2017; Fang et al., 2019; Xia et al., 2019; Guo R. et al., 2020; Guo et al., 2021). These new technological products indicate that the application of nanomaterials in cochlea may be conducive to hearing recovery and cell regeneration (Guo et al., 2016; Li G. et al., 2019; Tang et al., 2019). Similarly, biodegradable calcium phosphate hollow nanospheres, used as CI electrode coatings and loaded with neurothrophins, attract the growth of regenerating auditory neuron dendrites through bioactive gels and finally establish direct physical contact between the auditory neurons and the CI electrodes as a result (Li et al., 2017). Carbon nanotubes (CNTs) and micro-textured nano-crystalline diamond can also enhance the transmission of inner ear electrical stimulation by increasing the contact area of the coating, which brings no additional cell damage (Burblies et al., 2016; Cai et al., 2016; Choi et al., 2019).

What is more exciting is that there are also nanomaterials in the cochlea that can be used for a longer time by spontaneous power supply. Some studies have investigated the silver NP microcoil with the micro size by aerosol jet printing. It has been demonstrated that the electromagnetic field generated by this material is not affected by cochlear environment (Sarreal and Bhatti, 2020). The eddy current generated by electromagnetic field can be used to stimulate the nearby tissues, and to improve the spatial resolution of cochlear tissues and CI function (Golestanirad et al., 2018). Some researchers have also developed electrospun piezoelectric polymer nanofibers that can transform sound waves into electrical signals through the possible synergistic effect of piezoelectric and triboelectric, which provides a basis for the development of self-powered small nano cochlea (Viola et al., 2020).

These studies may have paved the way for the development of self-powered nanofibrous implantable auditory sensors, which suggests that more and more nanomaterials may be used in the construction of cochlear materials and cochlear signal transduction technology in the future.



DISCUSSION AND OUTLOOK OF NANOMATERIALS IN THE FIELD OF HEARING LOSS

Nanomaterials and related technology products may not only provide diagnosis and treatment strategies for specific and efficient treatment of hearing loss, but also other inner ear diseases, such as otology tumors and ear inflammation. Furthermore, we can foresee that some types of nanomaterials or nanoproducts may be routinely used in the treatment of hearing loss and other inner ear diseases in the future (Li et al., 2017). Among the applications of nanomaterials in the diagnosis and treatment of hearing loss, researchers pay more attention to the biodegradability of nanomaterials and the ototoxicity in vivo. These substances act on the cells or tissues of the inner ear, which may also have ototoxicity, thus affecting the biological activity of hair cells and the activity of auditory neurons. Although some studies have found that NPs may have ototoxicity in vivo, there is no clear report on the ototoxicity of nanomaterials to humans (Murugadoss et al., 2021).

Previous studies have reported that positively charged NPs can enter the inner ear more easily through RWM, as drug carriers for inner ear diseases or CI materials, but they will produce certain ototoxicity in the process of biodegradation with cell membrane damage, production of reactive oxygen species, hair cell apoptosis, etc. (Yoon et al., 2015; Zhou et al., 2015). The time required for NPs to enter the body is longer than traditional drugs, but the possible effects of long-term residues of these NPs in animals are still unclear (Wang et al., 2009; Ray et al., 2014; Lehner et al., 2021). Therefore, future studies may need to determine whether the components of NPs will accumulate in the inner ear and the effects of these substances on hair cells.

Moreover, the cost of developing and manufacturing NPs for clinical application in the field of inner ear diseases is significantly higher than traditional treatments (Mokoena et al., 2019). Many patients with hearing loss may choose low-cost and convenient IT injection for treatment. Based on the current development of manufacturing technology, the manufacturing difficulty and cost of NPs are greatly overcome by printing technology, and it makes it easier for researchers to edit and manufacture NPs (Zhang et al., 2020d). In the future, we may choose to reduce the manufacturing cost of NPs through 3D printing, reduce the corresponding treatment costs, and try to produce NPs with more functions that are more convenient to be preserved or used. It is difficult to perfectly match the bioactivity of current nanomaterials to the conditions that are required for hair cell growth and proliferation in the inner ear, but it is possible that we may design nanomedicines that can precisely promote the differentiation of stem cells into auditory synesthesia cells, such as inner ear stem cells, mesenchymal stem cells, and pluripotent stem cells. In other words, if these novel nanomaterials can carry certain stem cells into the inner ear that promote stem cell differentiation into hair cells at specific structural locations, it will be a great advance in the treatment of hearing loss with significant hearing recovery.



CONCLUSION

The application of nanomaterials in the diagnosis and treatment of hearing loss diseases is novel and promising. In the future, ideal nanomaterials should be more universal, able to load more therapeutic drugs with various functions, such as preventing rapid degradation, retaining targeting effects, and prolonging the action time in the inner ear. This kind of materials should not only have better efficacy in various diseases of inner ear hearing loss, but also have stronger ear permeability, and ensure no impact or side effects on the human body. Many studies have attempted to deliver drugs, genes, and growth factors to the inner ear in vivo with nanomaterials, and promising results have also been reported. However, we do not know the specific effect of nanomaterials applied in human inner ear. There is still a big gap between basic research and clinical application of nanomaterials, so it is necessary to study the safety and effectiveness of nanomaterials. With the emergence of new biomaterials and the realization of a deeper understanding of inner ear physiology, nanomaterials will have a clearer understanding of the diagnosis and treatment of hearing loss.
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Objective: To investigate the clinical course and genetic etiology of familial temperature-sensitive auditory neuropathy (TSAN), which is a very rare subtype of auditory neuropathy (AN) that involves an elevation of hearing thresholds due to an increase in the core body temperature, and to evaluate the genotype–phenotype correlations in a family with TSAN.

Methods: Six members of a non-consanguineous Chinese family, including four siblings complaining of communication difficulties when febrile, were enrolled in this study. The clinical and audiological profiles of the four siblings were fully evaluated during both febrile and afebrile episodes, and the genetic etiology of hearing loss (HL) was explored using next-generation sequencing (NGS) technology. Their parents, who had no complaints of fluctuating HL due to body temperature variation, were enrolled for the genetics portion only.

Results: Audiological tests during the patients’ febrile episodes met the classical diagnostic criteria for AN, including mild HL, poor speech discrimination, preserved cochlear microphonics (CMs), and absent auditory brainstem responses (ABRs). Importantly, unlike the pattern observed in previously reported cases of TSAN, the ABRs and electrocochleography (ECochG) signals of our patients improved to normal during afebrile periods. Genetic analysis identified a compound heterozygous variant of the OTOF gene (which encodes the otoferlin protein), including one previously reported pathogenic variant, c.5098G > C (p.Glu1700Gln), and one novel variant, c.4882C > A (p.Pro1628Thr). Neither of the identified variants affected the C2 domains related to the main function of otoferlin. Both variants faithfully cosegregated with TSAN within the pedigree, suggesting that OTOF is the causative gene of the autosomal recessive trait segregation in this family.

Conclusion: The presence of CMs with absent (or markedly abnormal) ABRs is a reliable criterion for diagnosing AN. The severity of the phenotype caused by dysfunctional neurotransmitter release in TSAN may reflect variants that alter the C2 domains of otoferlin. The observations from this study enrich the current understanding of the phenotype and genotype of TSAN and may lay a foundation for further research on its pathogenesis.

Keywords: temperature sensitive, auditory neuropathy, variant, OTOF, otoferlin, genotype phenotype correlation, hearing loss


INTRODUCTION

Auditory neuropathy (AN), which is a clinical disorder featuring auditory processing dysfunction, is characterized by normal outer hair cell (OHC) function in the cochlea and abnormal neural function at the level of the inner hair cells (IHCs), the cochlear nerve, or their junction. Patients with AN commonly have normal otoacoustic emissions (OAEs) and cochlear microphonics (CMs) but absent or severely abnormal auditory brainstem responses (ABRs). Pure-tone audiometry can vary widely from normal hearing thresholds to profound hearing loss (HL). Acoustic reflexes (ARs) are often absent, and speech recognition is worse than would be predicted from the pure-tone thresholds, particularly in ambient noise (Starr et al., 1996). Although individuals with AN retain OHC function, they usually have impaired neural coding of sound stimuli as a result of lesions involving the auditory nerve itself, the IHCs and/or their synapses or auditory cortex abnormalities (Kaga et al., 1996). Accordingly, the terms “auditory synaptopathy” and “auditory neuropathy” are applied to this disease when it is due to synaptic and neural deficits, respectively (Moser and Starr, 2016).

Among patients with sensorineural HL, AN accounts for 0.5–15% of cases (Madden et al., 2002; Sanyelbhaa Talaat et al., 2009; Gohari et al., 2019), with a prevalence of approximately 0.23% in at-risk children (Rance et al., 1999); however, the diverse etiologies of AN are only beginning to be characterized. Genetic factors and the effects of a wide range of other etiologies (anoxia, certain infectious diseases, and hyperbilirubinemia) are estimated to account for 42 and 10% of all cases of AN, respectively, and the remaining 48% of cases lack a defined etiology (Starr et al., 2000, 2008). All forms of AN may be present in isolation (non-syndromic AN) or with multisystem involvement, including peripheral and/or optic neuropathies as well as various central nervous system (CNS) disorders (syndromic AN) (Santarelli, 2010).

Due to the distinct clinical and pathological features of non-syndromic AN (NSAN), its diagnosis mainly relies on audiological measures and electrophysiological tests along with ancillary methods, such as OAEs, acoustic immittance, temporal bone high-resolution computed tomography (HRCT) and magnetic resonance imaging (MRI). Pure-tone audiometry enables the degree, type, and configuration of HL to be identified. In addition to revealing impaired speech perception that is out of proportion to HL, electrophysiological tests [including ABRs and electrocochleography (ECochG)] and OAEs can assist in identifying the sites of the lesions along the auditory pathway since dysfunction of the auditory nerve, IHCs and/or IHC ribbon synapses [absent/abnormal ARs, ABRs, and action potential (AP) on ECochG] is accompanied by preserved OHC measurements (OAEs and/or CMs) (Santarelli, 2010). Furthermore, HRCT and MRI approaches have become effective methods for identifying possible structural or inflammatory abnormalities of the auditory nerve and auditory pathway that cause HL (Sharma et al., 2018). Therefore, when diagnosing AN, both imaging modalities are powerful methods for ruling out any organic lesions.

Temperature-sensitive auditory neuropathy (TSAN) is a very rare form of NSAN with distinct phenotypes. The most striking feature of TSAN is that patients present with transient HL after a rise in the core body temperature. This disorder was first described by Gorga et al. (1995) in a child with recurrent but completely reversible HL during febrile conditions. Clinical examinations showed that poor speech understanding emerged earlier than pure-tone HL and resolved more slowly than the loss of auditory function. Tests of cochlear function, including OAEs and ECochG, were normal; however, all the tests related to central connections within the brainstem, such as ARs, ABRs, and mechanically evoked trigeminofacial reflexes, were abnormal regardless of whether auditory function was normal or impaired at the time. Moreover, the middle-latency responses and auditory late potentials appeared normal. The authors predicted that the site of the lesion was the brainstem, rather than the peripheral nervous system or higher levels in the auditory pathway. Three years later, Starr et al. (1998) identified three children—two siblings and an unrelated child—who carried similar phenotypes, as confirmed by tests performed in both febrile and afebrile states. Two of the three children may have had a summating potential (SP), the existence of which was not examined in the first reported patient. Furthermore, all three patients had mild HL either at all frequencies or specifically at low frequencies when afebrile. In addition, one patient showed abnormal median sensory nerve conduction. The authors proposed that the patients’ transient deafness resulted from a demyelinating disorder of the auditory nerve and concluded that the reported cases represented an atypical form of AN, which was termed TSAN. Examples of both sporadic and familial TSAN have been described (Cianfrone et al., 2006; Varga et al., 2006; Madanoglu and Derinsu, 2007; Marlin et al., 2010; Dimitrijevic et al., 2011; Matsunaga et al., 2012; Wynne et al., 2013; Kaga, 2016; Zhang et al., 2016). Although fever-associated HL is reversible and OAEs are always normal, all reported cases have two abnormal auditory findings in common: ABRs and ARs are abnormal during both febrile and afebrile episodes. Further research revealed that variants of the OTOF gene are the main cause of this disease (Varga et al., 2006; Romanos et al., 2009; Marlin et al., 2010; Wang et al., 2010; Matsunaga et al., 2012; Zhang et al., 2016).

The pathogenic mechanism of TSAN is only beginning to be understood. To date, only one study performed by Strenzke et al. (2016) successfully built an OtofI515T/I515T mutant mouse model, which exhibited a similar severity of HL to that in humans. Further research revealed that impaired exocytosis at hair cell ribbon synapses due to abnormal synaptic vesicles caused by Ile515Thr-otoferlin was the main pathogenic mechanism of TSAN. Notably, the mutant mice failed to show more severe hearing loss at high body temperatures, unlike the patients. The authors concluded that the lack of a human RXR motif (20 amino acids), which is thermally sensitive in mice, was the cause of inconsistent phenotypes between mutant mice and TSAN patients. However, TSAN patients are rare, the relationship between the severity of phenotypes and variants of the OTOF gene is still unclear, and clinical tests have never detected any demonstrable structural lesion or underlying mechanism to explain this uncommon type of HL.

Herein, we describe a TSAN-afflicted family with a distinctive pattern of phenotypic and genetic features. Four siblings, including a pair of identical twins, were examined in our clinic, and diagnosed with TSAN. Using next-generation sequencing (NGS) technology, we identified two compound heterozygous variants of the OTOF gene that are associated with TSAN. These data reveal genotype–phenotype correlations in TSAN, providing an improved understanding of the diagnostic features and natural history of this disease.



MATERIALS AND METHODS


Subjects

In 2016, a 13-year-old boy with normal-hearing parents visited our clinic. The boy complained of hearing difficulty and poor speech discrimination only when his body temperature was high due to influenza or other causes. His family history revealed that his three brothers (including a twin brother) had similar complaints. Six individuals from this family were enrolled in the study (Figure 1). Detailed medical histories of the four siblings were obtained, and otologic and hearing evaluations of the four patients were performed during both afebrile and febrile states. Their parents were enrolled for the genetics portion only because neither parent complained of fluctuating HL when their body temperature varied. Vestibular function was not evaluated. Body temperature was measured at the axilla using a clinical mercury thermometer (Yuwell, Nanjing, China). Two hundred unrelated, ethnicity- and age-matched individuals (100 males and 100 females) with normal hearing were recruited as normal controls to rule out genetic polymorphisms.
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FIGURE 1. Pedigree and variants of the OTOF gene found in the family. (A) Pedigree and distribution of OTOF variants. Filled symbols represent affected individuals. Circle indicates female and squares indicate males. The two variants are shown in different colors. “–” and “+” represent variant and wild-type OTOF, respectively. (B) Electropherograms showing the two heterozygous OTOF variants (in the reverse direction). The positions of variants are indicated by red arrows.


The study was approved by the institutional ethics review board, including committees of medical ethics at the Nanfang Hospital, the Chinese PLA General Hospital, and the Lanzhou University Second Hospital. After written informed consent was obtained from all subjects included in the study or their guardians, genomic DNA (gDNA) was collected from the peripheral blood of all participants using standard procedures.



Auditory Function Examination

All hearing evaluations, including pure-tone and speech audiometry, acoustic immittance, ABRs, ECochG, and distortion product otoacoustic emissions (DPOAEs), were performed according to standard clinical methods in a magnetically shielded and sound-attenuated room in the Department of Otolaryngology, Head and Neck Surgery, Nanfang Hospital, Southern Medical University, Guangzhou, China. Furthermore, imaging examinations, including thin-slice temporal bone HRCT scans and MRIs, were performed when the patients were febrile and afebrile.


Audiometric and Acoustic Immittance Tests

Air- and bone-conduction pure-tone audiometry was performed at octave frequency intervals in the range of 0.125–8 kHz for both ears using a GSI AudioStar Pro audiometer (Grason-Stadler Inc., Eden Prairie, MN, United States). The pure-tone average over four frequencies (0.5, 1, 2, and 4 kHz) from the better-hearing ear was used for data analysis. The severity of HL was graded as normal (0–25 dB HL), mild (26–40 dB HL), moderate (41–55 dB HL), moderately severe (56–70 dB HL), severe (71–90 dB HL), or profound (>90 dB HL) (Schlauch and Nelson, 2015). Speech audiometry measures included the speech reception threshold (SRT) and monosyllabic speech discrimination score (SDS) at 40 dB SL or less above the SRT or at the maximum level (100 dB HL) of the audiometer, depending on the patient’s hearing threshold and the highest comfortable level, especially during periods of elevated thresholds. Mandarin speech test materials (MSTM) were used to evaluate speech recognition under quiet conditions. Speech recognition tests were conducted in noise using a 10 dB signal-to-noise ratio at the baseline test. Speech testing in noise was not evaluated upon follow-up testing due to patient reports of discomfort from the noise levels used. Acoustic immittance measurements (including tympanometry and AR) were performed using an Interacoustics AT235h Impedance Audiometer (Middelfart, Denmark). The outcomes of a tympanogram with a 226 Hz probe tone were categorized as either type A, B, or C and accompanied by a cutoff negative pressure for type C at -100 daPa, as defined in the Jerger classification system (Jerger, 1970). ARs were measured ipsilaterally and contralaterally to the stimulated ear at frequencies of 0.5, 1, 2, and 4 kHz.



Electrophysiological Measures

Auditory brainstem responses and ECochG signals were recorded using the IHS SmartEP system (Intelligent Hearing Systems, Miami, FL, United States) with ER-3A insert earphones (Etymotic Research, Elk Grove Village, IL, United States). Click stimuli with a duration of 0.1 ms, which were separated into condensation (C) and rarefaction (R) clicks, were monaurally presented at a repetition rate of 19.3 clicks/s for ABRs and 7.1 clicks/s for ECochG. Furthermore, CMs were measured during the ABRs by examining responses to opposite-polarity stimuli, whereas ECochG was used to examine SP and AP.

Auditory brainstem responses were differentially recorded using alternating polarities, and 1,024 sweeps were averaged and analyzed using a 12-ms epoch (time window) with filtering at 100–1,000 Hz. To better evaluate and monitor the processes of auditory function recovery, stimuli were presented at the maximum level (100 dB nHL) and reduced in 10-dB steps until there was no response. For every condition, at least two replication trials were performed. ABRs were interpreted as having a CM when (1) there was a short latency (approximately 0.8 ms) or no latency shift was observed with variations in the stimulus level (Shi et al., 2012), (2) the response appeared before the normal ABR waveform, (3) the phases were inverted upon the reversal of stimulus polarities (rarefaction and condensation), and (4) clamping of the acoustic conduction tube eliminated the responses. When these criteria for CMs were met, the CM amplitude was enhanced by subtracting the average separate responses to C and R stimuli (C - R) instead of adding the traces (C + R), which resulted in the elimination of CMs.

Tympanic ECochG was performed with a wick electrode (Lilly, Miami, FL, United States) placed against the unanesthetized tympanic membrane (TM) under direct microscopic visualization. To obtain better performance, the clicks used as acoustic stimuli were also delivered at different intensity levels decreasing in 10-dB steps from a maximum intensity of 100 dB nHL to allow visual detection of the AP and SP. For the AP and SP recordings, 512 sweeps with separate opposite click polarities (C and R) as well as alternating polarities (within a single test run) were averaged using an epoch of 5 ms (including 1 ms prestimulus time) and a filter setting of 100–1,500 Hz. The AP and SP amplitudes and the SP/AP amplitude ratio were analyzed accordingly regarding the amplitude recorded. The SP/AP amplitude ratio was defined as enhanced when it was ≥0.4, in accordance with a proposed classification (Ohashi et al., 2009).



Distortion Product Otoacoustic Emission Test

Distortion product otoacoustic emissions were tested using a GSI Audera system (Grason-Stadler Inc., Eden Prairie, MN, United States). DPOAEs were evaluated in quarter-octave bands from 500–8,000 Hz using a frequency (F) ratio F2/F1 = 1.22 with levels (L2 and L1) of 65- and 55-dB SPL. When emissions were present at 60% or more of the test frequencies, DPOAE was defined as present; otherwise, it was defined as absent.



Test Frequency

Patients enrolled in this study were followed up for 3 years at the local hospital. Hearing tests were performed daily during febrile episodes and then repeated every day within the first week (when possible) after each febrile event as well as one month later and every 6 months thereafter (Figure 2). Otitis and other causes of HL were first excluded during these febrile episodes by physical and imaging examinations.
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FIGURE 2. Timeline of the episodes and tests described in the present study. FE, febrile episode; RE, recovery episode; AE, afebrile episode; wk, week; mo, month. *Not available in some days during this period. The axis indicates the timeline from the year 2016 to the year 2019. The phrase “body temperature increased” indicates a round of hearing fluctuation due to a febrile episode. During the follow-up period, the proband experienced three febrile episodes, whereas each of the other three patients experienced only one. Tests were completed at each time point during each febrile episode.




Analysis of Clinical Features

To better interpret clinical presentations and diagnostic evaluations, we divided the course of each febrile event into three separate periods, i.e., the febrile episode, the recovery episode and the afebrile episode, referring to the day(s) when the patient had a fever, the first 6 days after body temperature recovery, and the period beginning 1 week after body temperature recovery, respectively (Figure 2). The results were calculated and plotted using the Origin 8.5 package (OriginLab Corp., Northampton, MA, United States). Data are presented as the mean ± SEM (standard error of the mean).




Genetic Analysis


Determination of Twin Zygosity

To confirm whether the twin brothers were identical or fraternal, the AGCU 17 + 1 STR Kit (AGCU ScienTech Inc., Wuxi, China), which is composed of 17 autosomal unlinked loci and the sex-determining marker amelogenin, was used to determine the twin zygosity. The autosomal loci included D3S1358, D13S317, D7S820, D16S539, Penta E, TPOX, TH01, D2S1338, CSF1PO, D19S433, vWA, D5S818, FGA, D6S1043, D8S1179, D21S11, and D18S51. Polymerase chain reaction (PCR) amplification, sample preparation, and electrophoresis were performed in accordance with the manufacturers’ instructions (Fan et al., 2012). Briefly, gDNA (0.5–2.0 ng) from the two twin brothers was added to the reaction mix along with HotStart C-Taq DNA polymerase and 17 + 1 fluorescently labeled primers to give a final volume of 10 μL for PCR (conditions not shown). The targeted products were analyzed using an ABI 3130XL Genetic Analyzer (Applied Biosystems, Foster City, CA, United States). Genotypes were validated by comparing the sizes of the unknown fragments to the allelic ladders provided by the kit.



Targeted Next-Generation Sequencing

After the common deafness genes (GJB2, SLC26A4, and MT-RNR1) had been excluded by direct sequencing (Du et al., 2014), NGS technology was applied to identify the causative gene in this family.

For targeted capture and massively parallel sequencing (MPS), the qualified gDNA of the proband (II-4) was randomly sheared using the Covaris S2 Focused Ultrasonicator (Covaris, Massachusetts, MA, United States) to an average fragment size of 350–400 bp. The fragments were then end-repaired, ligated to adapters, and analyzed using an Agilent 2100 Bioanalyzer. All exons and flanking intronic regions of 159 deafness-related nuclear genes, 6 deafness-related mitochondrial regions, and 3 miRNAs (Supplementary Tables 1–3) were captured using a GenCap kit (MyGenostics, Beijing, China). The captured sequences were analyzed by high-throughput sequencing using a NextSeq 500 next-generation sequencer (Illumina Inc., San Diego, CA, United States).

To identify modifier genes for the phenotypic manifestation of TSAN-associated OTOF variants, we performed whole-exome sequencing (WES) of DNA from the proband (II-4). For WES confirmation, fragment libraries were prepared using the Nextera Rapid Capture kit (Illumina). The gDNA fragments were end-repaired and purified in accordance with the manufacturer’s protocol. The Nimblegen SeqCap EZ Exome v3.0 (64 Mb) Kit (Roche, Madison, WI, United States) was used to capture exons after the manufacturer’s protocols, and these exons were then sequenced on the HiSeq XTen PE150 platform (Illumina).



Bioinformatics Analysis

Next-generation sequencing data from the two procedures were analyzed using an in-house bioinformatics pipeline, as we previously described (Yuan et al., 2020). Briefly, qualified reads were obtained after low-quality data were filtered out from the raw data using the Cutadapt program (Martin, 2011) and were then mapped to the human reference genome (GRCh37/hg19) using the program Burrows-Wheeler Aligner (BWA).1 Subsequently, the Genome Analysis Toolkit (GATK) program was used to call single-nucleotide variants (SNVs) and insertions or deletions (indels). The SNVs and indels were annotated using public databases (including the 1000 Genomes, gnomAD/ExAC, ClinVar, HGMD, and ClinGen databases and the Deafness Variation Database) and in-house databases according to the ACMG/AMP guidelines for genetic HL (Oza et al., 2018).



Variant Confirmation and Screening

The suspected candidate variants were confirmed by Sanger sequencing, and the responsible variants were identified based on co-segregation analysis with the TSAN phenotype among the family members. The primer sequences and PCR conditions are available upon request. Finally, the detected variants were screened in the control group to discard polymorphisms and explore the allele frequencies according to recessive inheritance patterns.



Evolutionary Conservation and Molecular Model Analyses

Evolutionary conservation was evaluated across 11 organisms using Clustal X 2.1 (Larkin et al., 2007). To analyze the effects of the two identified OTOF variants, the three-dimensional (3D) structures of otoferlin and its p.Pro1628Thr and p.Glu1700Gln mutants were modeled using AlphaFold (Jumper et al., 2021). The molecular data obtained by homology modeling were represented using the PyMOL 2.5 molecular graphics system.2





RESULTS


Clinical Data and Audiological Findings

Four siblings were clinically diagnosed with non-syndromic TSAN based on auditory evaluations, medical histories, and physical examinations. The relationship among the siblings is shown in Figure 1. They complained of hearing impairment and a poor ability to discriminate speech during each febrile episode. This phenotype of TSAN was associated with communication difficulties secondary to poor auditory function during febrile episodes, and speech recognition abilities recovered immediately when the core body temperature returned to normal. Although general physical examinations identified no structural or developmental abnormality in any of the four siblings, audiometry results showed that their SDSs improved more rapidly than other test results, such as those for ECochG signals and ABRs. Interestingly, pure-tone thresholds improved from mild HL during the febrile condition to normal levels during the afebrile periods (Figure 3 and Table 1), while CMs were present during all test conditions (Table 1). Moreover, the follow-up audiometry assessments, except for the continued absence of ARs, showed improvement to normal levels during afebrile episodes. Importantly, HRCT and MRI scans failed to show any structural or inflammatory abnormalities or abnormal contrast enhancement of the ear (including the outer, middle, and inner ear), auditory nerve or brain, such as tympanitis, acoustic neuromas or brainstem tumors, in febrile or afebrile episodes. Notably, their unaffected parents without similar complaints had clinically normal hearing ability and were able to recognize speech.


[image: image]

FIGURE 3. Pure-tone audiometry of the four patients during the three episodes. Since no air-bone gap was found, only pure-tone air-conducted thresholds for the better ear for each patient are shown. Patients experienced mild sensorineural hearing loss during each febrile episode (FE), but hearing returned to normal in the recovery episode (RE) and remained normal in the afebrile episode (AE). The hearing threshold at each frequency is shown as the mean ± SEM of the air-conduction threshold. N: number of test events.



TABLE 1. Overview of genotype–phenotype correlations of OTOF variants in the TSAN patients identified in the present study or previous studies.
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During the 3-year follow-up period, the proband suffered from three episodes of “poor hearing,” while his three brothers experienced one episode each. Audiological tests revealed that all four brothers had the same pattern of hearing fluctuation. Because of the different auditory phenotypes and test results for the different periods, the results from the febrile, recovery and afebrile periods are shown separately (Table 2).


TABLE 2. Clinical features of four brothers with temperature-sensitive auditory neuropathy.
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Febrile Manifestations

The pure-tone thresholds were not consistent with those of SDSs or the electrophysiological examinations of the cochlea. During febrile episodes, the pure-tone thresholds of the four patients indicated bilateral sensorineural mild HL (Figure 3), but the average SDSs were very low, varying from 4 to 15% under quiet conditions (Table 2). The tympanograms were type C for the proband but type A for the other patients, and ARs (both the ipsilateral and contralateral sides) were consistently absent for both ears from 500 to 4,000 Hz (Table 2). Bilateral DPOAEs were absent in the proband but present in the other three brothers (Table 2). The neural components of the ABR and the ECochG (AP) were unanimously absent during febrile episodes (Figure 4). In contrast, CMs were observed bilaterally in response to a stimulus presented at 100 dB nHL (Table 2 and Figure 4).
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FIGURE 4. Recordings of the auditory brainstem responses (ABRs), cochlear microphonics (CMs), and electrocochleography (ECochG) waveforms of the proband (II-4) during the three episodes. FE, febrile episode; RE, recovery episode; AE, afebrile episode. For each episode, the upper and lower panels represent the ABRs and CMs and ECochG signals, respectively. The number 100 indicates the click stimulus level. “A” indicates ABRs, and “C” and “R” represent the condensation and rarefaction polarity click responses, respectively. CMs can be identified according to the inverted phases of C and R responses. Waves I, III, and V are marked. The changes in ABRs and CMs differ. ABRs were gradually restored, i.e., absent (FE), then abnormal (with an elevated threshold and prolonged latency) (RE), and finally, almost normal (AE). However, CMs were persistently present, although some were of low amplitude. AP and SP represent the action potential and summating potential, respectively. ECochG signals were absent under febrile conditions (FE). Notably, the results appear show neuroelectric activity and possibly the CMs rather than ECochG. During the RE, the SP/AP amplitude ratios were >0.4. During the AE, the SP/AP amplitude ratios were <0.4, indicating a recovery of auditory function.




Recovery Manifestations

During the recovery period, auditory function improved, but it did so at variable rates. Pure-tone audiometry and SDS returned to normal quickly, whereas the ABRs and ECochG signals progressed from absent to abnormal before recovering to normal (Table 2 and Figure 4). The SDSs exhibited faster recovery than the metrics of the other audiological tests. Although the DPOAEs and tympanograms of the proband transitioned to present and type A, respectively, those of his brothers remained normal (present DPOAEs and type A tympanograms) (Table 2). The ARs and CMs of all four patients were absent and present, respectively.



Afebrile Manifestations

During afebrile episodes, audiological tests showed consistent normal results in pure-tone audiometry, SDSs, DPOAEs, ABR, and ECochG along with absent ARs (Table 2 and Figures 3, 4). These results indicated that the auditory function of all patients recovered despite the continued absence of ARs.




Genetics Analysis


Determination of Twin Zygosity

All 18 loci investigated with the AGCU 17 + 1 STR Kit showed a consistent allelic pattern; therefore, the twin boys were concluded to be monozygotic (identical) (Supplementary Table 4). The 18 investigated loci provided a matching probability high enough to assume that the results were accurate and reliable (Fan et al., 2012).



Targeted Next-Generation Sequencing and Data Analysis

To identify the cause of HL in the family, we first performed targeted NGS analysis to identify the possible variant(s) present in the proband. For MPS, the coverage and average read depth of the targeted regions were 98.26% and 350-fold, respectively. Of the 496 identified variants (Supplementary Table 5), seven candidate variants remained after filtering (Supplementary Table 6). For WES, the data mapped to the targeted region had a mean depth of 194.57-fold, and the coverage of the targeted bases was 99.19% at a depth of 4×, 98.11% at a depth of 10×, and 96.15% at a depth of 20×. A total of 64,940 variants remained after we filtered out those with allele frequencies greater than 5% in the 1000 Genomes, gnomAD/ExAC and in-house databases. For further analysis, we focused only on variants in splicing and coding regions. After completing this filtering process, we identified 1,381 variants (Supplementary Table 7). Finally, seven variants remained after referring to the variation databases [ClinVar, HGMD and Online Mendelian Inheritance in Man (OMIM)] and literature (Supplementary Table 8). Under the autosomal recessive mode of inheritance, two variants in two genes (MHN14 and OTOF) from both sequencing processes were selected for further analysis. Notably, we failed to identify any known gene carrying a compound heterozygous or homozygous variant using WES.



Variant Validation and Analysis

Using PCR-Sanger sequencing technology, variants in both MYH14 (c.1133C > T and c.1301A > G, RefSeq: NM_001145809.1) and OTOF (c.5098G > C and c.4882C > A, RefSeq: NM_194248.2) genes were validated. The results revealed that only the two variants of the OTOF gene completely co-segregated with deafness in this family. In the three cases (with the identical twin brothers regarded as representing one case) involving subjects who were TSAN patients, the subjects were compound heterozygotes for the two variants, and both parents were unaffected and heterozygous (Figure 1). The c.5098G > C variant, which occurred in exon 40 and was inherited from the unaffected mother (I-2), resulted in a glutamic acid-to-glutamine substitution at position 1,700 and has been previously reported as a pathogenic allele (Chiu et al., 2010; Chen et al., 2018; Qiu et al., 2019; Wu et al., 2019). The other variant, c.4882C > A, which was located in exon 39 and passed on from the clinically normal father (I-1), resulted in a single amino acid change from a proline to a threonine at position 1,628 in otoferlin. This variant was first identified in this study and has a high Rare Exome Variant Ensemble Learner (REVEL) score (0.742) and a very low allele frequency in the public database ExAC (8.67 × 10–6). Furthermore, both variants were located at conserved amino acid positions of the otoferlin protein (Figure 5A). Based on these results, the phenotypes of the family, and the ACMG/AMP rules for recessive HL, the novel variant (c.4882C > A) was classified as pathogenic according to the standards of PS4, PM2, PM3, PP1_Strong, PP3 and PP4 (Oza et al., 2018). The patient’s phenotypes and the detected variants have been deposited into ClinVar under accession numbers SCV001787151 and SCV001787152.
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FIGURE 5. Results of evolutionary conservation and molecular model analyses. (A) Amino acid conservation analysis. Protein alignment shows that the Pro1628 (left) and Glu1700 (right) residues of otoferlin are highly conserved across 11 organisms. The two positions of Pro1628 and Glu1700 are indicated by red stars. (B) Molecular models of wild-type (WT) (left column) and missense variants (right column) in otoferlin. The variant p.Pro1628Thr was found to perturb an amino acid chain and generate an extra hydrogen bond within the mutant p.Thr1628 (upper row). The variant p.Glu1700Gln likely perturbs an amino acid side chain and has lost the hydrogen bonds between p.Glu1700 and p.Leu1704 (lower row).




Variant Screening

Both variants identified in this study were absent in 200 normal-hearing controls matched for Chinese ethnicity, suggesting that OTOF was the causative gene of the autosomal recessive trait in this family.



Results of Evolutionary Conservation and Molecular Modeling

The positions of both Proline1628 and Glutamic acid1700 in otoferlin are conserved across 11 organisms (Figure 5A). 3D structural analysis revealed that both variants were likely to perturb amino acid (side) chains (Figure 5B).





DISCUSSION

In the mammalian inner ear, hair cells (HCs) transform mechanical vibrations into electrical signals (Wang et al., 2017; He et al., 2019; Liu Y. et al., 2019; Qi et al., 2019, 2020; Jiang et al., 2020; Zhou et al., 2020), and spiral ganglion neurons (SGNs) function as electric signal-transduction cells (Sun et al., 2016; Liu et al., 2018, 2021; Guo et al., 2019, 2020, 2021; Zhao et al., 2019). While supporting cells function as potential resources to regenerate HCs after damage (Lu et al., 2017; Zhang et al., 2017; Tan et al., 2019; Zhang S. et al., 2019, 2020; Zhang Y. et al., 2020; Chen et al., 2021). Sensorineural hearing loss has many etiologies, varying from genetic defects (Zhu et al., 2018; Fang et al., 2019; Yang et al., 2019; Qian et al., 2020; Cheng et al., 2021; Fu et al., 2021a; Lv et al., 2021; Zhang et al., 2021) to environmental factors, including aging (Zhang et al., 2017; Fu et al., 2018; Li H. et al., 2018; He et al., 2020, 2021), noise and ototoxic drugs (Liu et al., 2016; He et al., 2017; Li A. et al., 2018; Zhang Y. et al., 2019; Gao et al., 2020; Zhong et al., 2020; Fu et al., 2021b). TSAN is a rare phenotype with high clinical heterogeneity, manifesting as transient bilateral HL due to an increase in the core body temperature. The transient, conditional nature of this HL makes diagnosis challenging. In the present study, the diagnosis of AN was based on normal CM responses and abnormal ABRs during febrile episodes, although the tympanometry and AR measurement results were abnormal in one of four cases at the beginning of febrile episodes. However, further audiometric evaluations showed that the patients’ behavioral thresholds, ABRs, and ECochG signals recovered to normal during afebrile episodes. Unlike other patients with TSAN or other forms of AN, the ECochG pattern in our patients during afebrile episodes was reversible, suggesting that auditory function almost completely recovered, although ARs continued to be absent. Therefore, certain exceptions to the usual features of AN often need to be considered when making a diagnosis, as 40% of affected individuals have abnormal rather than absent ABRs, ARs are sometimes present at elevated thresholds rather than being absent, and OAEs are absent in approximately 30% of AN patients upon retesting (Starr et al., 2001, 2008). In the present study, the proband’s abnormal DPOAEs with a type C tympanogram and absent ARs during the febrile state were very likely attributable to dysfunction of the middle ear rather than OHC and not related to TSAN, although no abnormality was detected in physical or neuroimaging examinations. More notably, however, negative middle ear pressure should result in a retracted TM, which may or may not be observable upon physical examination, depending on the experience of the person conducting the examination, the amount of negative pressure, and the use of a standard otoscope versus microscopic examination of the TM. Furthermore, imaging studies will not show a retracted TM as an isolated finding. In contrast, his twin brother (II-3) showed consistent normal DPOAEs and a type A tympanogram, regardless of the body temperature, although they shared the same genotype. However, the changes in CMs and ABRs during each febrile event in the twins were the same, indicating that both tests are more reliable than others when diagnosing AN, especially when DPOAEs and tympanograms differ among patients in the same family. Consequently, present CMs with absent ABRs are recommended to diagnose AN (Mittal et al., 2012). Therefore, patients in this study were diagnosed with AN when febrile despite the recovery of their auditory function after fever.

Although several genes are involved in AN, only mutations of the OTOF gene are responsible for TSAN (Del Castillo and Del Castillo, 2012). To date, five loci (including four identified genes) and six genes are known to be associated with NSAN: DFNB9 (OTOF gene), DFNB59 (PJVK gene), and GJB2 for autosomal recessive AN; AUNA1 (DIAPH3 gene), AUNA2 (undefined gene), SLC17A8, PCDH9, DIAPH1, and TMEM43 for autosomal dominant AN; DFNX5 (AIFM1 gene) for X-linked recessive AN; and mitochondrial 12S rRNA (T1095C) (Varga et al., 2003; Cheng et al., 2005; Wang et al., 2005; Delmaghani et al., 2006; Ruel et al., 2008; Santarelli et al., 2008; Grati et al., 2009; Schoen et al., 2010; Zong et al., 2015; Lang-Roth et al., 2017; Wu et al., 2020; Jang et al., 2021). However, variants of the OTOF gene have been shown to be major contributors to NSAN (Varga et al., 2006; Rodríguez-Ballesteros et al., 2008; Romanos et al., 2009; Chiu et al., 2010; Wang et al., 2010). Moreover, DNA variations in OTOF differ among regions and ethnic populations (Rodríguez-Ballesteros et al., 2008; Del Castillo and Del Castillo, 2012; Matsunaga et al., 2012; Almontashiri et al., 2018). Two families with familial TSAN have been shown to carry OTOF variants. The first family was reported by Starr et al. in 1998 (Starr et al., 1998). Varga et al. (2006) showed that in this family, the two siblings with TSAN carried a heterozygous c.1544T > C (p.Ile515Thr) variant in the OTOF gene (Varga et al., 2006). This variant was inherited from their unaffected father and was absent in their mother and maternal siblings, and it is known to contribute to profound prelingual HL in humans and TSAN or NSAN in mouse models (Mirghomizadeh et al., 2002; Strenzke et al., 2016; Michalski et al., 2017). Further study revealed that the other mutant allele containing c.3346C > T (p.Arg1116Ter) in the OTOF gene (Strenzke et al., 2016). The second familial TSAN cluster was found in a consanguineous family with three members carrying a homozygous p.Glu1804del variant (Marlin et al., 2010). Furthermore, several sporadic cases of TSAN have been reported to be caused by variants in the OTOF gene (Romanos et al., 2009; Matsunaga et al., 2012; Zhang et al., 2016). To date, a total of nine variants of the OTOF gene have been identified as associated with TSAN (Table 1 and Figure 6A). In this study, we reported a third cluster of familial TSAN, which includes three cases with two variants of the OTOF gene (which encodes otoferlin protein), c.5098G > C (p.Glu1700Gln) and c.4882C > A (p.Pro1628Thr). The reasons why both variants were considered part of the cause of TSAN in this family are as follows: (1) both are missense variants affecting residues that are completely preserved among different species; (2) p.Glu1700Gln has been shown to be pathogenic (Chiu et al., 2010; Chen et al., 2018; Qiu et al., 2019; Wu et al., 2019); (3) p.Pro1628Thr, which is reported here for the first time, was absent in 200 normal controls and has a very low allele frequency in a public database (8.67 × 10–6 in ExAC); and (4) both variants strongly co-segregated with the TSAN phenotype.
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FIGURE 6. Amino acid variants in otoferlin and possible mechanisms of otoferlin-dependent exocytosis in the inner hair cell (IHC) ribbon synapses of different temperature-sensitive auditory neuropathy (TSAN) patients. (A) Locations of otoferlin protein variants identified in TSAN patients. The numbers indicate the domain boundaries of otoferlin. The orange boxes indicate calcium-binding domains C2A through C2F, whereas the light-blue box indicates the transmembrane domain (TMD). Eleven variants have been found to be associated with TSAN, of which three variants (p.Gly614Glu, p.Glu1700Gln and p.Pro1628Thr) do not affect any otoferlin C2 domain. Two variants identified in this study (p.Glu1700Gln and p.Pro1628Thr) are shown in red. (B) Abnormal neural representation of sounds due to the dysfunction of synaptic transmission caused by OTOF variants in normal-hearing and TSAN patients. (a) Normal auditory function with normal synaptic transmission between IHCs and spiral ganglion neurons (SGNs). (b) TSAN patients with one or two C2 domain-affecting variants (CAVs) showed persistent partial dysfunction of all IHC–SGN synapses even when afebrile. (c) TSAN patients with two CAVs in a febrile state. Synaptic transmitter release was transiently blocked in almost all IHC–SGN synapses in addition to the more seriously affected remaining impaired synapses than those in panel (b). (d) TSAN patients with only one CAV in a febrile state. A large number of IHC–SGN synapses temporarily failed to function. In addition, the remaining impaired synapses were more heavily affected in this state than in panel (b). (e) TSAN patients with no CAVs in a febrile state. The IHC–SGN synapses were slightly affected but less severely affected than those of patients with one or two CAVs. The red dots represent glutamate (neurotransmitter), and the letters “S,” “L,” and “M” indicate small, large, and medium numbers, respectively, of IHC–SGN synapses. SC, synaptic cleft; AF, afferent fiber; PR, potential recording. (C) The genotype–phenotype relationships between OTOF variants and TSAN in patients with variable auditory function in this study and previous studies.


Most patients with NSAN caused by OTOF variants present with severe prelingual or profound deafness; however, the phenotypes of TSAN patients reported in this and previous studies did not follow this pattern. In previous studies, most TSAN patients had variable HL (normal to mild) when afebrile, and their hearing thresholds dropped to a greater degree of HL, with associated communication difficulties only during febrile episodes. In addition, patients with AN caused by OTOF variants tended to have more frequently affected and more severely affected DPOAEs than those with no OTOF variants (Kitao et al., 2019). Otoferlin, which is encoded by the OTOF gene, is a six-C2 domain (C2A–F) protein that also has a transmembrane domain (TMD), and its function is auditory neurotransmission at the hair cell ribbon synapse in the inner ear (Roux et al., 2006; Vogl et al., 2016; Michalski et al., 2017). C2 domains have been implicated in Ca2+ binding, and they play a crucial role in the function of otoferlin, which may contribute to the location specificity of most pathogenic variants of the OTOF gene (Del Castillo and Del Castillo, 2012). Notably, at least one of the alleles observed in these cases carries a missense variant affecting a C2 domain of otoferlin (Figure 6A). Moreover, subjects with two C2 domain-affecting variants presented with more severe phenotypes than did those with only one (Table 1). Relative to subjects in earlier studies, the three subjects in this study showed mild phenotypes, with the improvement in pure-tone thresholds from mild HL during the febrile condition to normal levels during the afebrile periods and the recovery of auditory function (except for ARs) during afebrile periods. Neither of the variants identified in this study is located in a C2 domain (both are between domains C2E and C2F); in addition, the p.Glu1700Gln variant has been shown to cause progressive mild to moderate prelingual HL, and OAEs in patients with AN carrying homozygous or compound heterozygous p.Glu1700Gln may be consistently present, consistently absent, or even present in the first test and absent later (Chiu et al., 2010; Wu et al., 2018). However, in the present study, the causes of the proband’s absent DPOAEs only when febrile are still unknown, although he has the same genetic background as his twin brother. Remarkably, we did not identify modifiers using WES technology, suggesting that the variable phenotypes associated with these genotypes may result from environmental and/or genetic factors that have not yet been identified. In addition, the temperature-sensitive phenotype of HL may also be a direct consequence of defects in normal otoferlin-mediated synaptic vesicle trafficking in the inner ear. This issue may be addressed using temperature-sensitive variants that have been reported in several human diseases, including albinism and cystic fibrosis (King et al., 1991; Sharma et al., 2001; Wang et al., 2008), and decreased activity of otoferlin due to structural changes with rising temperatures may have an additive effect on the phenotype, as verified in previous reports (Strenzke et al., 2016).

Although the precise synaptic mechanism of the action of otoferlin at hair cell ribbon synapses remains unclear, the impairment of otoferlin in temperature-sensitive synaptic neurotransmitter release has been suggested to contribute to the phenotype of TSAN (Kaga, 2016; Kindt and Sheets, 2018). Normal auditory function depends on faithful information transfer, which requires otoferlin-dependent IHC exocytosis to be indefatigable, highly efficient, and accurately synchronized (Johnson, 1980; Griesinger et al., 2005; Roux et al., 2006; Kitcher et al., 2021). Reliable and temporally precise cochlear potentials are characterized by fast rise times, short onsets, and short peak latencies (Liu W. et al., 2019; Rutherford et al., 2021). Based on the findings from the present and other studies (Table 1), the severity of the phenotype associated with TSAN due to dysfunctional neurotransmitter release appears to reflect variants that alter the C2 domains of otoferlin. Therefore, the patients in previous studies had more severe HL in the febrile and afebrile states than the patients in the present study. We suggest that the possible pathogenesis and phenotype-genotype relations of TSAN caused by the dysfunction of otoferlin-dependent exocytosis in the IHC ribbon synapses are shown in Figures 6B,C. According to this hypothesis, three different clinical phenotypes may be interpreted. First, in TSAN patients with two C2 domain-affecting variants (CAVs) who became febrile, synaptic transmitter release was transiently blocked in almost all IHC–SGN synapses, especially the more seriously affected remaining synapses. The recorded cochlear current waves were low and prolonged or, in some cases, were hardly detectable. Second, when febrile, TSAN patients with only one CAV had better hearing thresholds than those with two CAVs. Large numbers of IHC–SGN synapses temporarily failed to release vesicles, with the remaining synapses being more heavily affected than those during afebrile states. Moreover, the initiation and propagation of spikes along the SGNs tended to vary in time and intensity. The measurements revealed the occurrence of cochlear potentials of variable size and shape in this type of TSAN patient under febrile conditions. Third, as in TSAN patients with one or two CAVs, mutant otoferlin in TSAN patients with no CAV exhibited impaired neurotransmitter release at IHC–SGN synapses. However, in a febrile state, the impairment caused by mutant otoferlin was less severe in TSAN patients with no CAV than in patients with one or two CAVs. As a result, synaptic transmission was inhibited for a very short period in the febrile state and rapidly increased after the body temperature decreased. The cochlear potentials, i.e., ABRs and ECochG signals, improved from no response to almost normal after the body temperature dropped. Importantly, the small magnitude of the effect on synaptic transmission may be the main reason why fever-related auditory dysfunction is almost completely reversible (with continued absent ARs) in TSAN patients with no CAV. Although the real molecular mechanisms are only beginning to be understood, otoferlin-induced defective synaptic transmission at the IHC ribbon synapse is one of the most important underlying causes of TSAN.



CONCLUSION

In this study, we described the detailed courses of disease in four male siblings from a non-consanguineous Chinese TSAN family who complained of communication difficulties when febrile, and we explored the genetic etiology of their condition using NGS technology. We investigated the detailed clinical progression of autosomal recessive TSAN in four siblings with two OTOF variants that did not affect any C2 domain of otoferlin, and we also identified a unique characterization of normal ABRs in afebrile episodes that was different from previously reported cases. Moreover, the presence of CMs with absent (or markedly abnormal) ABRs is a reliable diagnostic criterion for AN. These observations enrich the current knowledge of the phenotypes and genotypes of TSAN and may lay a foundation for further studies of its pathogenesis.
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Objective: The objective of this study is to analyze the genotype–phenotype correlation of patients with auditory neuropathy (AN), which is a clinical condition featuring normal cochlear responses and abnormal neural responses, and ATP1A3 c.2452 G > A (p.E818K), which has been generally recognized as a genetic cause of cerebellar ataxia, areflexia, pes cavus, optic atrophy, and sensorineural hearing loss (CAPOS) syndrome.

Methods: Four patients diagnosed as AN by clinical evaluation and otoacoustic emission and auditory brainstem responses were recruited and analyzed by next-generation sequencing to identify candidate disease-causing variants. Sanger sequencing was performed on the patients and their parents to verify the results, and short tandem repeat-based testing was conducted to confirm the biological relationship between the parents and the patients. Furthermore, cochlear implantation (CI) was performed in one AN patient to reconstruct hearing.

Results: Four subjects with AN were identified to share a de novo variant, p.E818K in the ATP1A3 gene. Except for the AN phenotype, patients 1 and 2 exhibited varying degrees of neurological symptoms, implying that they can be diagnosed as CAPOS syndrome. During the 15 years follow-up of patient 1, we observed delayed neurological events and progressive bilateral sensorineural hearing loss in pure tone threshold (pure tone audiometry, PTA). Patient 2 underwent CI on his left ear, and the result was poor. The other two patients (patient 3 and patient 4, who were 8 and 6 years old, respectively) denied any neurological symptoms.

Conclusion: ATP1A3 p.E818K has rarely been documented in the Chinese AN population. Our study confirms that p.E818K in the ATP1A3 gene is a multiethnic cause of AN in Chinese individuals. Our study further demonstrates the significance of genetic testing for this specific mutation for identifying the special subtype of AN with somewhat favorable CI outcome and offers a more accurate genetic counseling about the specific de novo mutation.
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INTRODUCTION

Auditory neuropathy (AN) is a kind of hearing disorder involving different lesion sites beyond the outer hair cells (OHCs), ranging from the inner hair cells (IHCs) and synapses to auditory nerve and higher auditory centers (Rance and Starr, 2015; Moser and Starr, 2016). AN features impaired or absent response in auditory brainstem responses (ABR) and the presence of cochlear microphonics and/or detectable otoacoustic emission (OAE), showing evidence of intact outer hair cell function. Varying degrees of hearing loss are present in subjects with AN; however, their speech recognition rates are generally poor, disproportionate to the degree of hearing loss (Harrison et al., 2015; Rance and Starr, 2015; Moser and Starr, 2016). A variety of etiologies can trigger AN, generally considered to be hypoxia, infection, kernicterus, cytotoxic oncologic drugs, and genetic factors (Harrison et al., 2015).

Considering postlingual-onset AN, many syndromic forms that cause sensory and motor neuropathy have been documented, including Charcot-Marie-Tooth disease, Friedreich’s ataxia, deafness-dystonia-optic neuropathy (DDON) syndrome, autosomal dominant optic atrophy (ADOA), and AUNX1 due to AIFM1 gene mutations in apoptosis-inducing factor (Han et al., 2017). Han et al. (2017) explored the molecular etiology of three unrelated Korean subjects manifesting AN with postlingual onset, identified a mutation in c.2452 G > A (p.E818K) of ATP1A3 gene, and demonstrated ATP1A3 gene to be an important and prevalent causative gene for progressive AN with postlingual onset. ATP1A3 gene has thus been said to occur frequently de novo in both Caucasians and Koreans (Han et al., 2017). However, p.E818K in the ATP1A3 gene has rarely been documented in the Chinese population.

In this study, we reported four Chinese AN patients carrying a de novo variant, p.E818K mutation of ATP1A3 gene, identified through next generation sequencing (NGS). ATP1A3 p.E818K has been generally recognized as a genetic cause of cerebellar ataxia, areflexia, pes cavus, optic atrophy, and sensorineural hearing loss (CAPOS) syndrome. A genotype–phenotype correlation study of ATP1A3 was performed, and one AN patient underwent cochlear implantation (CI) to reconstruct hearing.



MATERIALS AND METHODS


Ethics Statement

The study was approved by the Committee of Medical Ethics of Chinese PLA General Hospital. Written informed consent was obtained from participants.



Subject Recruitment and Clinical Evaluations

Four AN patients at the Institute of Otolaryngology, Chinese PLA General Hospital were recruited and underwent genetic testing. The diagnostic criteria were as follows: ABR had no obvious differentiation waveform and the OAE and/or the cochlear microphonic (CM) potential could be normally extracted. Medical evidence of hearing loss, tinnitus, and other clinical abnormalities of either affected or unaffected family members was identified. Pure tone threshold (pure tone audiometry, PTA), speech discrimination score (SDS), ABR, OAE, and electrocochleogram (ECochG) were carried out to evaluate auditory status. In general, low frequencies were primarily affected; thus, we focused on the low-frequency data and calculated the PTA as the average of the thresholds of 250–1,000 Hz to avoid bias in the assessment of the degree of AN hearing loss. High-resolution computed tomography (CT) scans of the temporal bone and MRI of the internal auditory canal were performed to exclude other possible neuropathic or anatomical disorders. For patients who exhibited neurological symptoms, we carried out neurological examinations to evaluate those symptoms.



Genetic Techniques

Next generation sequencing, including whole genome sequencing and targeted genes capture and sequencing, was performed on the four probands, Sanger sequencing was performed on the patients and their parents to verify any candidate gene variations as previously described. Variation interpretation (evaluation of the pathogenicity) was based on the standards and guidelines of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG and AMP). Short tandem repeat (STR)-based testing was conducted to confirm the biological relationship between the parents and the patients (Wang et al., 2018).



RESULTS


General Clinical Information

A total of four AN cases with ATP1A3 variants were recruited in this study. Details on the patients in this report were collated. Clinical and audiological data were collected retrospectively. Audiological details were outlined in Figure 1 and Supplementary Figure 1.
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FIGURE 1. Audiological phenotype of subject 1. (A,B) PTA of the subject 1. Audiograms of patient 1 from 2005 to 2020 displaying moderate to severe sensorineural hearing loss, predominantly affecting the low frequencies and progressively deteriorated overtime. Blue, left ear; red, right ear. (C,D) Observed DPOAE responses from the right and the left ear. Red line, DPOAE level from the right ear; blue line, DPOAE level from the left ear; gray line, noise level. (E) SDS results from 2006 to 2020 showing decreased speech discrimination score. Blue, left ear; red, right ear. (F) Absent ABR waveforms at 90 dB nHL stimulus on both ears. (G) ECochG shows the mean ratios of -SP/AP were larger than 0.4 from both ears. Blue, left ear; red, right ear. Abbreviations: PTA, pure tone audiometry; SDS, speech discrimination score; DPOAE, distortion product optoacoustic emission; ABR, auditory brainstem response; CM, cochlear microphonic.




Detailed Medical History and Clinical Phenotype of Four Auditory Neuropathy Subjects

Patient 1 was a 24-year-old male (Figure 2A). He exhibited dystonia and ataxia at a very early age after having a fever. At age 5, he started to suffer from visual disturbance, and at age 7, his hearing level of both ears started to deteriorate. He was diagnosed as optic atrophy at Beijing Tongren Hospital at age 8. At age 9, he was diagnosed with AN at our hospital. His sensorineural hearing loss (SNHL) matched AN, with a detectable OAE response and disappearance of the ABR response (Figures 1C,D,F), and ratios of -SP/AP were more than 0.4 in both ears (Figure 1G). His pattern visual evoked potential (P-VEP) amplitude was already reduced, indicating amblyopia found in him. Imaging tests demonstrated anatomically intact auditory nerves (Figure 2G). Somatosensory evoked potentials (SSEPs) showed prolonged latency of the bilateral tibial nerve, suggesting abnormal tibial nerve conduction. Electromyographic (EMG) signals of the upper and lower limbs did not display abnormalities. The amplitude-integrated EEG (aEEG) detected minor dysfunction. Through 15 years of follow-up from 2005 to 2020, we observed that his eyesight deteriorated over time, as did his hearing level and speech discrimination score (Figures 1A,B,E).
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FIGURE 2. Mutation analysis and MRI results of four patients with the p.E818K mutation. (A–C), and (D) Pedigree of four families. Filled symbols denote affected individuals, whereas unfilled symbols denote the unaffected. A slash (/) indicates a deceased person. Minus sign (-/-) represents homozygosity for the wild-type allele, and plus-minus sign (±) represents heterozygosity for the mutant allele. Probands are indicated by arrows. (E) Sanger sequencing chromatograms of four pedigrees confirmed that all four subjects shared one common heterozygous mutation, c.2452 G > A (arrow) leading to p.E818K amino acid change, whereas their parents are normal. (F) Protein conservation of no. 818 amino acid among vertebrate species (H. sapiens, M. mulatta, C. familiaris, B. taurus, M. musculus, R. norvegicus, G. gallus, and X. tropicalis). No. 818 amino acid is highly conserved. (G–I), and (J) MRI results showing bilateral internal auditory canals (IACs) of patients 1, 2, 3, and 4, respectively. The oblique-sagittal image through the bilateral IACs of patient 4 (J) demonstrates absent bilateral cochlear nerves (white arrows).


Patient 2 was a 22-year-old male patient (Figure 2B). He had a fever and took gentamicin at the age of 2, and he presented with bilateral hearing loss at the age of 7. His SNHL deteriorated over time, accelerating from 13 to 14 years old. Along with bilateral tinnitus, he experienced alalia as well as fatigue. However, he denied other neurologic episodes and could even ride a bicycle, although his eyesight began to decline at the age of 12. His threshold of 40 Hz AERP was 90 dB HL in both ears. Both CT scan and MRI of the internal auditory canal showed only normal findings (Figure 2H). He underwent CI on the left ear at our hospital in 2013, yet his speech perception did not improve much in 1-year follow-up period. In addition, he exhibited facial muscle twitching when the cochlear implant was used in louder environment.

Patient 3 was an 8-year-old girl (Figure 2C). She did not exhibit abnormal hearing function until the age of 7, when she suffered from a fever. Three days after her fever, she experienced hearing loss accompanied by poor speech discrimination. Her symptoms did not improve with the administration of Ginaton as well as other neurotrophic drugs, such as vitamin B12. Her PTA showed an upward sloping configuration, with an average threshold being 70 dB HL in the left ear and 61 dB HL in the right ear (Supplementary Figure 1A). In contrast, her reduction in speech recognition was drastic, being 8% in the left ear and 4% in the right ear. Her SNHL was entirely compatible with AN, considering a detectable OAE response without ABR response (Supplementary Figures 1C,E). CT scan showed no abnormality, and MRI of the internal auditory canal confirmed that she had intact cochlear nerve (Figure 2I). With no obvious neurological condition exhibited, she was diagnosed with bilateral AN.

Patient 4 was a 6-year-old girl (Figure 2D). Her syndrome of hearing loss accompanied by tinnitus appeared at age 4. Unable to benefit from the hearing aids at age 5, she came to our clinic for help. Her PTA showed an upward sloping configuration (Supplementary Figure 1B). She was diagnosed with AN with no neurological symptoms found (Supplementary Figures 1D,F). MRI result showed bilateral cochlear nerve aplasia (Figure 2J).

All the four probands passed the newborn hearing screening test successfully, suggesting that their SNHL was not congenital. Furthermore, they presented with the presence of OAEs and/or CMs, indicating preserved cochlear outer hair cell activity. However, the ABR, a sign of neural dyssynchrony, was grossly abnormal. In addition, a poor SDS was observed in all four patients, especially in noisy environments, and was disproportionate to the level of hearing loss.



Molecular Genetic Testing and Delineation of the Causative Variant From the Four Subjects

We performed NGS, including targeted genes capture and whole genome capture, in four probands with sporadic AN and identified the most convincing causative variant that has previously been described (Kim et al., 2015). Candidate variants were validated by standard Sanger sequencing. All four AN subjects shared one heterozygous missense variant, c.2452 G > A (p.E818K) in the ATP1A3 gene (NM_152296.4, NP_689509.1, OMIM ∗182350), which was located on chromosome 19q13.2 and classified as ‘‘pathogenic’’ according to CLINVAR 1 (Landrum et al., 2016). Unaffected parents showed no variation in ATP1A3, indicating a de novo occurrence of an autosomal dominant variant, p.E818K, in all four families (Figure 2E). Evolutionary conservation analysis revealed that this variant was highly conserved throughout evolution among species (Figure 2F). STR-based testing was conducted, confirming the biological relationship between the parents and the cases and indicating that the ATP1A3 mutation was de novo in nature, which strongly supports the pathogenicity. According to the ACMG guidelines, p. E818K variant met the PS2, PS3, PS4, PM2, PP1_Strong, and PP3 criteria and could be classified as pathogenic.



DISCUSSION

Hearing loss is the most common sensorineural disorder. It is estimated that more than half of hearing loss cases are attributable to genetic factors (He Y. et al., 2017; Wang et al., 2017; Zhu et al., 2018; Fang et al., 2019; He Z. et al., 2019; Fu et al., 2021), while the other half of hearing loss could be caused by aging, chronic infections, infectious diseases, ototoxic drugs, and noise exposure (Liu L. et al., 2016; He Z. et al., 2017; Cheng et al., 2019; Gao et al., 2019; Tan et al., 2019; Zhang et al., 2019; Zhong et al., 2020). The functions of these hearing loss genes play an essential role in the development and function of hair cells and synaptic transmission of spiral ganglion neurons (Qi et al., 2020; Qian et al., 2020; Zhang et al., 2020, 2021; Cheng et al., 2021; Lv et al., 2021). Thus, hearing loss is often induced by loss of sensory hair cells (Liu Y. et al., 2019; Qi et al., 2019; Han et al., 2020; He et al., 2020, 2021; Chen et al., 2021) and spiral ganglion neurons (Guo et al., 2016, 2019, 2020, 2021; Liu W. et al., 2019; Hu et al., 2021; Liu W. et al., 2021) in the inner ear cochlea. AN is a hearing disorder with functional outer hair cells and disrupted function of inner hair cells and/or the auditory nerve itself. Han et al. (2017) first proposed that p.E818K in ATP1A3 gene, which encodes the NKAα3 subunit of Na, K-ATPases, can cause AN in Caucasians and Koreans, implying that ATP1A3 serves as a global contributor to AN (Supplementary Table 1). In our study, four AN cases were tested with p.E818K in the ATP1A3 gene. The incidence of p.E818K accounting for AN in Chinese individuals is still under investigation. Nevertheless, we found that the p.E818K mutation accounts for a high proportion of AN with postlingual onset, not only in Koreans and Caucasians but also in Chinese individuals.

ATP1A3 p.E818K has been regarded as a causal mutation of CAPOS syndrome since identified in 2014 (Carecchio et al., 2018), long after the initial description in 1996 (Nicolaides et al., 1996). CAPOS syndrome is a rare disorder, with fewer than 100 CAPOS patients worldwide, and is sporadically reported (Demos et al., 2014; Rosewich et al., 2014; Heimer et al., 2015; Potic et al., 2015; Maas et al., 2016; Duat Rodriguez et al., 2017). Growing evidence shows that sensorineural hearing loss in CAPOS syndrome is AN, which may progress slowly over time. The typical CAPOS phenotype is characterized by acute neurological deterioration manifesting in infancy and triggered by stressful episodes, such as a febrile illness (Paquay et al., 2018). Meticulous history as well as comprehensive neurologic examination should be performed on postlingual-onset AN subjects, to detect any episode of visual disturbance and ataxia associated with CAPOS syndrome triggered by a fever that might otherwise go unnoticed. CAPOS syndrome patients initially have cochlear apical turns, manifested in a low-frequency loss in PTA. However, neuronal distribution of NKAα3 is also observed in middle and basal turns of the cochlea (Paquay et al., 2018), indicating that mid and high frequencies may also be involved. Through 15 years follow-up, we detected progressing hearing defects involving all frequencies, predominantly the low frequencies in patient 1. It is worth continuing the follow-up periods for patients with p.E818K to detect changes in PTA over time, to clarify the significance of the p.E818K mutation in AN.

In previous study, Demos et al. (2014) reported follow-up of three patients with ATP1A3 p.E818K. All the patients showed slow progression of all symptoms with no further acute episodes. Demos et al. (2014) further reported two Caucasian families with ATP1A3 p.E818K. In the first family, all affected suffered from acute episodic ataxic encephalopathy and/or weakness triggered by a febrile illness onset in infancy or early childhood. Recovery was not as desirable after these episodes, when variable neurologic abnormalities was lingering. All affected individuals eventually had optic atrophy and sensorineural hearing loss. One patient exhibited mild cognitive dysfunction at age 10 years. In the second family, the affected mother and her two children presented with recurrent acute episodes of neurologic disorders associated with febrile illnesses beginning in the first years of life. Features included weakness, ataxia, and a progressive decline in hearing and vision. In our study, patient 1 exhibited dystonia and ataxia at a very early age after having a fever. He exhibited optic atrophy and auditory neuropathy at an early age, which were slowly progressive over time. Follow-up period was needed for every patient to further clarify whether there was a slow progression of all symptoms, be it neurological disorders or visual and hearing impairment.

The ATP1A3 gene has also been reported in two other clinical entities, alternating hemiplegia of childhood (AHC, AHC2, OMIM #614820) and rapid-onset dystonia Parkinsonism (RDP, DYT12, OMIM #128235) (Blanco and Mercer, 1998; Starr et al., 2005; Rodacker et al., 2006; Blanco-Arias et al., 2009). Mutation sites are distributed across the entire coding region of ATP1A3 in RDP and AHC (Supplementary Table 1; Clausen et al., 2017). Interestingly, all CAPOS patients reported without exception share a common mutation, p.E818K in the ATP1A3 gene. Also, p.E818K is seemingly tightly coupled with CAPOS syndrome and has never been reported in other two disorders (Han et al., 2017; Figure 3). There is no report of hearing or visual impairment in AHC and RDP, which is vastly different from CAPOS syndrome (Figure 4; Tranebjærg et al., 2018a). However, those three entities present with an expanding phenotypic spectrum and are more often reported to share somewhat overlapping neurological phenotypes. In addition, atypical phenotypes due to ATP1A3 gene mutations have recently been identified (Gropman et al., 2020; Guo et al., 2020). It becomes gradually clear that these overlapping phenotypes may be a series of ATP1A3-related symptoms, rather than allelic disorders (Carecchio et al., 2018). Moreover, the expression timing of neurological deficits of the mutation varies and has still not been fully characterized until now (Han et al., 2017). In our study, it was not very hard to observe the latency of occurrence of numerous symptoms in patients 1 and 2. Notably, patients 3 and 4 denied all neurological episodes. Continuation of the follow-up periods for these four patients is therefore necessary for the discovery of other delayed neurological symptoms. Nevertheless, whether AN is simply a symptom of CAPOS or a completely new phenotype of the ATP1A3 gene remains to be seen.
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FIGURE 3. The location of AHC-causing (blue dots), RDP-causing (red dots), and CAPOS-causing (yellow dots) mutations in ATP1A3, mRNA, and protein. Three rare polymorphisms identified are indicated by the green dots. Mutation shared between different phenotypes is located at D923N (blue dot with a red dot inside), G867N (red dot with a blue dot inside), and R756H (red dot with a green dot inside). Different regions (cytoplasmic, transmembrane, and extracellular) of the protein are listed on the left. Abbreviations: AHC, alternating hemiplegia of childhood; CAPOS, cerebellar ataxia, areflexia, pes cavus, optic atrophy, and sensorineural hearing loss; RDP, rapid-onset dystonia Parkinsonism.
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FIGURE 4. Unique and shared features between AHC, RDP, and CAPOS phenotypes. Auditory neuropathy is either a symptom of CAPOS or a new phenotype of ATP1A3 gene.


Early diagnosis of hearing loss and timely prevention of sensory deprivation are of vital importance and confer lifelong benefits to CAPOS patients, especially for those with visual interference. The 818 position is previously confirmed located at the cytoplasmic end of transmembrane helix 6 of NKAα3, forming a salt bridge with the backbone carbonyl of Arg930, which is a residue known to stabilize the C-terminus. Tranebjærg et al. (2018b) have evaluated functional impact of Glu818Lys to the C-terminal structure and demonstrated that Glu818Lys leads to low affinity for extracellular sodium and a high rate of sodium release from the third ion-binding portion; therefore, it disrupts the function of the NKAα3 subunit of Na, K-ATPases, which is a key regulator of regaining the resting potential of the membrane after excitatory activity in the auditory pathway. In the auditory pathway, NKAα3 is expressed in the membranes of type I afferent terminals contacting the inner hair cells, spiral ganglion, and medial efferent terminals that contact the outer hair cells (Erichsen et al., 1996; McLean et al., 2009; Bottger et al., 2011), providing evidence that CI in those patients could generate likely preferable outcomes. One example of CI having an ideal outcome is CI in AN together with ADOA (OMIM #165500) owing to OPA1 variations (Santarelli et al., 2008; Huang et al., 2009; Moser and Starr, 2016). The expression site of OPA1 significantly overlaps with that of NKAα3, being it in the hair cells as well as in the neuronal fibers innervating the inner hair cells, ganglion cells of the cochlea, and vestibular organs (Bette et al., 2007).

Auditory neuropathy with ATP1A3 mutation are generally considered to have ideal CI results. However, CI produces dubious outcomes in some reported cases. Tranebjaerg et al. (Fang et al., 2019) stated that four CAPOS patients received CI, two of whom gained significant benefits and the other two was relatively poor. In contrast, Atilgan et al. (2019) documented a much more beneficial effect of CI in a patient with CAPOS syndrome as compared to patients with SNHL. These findings could be explained by the fact that the ATP1A3 gene is expressed not only in synapse but also in postsynaptic spiral ganglion cells (SGNs). If the lesion is mainly at the synapse, good CI results can be expected, similar to those in OPA1 variants (Han et al., 2017), whereas CI is less useful with lesions dominantly at the SGNs. In fact, in most postsynaptic AN, CI has a dubious outcome (Supplementary Table 2). An example is CI in the SGNs (Fasquelle et al., 2011; Eppsteiner et al., 2012; Atilgan et al., 2019). CI performed earlier in TMPRSS3 generated a preferable outcome, while the outcomes in later implantees were not as favorable (Chung et al., 2014). Patients who benefit most from CI were reported to be relatively younger (Han et al., 2017; Tranebjærg et al., 2018b), yet an accurate CI efficacy estimation with age and other possible impact factors taken into consideration is still awaiting discussion. Chaudhry et al. (2020) summarized 25 postsynaptic CI results, with 22 displaying modest to significant benefit, and demonstrated that CI behaves variably but generally good in postsynaptic AN. Moreover, the best functional outcome of CI observed at the short-term follow-up may decrease over time. Although earlier electrical stimulation of SGNs may attenuate the degeneration of the neurons, progressive degeneration of SGNs could possibly occur due to a disrupted function of NKAα3 (Han et al., 2017). In our study, patient 2 underwent CI on his left ear, but the result was hardly desirable. One possible explanation is that his age by the time he received surgery and the duration of his hearing loss are too long to ensure SGN activities. Moreover, the result of CI may be in relation with the characteristic of the PTA of the patients. Therefore, a continuous follow-up period for CI performance in those patients is warranted, to better determine if the current benefits from CI decreases over time.

The identification of p.E818K in ATP1A3 has implications for future risk calculation and genetic counseling. In CAPOS families with an autosomal dominant inheritance pattern, the chance of offspring carrying pathogenic mutations is 50%, with varying degrees of penetrance. In addition, all reported CAPOS patients had unaffected siblings without exception, revealing that all pedigrees of CAPOS syndrome are sporadic cases. It is still unclear why de novo variants frequently occur in ATP1A3. The age of the father has been reported to be a strong impactor of de novo mutations (Niederberger, 2013). However, that study failed to explain all de novo cases. A genetic context in ATP1A3 that favors the occurrence of de novo variants may account for this phenomenon, awaiting further clarification.

Here, four AN patients were identified with p.E818K mutation in the gene ATP1A3, causing progressive AN with postlingual onset and varying degrees of syndromic features. Our study confirms that ATP1A3 in Chinese individuals is undoubtedly an important genetic cause of progressive AN with postlingual onset. Genetic testing for this specific mutation site allows for identification of a special subtype of AN with somewhat preferable CI results, as well as accurate genetic counseling.
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Supplementary Figure 1 | Audiological phenotype of subject 3 and 4. (A,B) PTA of subjects 3 and 4. Blue, left ear; red, right ear. (C,D) Observed DPOAE responses from the right and the left ear. Red line, DPOAE level from the right ear; blue line, DPOAE level from the left ear; gray line, noise level from both ears. (E,F) Absent ABR waveforms at 90 dB nHL stimulus on both ears of subjects 3 and 4. Blue, left ear; red, right ear.

Supplementary Table 1 | ATP1A3 genotypes as they correlate with RDP, AHC, and CAPOS phenotypes.

Supplementary Table 2 | Postsynaptic auditory neuropathies and their CI outcomes.


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/clinvar/
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Hearing loss is a serious illness affecting people’s normal life enormously. The acoustic properties of a tympanic membrane play an important role in hearing, and highly depend on its geometry, composition, microstructure and connection to the surrounding annulus. While the conical geometry of the tympanic membrane is critical to the sound propagation in the auditory system, it presents significant challenges to the study of the 3D microstructure of the tympanic membrane using traditional 2D imaging techniques. To date, most of our knowledge about the 3D microstructure and composition of tympanic membranes is built from 2D microscopic studies, which precludes an accurate understanding of the 3D microstructure, acoustic behaviors and biology of the tissue. Although the tympanic membrane has been reported to contain elastic fibers, the morphological characteristic of the elastic fibers and the spatial arrangement of the elastic fibers with the predominant collagen fibers have not been shown in images. We have developed a 3D imaging technique for the three-dimensional examination of the microstructure of the full thickness of the tympanic membranes in mice without requiring tissue dehydration and stain. We have also used this imaging technique to study the 3D arrangement of the collagen and elastic fibrillar network with the capillaries and cells in the pars tensa-annulus unit at a status close to the native. The most striking findings in the study are the discovery of the 3D form of the elastic and collagen network, and the close spatial relationships between the elastic fibers and the elongated fibroblasts in the tympanic membranes. The 3D imaging technique has enabled to show the 3D waveform contour of the collagen and elastic scaffold in the conical tympanic membrane. Given the close relationship among the acoustic properties, composition, 3D microstructure and geometry of tympanic membranes, the findings may advance the understanding of the structure—acoustic functionality of the tympanic membrane. The knowledge will also be very helpful in the development of advanced cellular therapeutic technologies and 3D printing techniques to restore damaged tympanic membranes to a status close to the native.

Keywords: tympanic membrane, pars tensa-annulus unit, 3D microstructure, collagen, elastic fibres


INTRODUCTION

The tympanic membrane (TM) receives and converts sound-pressure waves over a broad frequency spectrum from the external environment into mechanical vibrations, which are conducted through the ossicular chain resulting in movement of perilymph and neural transduction in the hair cells of cochlea (Decraemer et al., 1991; Caminos et al., 2018). Damage, perforation and degeneration of the TM due to injury, otitis media and aging are leading causes of hearing impairment and deafness, with obvious impacts on an individual’s life quality.

In mammals, the TM appears as a shallow conical dish with the apex toward the medial side. It consists of two distinctive parts known as the pars flaccida and pars tensa (Lim, 1968, 1970, 1995), as shown in Figure 1A. Across the thickness, a TM comprises three distinctive layers; the external epidermal layer, the fibrous lamina propria and internal mucosal layer (Igarashi and Kawamata, 1993; Lim, 1995). The fibrous lamina propria, which is composed predominantly of collagen fibers, largely determines the shape and mechanical behaviors of the TM (Secondi, 1951; Funnell and Laszlo, 1982; Lim, 1995; Stenfeldt et al., 2006). The lamina propria of the pars flaccida is made of loose collagen (Lim, 1995). In contrast, the lamina propria within the pars tensa consists of collagen fibers organized into radial and circumferential arrays, respectively, in the lateral and medial side of the TM (Uno, 2000; Fay et al., 2006; Jackson et al., 2008; Liu et al., 2016). Despite extensive research, the unique arrangement of the collagen fibers in the physiology of TMs remains exclusive. TMs also contain a small fraction of elastic fibers (Chole and Kodama, 1989; Lim, 1995; Volandri et al., 2011) but the microstructural features of the elastic fibers and the spatial relationship of the elastic fibers with the cells, collagen fibers and capillaries have not yet been shown in images.


[image: image]

FIGURE 1. Photographs of tympanic membranes of mice. (A) A tympanic membrane of a mouse is typically made of pars flaccida and pars tensa. (B) The pars tensa attached with the anulus was extracted for studying the 3D microstructure using multiphoton microscopy.


While physically coupling to the manubrium of the malleus in the ossicular chain and anchoring itself on the cartilaginous annulus of the bony tympanic ring attached to the bulla, the pars tensa makes up the majority of the TM (De Greef et al., 2016). The morphology, composition and microstructure of the pars tensa as well as its connection to the annulus are considered to play a crucial role in the acoustic function of TMs (De Greef et al., 2014; Kozin et al., 2016). Although the conical shape of TMs is critical to the sound propagation of the TMs (Decraemer et al., 1991; Fay et al., 2006), it creates significant impediment to study the 3D microstructure and composition of the TMs using conventional 2D microscopy.

Various technologies have been developed to study the morphology, composition and microstructure of TMs. Conventional histology is routinely used in identifying the pathological changes of TMs at a cellular level (Stenfeldt et al., 2006). However, the use of traditional optical microscopy with insufficient imaging resolution restricts the application of the technique from revealing the ultrastructure of the collagen fibers and subtle microstructural change of TMs beyond a subcellular level. Alternatively, the electron microscopy (EM) has superior imaging resolution for tracing the ultrastructure of the TMs (Igarashi and Kawamata, 1993; Lim, 1995; Uno, 2000) but it requires an extreme imaging environment, which could denaturize the form of the TMs and potentially introduce artifacts. Besides, none of these technologies is capable of imaging the microstructure and composition of the brittle and conical TMs. To date, knowledge about the composition and 3D microstructure of TMs has primarily been built from studies using 2D imaging technologies. This has prevented deep understanding of the 3D microstructure, acoustic properties and biology of TMs.

Multiphoton microscopy (MPM) offers submicron imaging resolution for studying three-dimensionally the intrinsic microstructure of biological tissues without tissue stain, dehydration and sectioning (He et al., 2013c; Pang et al., 2017; Wu et al., 2017). MPM harnesses non-linear optical imaging technologies that detect the photons emitted from featured molecular compounds under the laser excitation at the near-infrared spectrum. This guarantees that the emitted photons only occur at the focal plane for 3D imaging the microstructure of biological tissues without a pinhole. Second harmonic generation (SHG) and two-photon fluorescence (TPF) imaging are the two primary imaging modalities used in modern MPM. The SHG signals arise from non-absorptive tissue-light interaction of substances possessing a non-centrosymmetrical and crystallized molecular structure (Prockop and Kivirikko, 1995), such as collagen, which produces a large quantity of SHG signals under two-photon excitation for SHG imaging without photobleaching (Campagnola and Loew, 2003; Cox et al., 2003; Chen et al., 2012; Wu et al., 2017).

In comparison, TPF utilizes two-photon excitation to generate the endogenous fluorescence of tissues (Cahalan et al., 2002; Koch et al., 2014). One of the important applications of TPF in biology is to study the elastic fibers of tissues through the autofluorescence emission of the fluorophores presenting in the elastin under two-photon excitation (König et al., 2005; Mansfield et al., 2009;He et al., 2013b,c, 2014). By comprising a central core of elastin attached by microfibrils, elastic fibers endow the tissues with the elasticity required to recover quickly from deformation to eliminate fatigue damages, while also influence the biological function and physiology of the tissues (Montes, 1996; Debelle and Tamburro, 1999). Elastin is well present in cell membranes, the walls of blood vessels and extracellular matrix (ECM) of many tissues such as lungs, skin, tendons and cartilage (Curran et al., 1993; Li et al., 1998; He et al., 2013a,b; Pang et al., 2017). Therefore, TPF is an ideal tool for visualizing cells and capillaries without tissue dehydration and stain (Zheng et al., 2011). Numerous studies have applied SHG and TPF for examining the spatial network of collagen with the elastic fibers and cells without tissue dehydration and stain (Zoumi et al., 2004; Mansfield et al., 2009; He et al., 2013a,b,c; Pang et al., 2017).

Using SHG and TPF, we have developed a 3D imaging technique for label-free imaging of the 3D microstructure of hydrated and full-thickness TMs in mice. The study has led to reveal the intrinsic collagen structure and the spatial arrangement of the collagen with the elastic fibers, fibroblasts, vimentin positive cells, capillaries and chondrocytes in the pars tensa-annulus unit. The high-resolution images of the collagen fibers have also provided the opportunity to perform quantitative analysis of the orientation of the collagen fibers comprising the pars tensa for a consistent description of the collagen orientation.

We believe this is the first study that has characterized simultaneously the elastic fibrillar network and the intrinsic microstructure of the collagen with the elastic fibers, cells and capillaries in the pars tensa-annulus unit at a status close to the native. This study has advanced our knowledge about the 3D microstructure and composition of the pars tensa-annulus unit and the connection between the pars tensa and annulus. The knowledge will be useful to the understanding of the acoustic function and biology of TMs, and development of advanced cellular therapy and 3D printing technologies to restore perforated TMs to an extension close to the native.



MATERIALS AND METHODS


Samples

Ex vivo mouse TM samples used in this study were donated by other unrelated research in accordance with approvals from the Animal Ethics Committee at Southern University of Science and Technology, Shenzhen, China. A total of five bullae with a normal appearance were harvested from five C57 mice (two females, three males) of 10–12 weeks old. The bullae were washed thoroughly with neutral phosphate buffered solution (PBS) and fixed in 4% paraformaldehyde for 24 hours before being decalcified in 10% ethylene diamine tetra acetic acid (EDTA) (Phygene Biotechnology, Fuzhou, China) for 48 hours. After washing the bullae with neutral PBS, with the aid of a stereoscope, the TMs were dissected from the bullae with the cartilaginous annulus attached (Figure 1) before the epidermal and mucosal layers of the TMs were carefully removed from the TMs using a surgical knife and tweezers. Only the lamina propria without visible fiber broken under the stereoscope was used as the sample.

After cleaning with PBS, the samples were carefully placed on a glass slide with the medial side up and coated a drop of PBS before covered with a coverslip for SHG and TPF imaging. During imaging, the tissues were kept in a hydrated status.



Imaging Acquisition and Thickness Measurement of Collagen Fibers and Fibrils

An Olympus FVMPE-RS upright MPM (Olympus, Japan) with an apochromatic 25 × /NA 1.05 water-immersion objective lens offering a 2.0 mm working distance (Olympus, Japan) was used in this study. The MPM is equipped with a femtosecond-pulsed Ti:Sa laser (Mai Tai DeepSee, Spectral-Physics, United States) with a tunable wavelength range from 690 to 1,300 nm.

The SHG and TPF imaging were performed by tuning the excitation laser at 890 nm and fitting a filter cube (Chroma Technology, China) with a 475 nm dichroic mirror, a green barrier filter of 495–540 nm and a violet barrier filter of 410–455 nm. In this configuration, the emission light was split into two independent imaging channels for acquiring green-fluorescence and SHG image stacks through the photomultiplier tubes (PMT). The resultant green fluorescence channel at the emission wavelength of 495–540 nm was assigned for TPF imaging. The violet imaging channel was set up in a reflectance mode and used for acquiring SHG images at 445 nm, which is exactly half the wavelength of the excitation.

For studying the collagen and elastic fibers within the pars tensa-annulus unit, the SHG and TPF imaging stacks were acquired simultaneously at pixel resolution of 1,024 × 1,024 over the field of the view of about 509 μm × 509 μm. High magnification SHG imaging stacks at the field of the view of 127 μm × 127 μm were also acquired at the pars tensa (the dashed square shown in Figure 4A) to verify that the coast collagen fibers or bundles constituting the pars tensa were composed of the subclass collagen fibrils (e.g., Figure 7). The imaging step used to acquire the imaging stacks was set at 0.5 μm.


[image: image]

FIGURE 2. Representative 3D images of the anterior pars tensa-annulus unit reconstructed from SHG (green) and TPF (red) image stacks. (A,D) The lateral and medial view of the 3D collagen network. (B,E) The lateral and medial view of the 3D microstructure of the capillaries (double white arrows), elastic fibers (orange arrows), fibroblasts (black arrowheads) and annulus chondrocytes (blue arrows). (C,F) The merged images dedicate the 3D microstructure arrangement of the collagen network (green) with capillaries (double white arrows), fibroblasts (black arrowheads) and annulus chondrocytes (blue arrows). The 3D collagen network of the pars tensa notably exhibits a waveform contour [black arrows, panels (A,C)]. The white dash line draws approximately the boundary between the pars tensa and annulus. Field of the view: 509 × 509 μm2.



[image: image]

FIGURE 3. (A) The superior view of the 3D collagen scaffold (green) of the anterior pars tensa-annulus unit. The collagen scaffold in the pars tensa has a notable waveform contour (black arrows). (B) The corresponding TPF shows the capillary network and annulus chondrocytes of the parse tensa-annulus unit. (C) The merged image shows the capillary network (red) runs along the medial side and conforms to the collagen network (green). Field of the view: 509 × 509 μm2.



[image: image]

FIGURE 4. Maximum brightness images of the pars tensa annulus unit. (A–C) Maximum brightness images of SHG at different depths across the thickness of the pars tensa-annulus unit confirm that the collagen fibers constituting the parse tensa orient predominantly in the radial and circumferential direction, and the pars tensa and annulus are connected by collagen [* and white arrows, panels (A,G)]. Nevertheless, oblique and parabolic collagen fibers (red arrowheads) exist among the predominant radial and circumferential fibers. (D–F) The corresponding MBIs from TPF show the elastic fibers (white arrowheads), capillaries (double white arrows) with the hemoglobin (hollow arrow), vimentin positive cells (blue arrows) and annulus chondrocytes in the pars tensa-annulus unit. (G–I) The merged images highlight the integration of the collagen (green) with the chondrocytes, capillaries and vimentin cells (blue arrows) in the pars tensa-annulus unit. (J) An enlarged image extracted from region 1 in panel (D) showing in more detail the radial (yellow arrowheads) and circumferential (white arrowheads) elastic fibers and chondrocytes (black arrow) in the pars tensa–annulus unit. (K) An enlarged image extracted from region 2 in panel (E) showing in more detail the skeleton of vimentin positive cells (blue arrows), radial (yellow arrow heads) and circumferential (white arrow heads) elastic fibers and capillaries (double white arrows) with the hemoglobin (hollow arrows). (L) An enlarged image extracted from region 3 in panel (I) confirms that the pars tensa contains both the collagen fibers (green) and elastic fibers (white and yellow arrowheads) in the radial and circumferential direction.



[image: image]

FIGURE 5. Representative 3D images reconstructed from the SHG and TPF imaging stacks of the pars tensa near the TM center. (A,D) The 3D collagen framework of the pars tensa near the TM center. (B,E) The corresponding TPF images show the capillaries (oval arrows), vimentin positive cells in various shapes (hollow arrow) and elastic fibers (white arrows) running in the radial and circumferential direction. (C,F) The merged images highlight the colocalization of the collagen (green) with the elastic fibers, vimentin positive cells and capillaries. The collagen fibers become progressively thinner approaching to the TM center so that the collagen network (green) appears as “a wave collagen flag” scattered with the vimentin positive cells and capillaries. Field of the view: 509 × 509 μm2.



[image: image]

FIGURE 6. MBIs reconstructed from the image stacks in Figure 5 show in more detail the characteristics of the collagen (green), elastic fibers (white arrows), vimentin positive cells (hollow arrows), cell nuclei (diamond arrows) and capillaries (oval arrows) of the pars tensa near the TM center. (A) The collagen fibers gradually become finer approaching the TM center. (B) The corresponding TPF image shows the elastic fibers (white arrows), capillaries (oval arrow) and vimentin positive cells (hollow arrow) with the nuclei (diamond arrow). (C) The merged image dedicates the composition of the collagen fibers (green) with the cells, capillaries and elastic fibers. (D) An enlarged image extracted from region 1 of panel (C) highlight the characteristics of the fine collagen fibrils (green), elastic fibers (white arrows), vimentin positive cells (hollow arrow) and the cell nuclei (diamond arrow) of the pars tensa near the TM center. There is an apparent increase of the population of the vimentin positive cells near the TM center.



[image: image]

FIGURE 7. High magnification SHG images (at a 127 × 127 μm2 field of the view) at the periphery of the TM pars tensa (approximately at region 1 in Figure 4A). (A) The high magnification observations verify that the thick collagen fibers (double headed black arrows) of the periphery of the pars tensa are composed of the subclass collagen fibrils in the corresponding radial (white arrows) and circumferential (black arrows) direction. (B) An enlarged image extracted from region 1 of panel (A) shows in more detail that the collagen fibers (black double headed arrows) comprise the subclass collagen fibrils (white arrows). (B,C) The corresponding 3D images in the lateral (C) and medial (D) direction.


The gray level intensity distribution graphs of the thickness of the collagen fibers and fibrils comprising the pars tensa were plotted, as shown in Figure 8. The full width at half maximum (FWAHM) intensity was used to determine the thickness of the collagen fibers and fibrils.
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FIGURE 8. The gray level intensity distribution graphs across the collagen fibers and fibrils. (A) The FWAHM and gray level intensity distribution graph across the thickness of the collagen fibers were used to measure the thickness of the collagen fibers comprising the pars tensa. (B) The FWAHM and gray level intensity distribution graph across the thickness of the collagen fibrils were used to measure the thickness of the collagen fibrils.




Reconstructing 3D and Maximum Brightness Images

ImageJ (Rasband, 1997-2014) was used to reconstruct the SHG and TPF imaging stacks into 3D images to study the microstructure of the pars tensa-annulus unit (e.g., Figures 2, 3) and the tissue near the center of the TMs (Figure 5). For further studying the subtle internal features within the tissues, imaging stacks representing the microstructure of the full thickness tissues have also been optically subdivided into several smaller imaging stacks to reconstruct the maximum brightness images (MBI), as shown in Figures 4, 6. Here, an MBI is built by combining the pixels with the maximum intensity within a series of 2D images along the lateral-medial axis of the TM. Therefore, it represents a view of all the data in the 2D imaging series as if the imaging sequence were combined into a single image containing only the in-focus data.



Quantify the Orientation of Collagen Constituting the Pars Tensa

Quantitative imaging analysis of the orientation of the collagen fibers comprising the pars tensa allows for greater consistency in describing the orientation characteristics over the subjective visual inspection. OrientationJ in ImageJ (Rezakhaniha et al., 2012) was used to quantify the orientation and coherency features of the collagen fibers constituting the pars tensa across the thickness from the lateral to medial direction. OreintationJ applies structural tensors to measure the gray level of pixels in the local neighborhood to determine the isotropic or anisotropic features in the image (Jähne, 1993; Jahne, 1997; Wu et al., 2017). Pixels with a high value indicate anisotropic features, whilst pixels with a low value represent isotropic features.

The SHG imaging stacks contain the spatial information of the collagen fibers comprising the pars tensa from the lateral to medial side. Therefore, OrientationJ has enabled quantifying (three-dimensionally) the orientation of the collagen fibers comprising the pars tensa across its thickness. Because the collagen scaffold in the pars tensa has a conical shape and the wall of the cone has a waveform contour (black arrows, Figures 2, 3), the collagen scaffold was subdivided into five regions of interest (ROI) (white boxes, Figure 9A) to conduct the fiber orientation and coherency analysis. The fiber orientation is shown in degrees from −90° to 90° in relation to the x axis (Figure 9A). The coherency has a value between zero and one. A value of one indicates the fibers are highly coherent whilst a value of zero indicates the fibers are extremely incoherent.
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FIGURE 9. Quantitative imaging analysis of the orientation and coherency of the collagen fibers in the pars tensa from the lateral to medial side. (A) SHG images were divided into five regions of interest (dashed boxes) to quantify the orientation and coherency of the collagen fibers comprising the parse tensa from the lateral to medial side. (B) Collagen orientation analysis confirms across the TM thickness the collagen fibers comprising the pars tensa sharply change their orientation (dash arrows highlight). (C) FFT analysis confirms that the collagen fibers composing the pars tensa orient into two distinctive directions approximately perpendicular to each other. (D) The coherency analysis shows that the collagen fibers comprising the pars tensa have a very low coherency value just below 0.2. *The collagen scaffold in the pars tensa is in a shallow conical shape so that the scan depth has been used in the orientation and coherency analysis of the collagen fibers but the entire scan depth does not equal to the thickness of the pars tensa.


Fast Fourier transform (FFT) is a well-known mathematic procedure for efficiently identifying of the isotropic or anisotropic features in an image. FFT converts data in the spatial domain into the frequency domain, which makes it possible to efficiently identify the features in an image. FFT has also been used to objectively describe the orientation of the collagen fibers comprising the pars tensa (e.g., Figure 9C).




RESULTS


3D Microstructure of the Tympanic Membrane-Annulus Unit

Figures 2, 3 are representative 3D images of SHG (green) and TPF (red), showing the typical 3D collagen (green) and elastic (red) fibrillar network with the capillaries and cells (red) in the pars tensa-annulus (at region 1 of Figure 1B). The 3D TPF images (red) mainly illustrate the elastic fibrillar network (orange arrows in Figure 2E), the fibroblasts (black arrow heads in Figures 2E,F), capillaries (double white arrows in Figures 2B,F) and annulus chondrocytes in the pars tensa-annulus unit. Figures 2C,F dedicate the 3D composition of the collagen network (green) with the fibroblasts, capillaries and chondrocytes in the pars tensa-annulus unit. Unfortunately, the elastic fibers in the pars tensa are buried in the predominant collagen fibers in the merged images.



Collagen Network

The typical 3D collagen network of the pars tensa-annulus unit is shown in Figures 2A,D. At the lateral side (Figure 2A), the collagen fibers comprising the pars tensa orient three-dimensionally in a primary direction radial toward the TM center. The radial fibers become thinner and thinner as they run toward the TM center. At the medial side (Figure 2B), the collagen fibers orient predominantly in a circumferential direction. These circumferential collagen fibers (green) originate from the annulus (Figure 2F). Nevertheless, the radial and circumferential fibers appear to braid with each other to form the 3D collagenous network of the pars tensa, whilst some oblique and parabolic collagen fibers (white arrows in Figures 2A,C,D,F, 3B, 4A,B) are observed among the predominated radial and circumferential fibers.

It is worth noting that the 3D collagen scaffold of the pars tensa demonstrates a waveform contour (long back arrows, Figures 2A,C,D, 3A). The capillary network (double white arrows in Figures 2B,F) is contained within the medial side of the pars tensa (Figures 2F, 3A) to conform to the contour of the collagen scaffold (green, Figures 3A,C).



Elastic Fibers, Capillary and Cells

Without tissue stain, the TPF images (red) document the elastic fibers (orange arrows in Figure 2E, white arrow heads in Figures 4D–F,J–L), spindle fibroblasts (black arrow heads, Figures 2E,F), the capillary network (double white arrows, Figure 2B), vimentin positive cells (blue arrows, Figures 4D–F,J–L) and annulus chondrocytes (black arrow in Figure 4J) in the pars tensa-annulus unit. The spindle shape fibroblasts (black arrow heads, in Figure 2E) and circumferential elastic fibers (orange arrows) are within the pars tensa and connected into series compliant to the circumferential collagen fibers (Figure 4L). The capillaries (double white arrows, Figures 4E,K) were seen to contain hemoglobin (hollow arrows, Figures 4D–F,K). The TM annulus is a fibrocartilage tissue so that it contains massive chondrocytes.

The elastic fibers in the pars tensa can be seen in more detail in Figures 4D–F,J,K. As shown, the elastic fibers orient in both the radial (yellow arrowheads, Figures 4D,J) and circumferential (white arrowheads) direction. Figure 4L further confirms the co-existence of collagen (green) and elastic fibers in the pars tensa at the circumferential (white arrowheads) and radial direction (yellow arrowheads).



The 3D Microstructure of the Pars Tensa Near the Tympanic Membrane Center

As shown in Figures 5A,B, as approaching the TM center (region 2, Figure 1B), the collagen network becomes much thinner, resembling “a waving collagenous flag” composed of fine collagen fibers running in the radial (white arrowheads, in Figure 5A) and circumferential (white arrows, Figure 5A) direction. The corresponding TPF images (Figures 5B,E) reveal the fine elastic fibers (white arrows), blood vessels (oval arrows) and vimentin positive cells in various shapes (hollow arrows). The integration of the 3D collagen network (green) with the vimentin positive cells, blood vessels and elastic fibers are shown in Figures 5C,F. Clearly, the tissues near the TM center contain more vimentin positive cells than those near the annulus.

The more detailed morphological characteristics of the micro components of the tissue near the TM center are shown in Figure 6. As confirmed in Figure 6A, the radial collagen fibers (blue arrowheads, Figures 6A,C) run continuously toward the TM center while they braid frequently with the circumferential fiber (blue arrows, Figures 6A,C). The corresponding TPF image (red, Figure 6B) shows in more detail the morphology of the blood vessels (oval arrow), fine radial (white arrows) and circumferential (blue arrows) elastic fibers, vimentin positive cells (hollow arrows) and the nucleus of the vimentin positive cells (diamond arrows). Figure 6D is an enlarged image from region 1 in Figure 6C that shows the detailed colocalization of the fine collagen fibers (green) with the elastic fibers (white arrows), vimentin positive cells (hollow arrows and the nucleus of vimentin positive cells (diamond arrows).



Collagen Fibers and Fibrils

High magnification SHG images (Figure 7) acquired at the dashed square in Figure 4A have verified that the thick collagen fibers (double headed arrows) at the periphery of the pars tensa are made of the subclass collagen fibrils (white and black arrows). As shown in Figure 8, the collagen fibers are 5.49 ± 1.98 μm thick and the collagen fibrils are 1.16 ± 0.28 μm thick. The collagen fibrils orient in the radial and circumferential direction approximately compliant with the collagen fibers.



Microstructural Integration of Pars Tensa and Annulus

The spatial microstructural integration between the pars tensa and annulus is shown in Figures 2C,F, 3C while the detailed connection mechanism between the two parts is shown in Figures 4A,D,G (indicated by ∗). The oblique and circumferential collagen fibers (white arrows, Figure 4A) are originated from the fibrocartilage annulus containing dense round chondrocytes (red, Figure 4G) and they are continued into the collagen network of the pars tensa. The radial collagen fibers of the pars tensa firmly connect to the oblique and parabolic/circumferential collagen fibers at the border with the annulus (∗ and white arrows, Figures 4A,G). The corresponding TPF images (Figures 4D,J) confirm the connection of the elastic fibers between the pars tensa and annulus.



Quantitative Analysis of the Orientation of the Collagen Fibers

The quantitative analysis on the orientation of the collagen fibers comprising the pars tensa (Figure 9A) confirms that from the lateral to medial direction of the TMs the collagen fibers orient into two distinctive direction (long dashed arrows indicated in Figure 9B). This is consistent with the visual observations that across the thickness of the pars tensa the collagen fibers change from the radial orientation to the circumferential orientation. The FFT analysis also indicates that the collagen fibers comprising the pars tensa are largely oriented in two distinct directions approximately perpendicular to each other (double headed arrows in Figure 9C).

The coherency analysis (Figure 9D) shows that the collagen fibers comprising the pars tensa have a low coherency value below 0.2. This is consistent with the fact that the radial collagen fibers run approximately toward the TM center while the circumferential collagen fibers align approximately around the TM center. While the fibers in the two directions intensively braid with each other, neither the radial nor the circumferential fibers align parallel, resulting in the low coherency value. Also, the small portion of oblique and parabolic collagen fibers in the pars tensa has also contributed to the low coherency value.




DISCUSSION

Perforation or pathology of TMs is a serious medical condition leading to conductive hearing impairment and deafness if left untreated. Despite great efforts and advances in the research and development of collagen scaffold-based tissues engineering, 3D printing technologies and surgical interventions in the repairs of TMs, the outcomes are not yet satisfactory. This may be attributed to a lack of deep and accurate understanding about the 3D microstructure, composition and biology of the TMs at a close status to the native.

In this study, we demonstrated a 3D imaging technique for acquiring and examining the intrinsic 3D microstructure and composition of the lamina propria of hydrated mouse TMs in a full thickness. The study has brought new insights into the characteristics of the 3D microstructure and composition of the pars tensa-annulus unit. This information will be very useful for the development of cellular therapy and 3D printing technologies for regenerating a perforation or damaged TM.

Due to the close relationship between the microstructure and acoustic properties of TMs, the knowledge provided by this study will increase the understanding of the acoustic behavior and physiology of the TM. Also, the 3D imaging technique developed will offer a useful tool for studies of the disruption of the 3D microstructure and composition of TMs during otitis media and aging to the alteration of the acoustic function.

Collagen is the most abundant protein of the ECM of TMs determining the acoustic characteristics of the TMs. The microstructure and concentration of the collagen have a significant influence over the shape, mechanical properties and health status of the TMs (Fay et al., 2006). Using a 3D imaging technique that does not require tissue dehydration and sectioning, it has been confirmed in this study that the collagen fibers of the pars tensa form a 3D collagenous network constituted primarily of the radial fibers and circumferential fibers in the lateral and medial side respectively, with some oblique and parabolic collagen fibers among the predominant radial and circumferential fibers. This study has also confirmed that the thick collagen fibers at the periphery of TMs bordering the fibrocartilaginous annulus are made of the subclass collagen fibrils, and become finer toward the TM center. The findings are consistent with the previous studies (Secondi, 1951; Lim, 1968, 1970, 1995; Uno, 2000).

Although we have not examined the orientation and characteristics of the collagen fibers in respect to their influence on the acoustic properties of TMs, some studies have indicated that the radial and circumferential collagen fibers play individual roles in the sound transmission and acoustic behavior of the TMs (Fay et al., 2006). Therefore, the spatial orientation and characteristics of the collagen fibers in the pars tensa and the connection features of the collagen between the pars tensa and annulus revealed by this study will help studies and understanding of the sound propagation mechanism in TMs.

Relatively to the collagen, research on the elastin in the TMs is underrepresented in the literature (Lim, 1995). To our knowledge, there is not yet a study showing the form of the elastic fibers and the 3D characteristics of the elastic fibers with the collagen fibers, cells and capillaries in TMs. TPF imaging has been used by a number of studies for high resolution and label-free visualizing the 3D microstructure of the elastic fibers with cells in tissues (Zipfel et al., 2003; He et al., 2013b; Wu et al., 2020). The most striking discovery in this study is the 3D architecture of the elastic fibers with the collagen, and the close physical connection of the elastic fibers with the spindle fibroblasts in the pars tensa (Figures 2B,E). The close physical connection of elastic fibers with fibroblasts has also been found in studies of tendons (Pang et al., 2017), and has been suggested to be a possible way mediating the mechanotransduction between the fibroblasts and ECM of the tissue. Therefore, this study will open potential for studying the mechanism of hearing loss.

As a crucial building block of cellular membranes, blood vessel walls and ECM of many biological tissues, elastic fibers provide the tissues with the essential elasticity to recover quickly from dynamic strain while they also influence the physiology and disease states of many tissues (He et al., 2013b). Collagen is well known for its great tensile strength to keep and maintain the static shape of tissues while elastic fibers endow tissues with recoil properties to recover rapidly from dynamic deformation. Therefore, the coexistence and 3D morphological characteristics of the collagen and elastic fibers in the pars tensa may have important implications in studies of the acoustic behaviors and health status of TMs. The deterioration or absence of elastic fibers may lead to abnormal fatigue to accelerate the degradation of the acoustic properties of the TMs. Thus, the discovery of the elastic fibers as a coexisting fibrillar element to the predominant collagen fibers in the ECM of the pars tensa will increase the understanding of the biomechanics of TMs and degeneration mechanism of TMs with aging.

There are some factors that prevented observing sharply the elastic fibers and fibroblasts in the unstained status of the TMs using TPF, for accurately quantifying the orientation features of the elastic fibers. Firstly, the excitation efficiency for TPF decays dramatically with the increase of the excitation wavelength (Zheng et al., 2011; Wu et al., 2020). When the excitation wavelength increases from 600 to 700 nm, the excitation efficiency of the TPF drops by a factor of 10 (Zheng et al., 2011; Wu et al., 2020). In this study, the excitation laser available for the TPF imaging was at the near-infrared range and set at 890 nm. As a result, there was a significant decrease in the excitation efficiency of the TPF, and the intensity of the autofluorescence of the elastic fibers and fibroblasts in the images. Secondly, the MMP used in this study is only configured with a 25 X/NA 1.05 water immersion objective lens. The magnification power and numerical aperture of the objective lens is not high enough to reveal the skinning fibroblasts and elastic fibers in the TMs. Either the previous studies (Pang et al., 2017) or this present study (e.g., Figures 4J–L) have shown that the use of high magnification observations is crucial to discover the elastic fibers among massive volume of collagen fibers. Moreover, the fibroblasts, elastic and collagen fibrils are intensively tangled and integrated in the TMs, while the volume of the elastic fibers and fibroblasts is much less than that of the predominant collagen fibers. The elastic fibers and fibroblasts are buried in the larger volume of the collagen matrix, which makes them difficulty to be seen at low magnification observations (e.g., Figures 2C,F).

However, more recent studies have shown that the use of short wavelength excitation lasers at a visible range of 520 nm can improve greatly the excitation efficiency and signal to noise ratio in TPF imaging of unstained tissues (Wu et al., 2020). Therefore, future studies, using advanced multiphoton microscopy integrated short wavelength excitation laser and objective lenses with high magnification powers and numerical aperture, will lead to increase the visibility of the elastic fibers and fibroblasts among the abundant collagen fibers in TMs, allowing simultaneously quantifying the orientation characteristics of the collagen, elastic fibers and fibroblasts, and developing more sophisticated auto classification systems for scoring the physical conditions of TMs.

In addition, this study has found that the tissues near the TM center or umbo contain more vimentin positive cells than those near the annulus. This may explain why tissue cultures harvested from the umbo regions are more proliferative in the regrowth of vimentin positive cells than those from the annulus containing round chondrocytes (Liew et al., 2017). This is an important finding that could have implications for improving the efficacy of cellular therapeutic techniques for TM repairs.

Visualization of cells and tissue structure using high resolution imaging techniques is highly desirable in medical clinics and research because it provides a way to visually inspect the morphology of the cells for briefly determining the cell types and tissue health status. In this study, we reported the cells visualized by the 3D imaging technique using a visual inspection of the cell morphological characteristics. Therefore, it is crucial to carry out a study in future to accurately examine the phenotypes of the cells documented by the 3D imaging technique using advanced immunohistological and genetic tools.
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The small muscle protein, x-linked (SMPX) encodes a small protein containing 88 amino acids. Malfunction of this protein can cause a sex-linked non-syndromic hearing loss, named X-linked deafness 4 (DFNX4). Herein, we reported a point mutation and a frameshift mutation in two Chinese families who developed gradual hearing loss with age. To explore the impaired sites in the hearing system and the mechanism of DFNX4, we established and validated an Smpx null mouse model using CRISPR-Cas9. By analyzing auditory brainstem response (ABR), male Smpx null mice showed a progressive hearing loss starting from high frequency at the 3rd month. Hearing loss in female mice was milder and occurred later compared to male mice, which was very similar to human beings. Through morphological analyses of mice cochleas, we found the hair cell bundles progressively degenerated from the shortest row. Cellular edema occurred at the end phase of stereocilia degeneration, followed by cell death. By transfecting exogenous fluorescent Smpx into living hair cells, Smpx was observed to be expressed in stereocilia. Through noise exposure, it was shown that Smpx might participate in maintaining hair cell bundles. This Smpx knock-out mouse might be used as a suitable model to explore the pathology of DFNX4.
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INTRODUCTION

X-linked hearing loss accounts for 1-2% of all non-syndromic hearing loss (NSHL) cases. Five genes have been associated with x-linked hearing loss, including PRPS1 for DFNX1, POU3F4 for DFNX2, SMPX for DFNX4, AIFM1 for DFNX5, and COL4A6 for DFNX61.

Mechanosensory hair cells are primary cells that enable mammals to sense and distinguish sounds with different frequencies and intensities. These cells, located in the inner ear, can convert sound-induced vibrations into electrical signals. The inner ear can responds to sound-induced vibrations of less than a nanometer and amplify signals by more than 100-fold, and has a wide dynamic range of hearing enabling humans to perceive frequencies from 20 Hz to 20 kHz (Schwander et al., 2010).

Outer hair cell (OHC) bundles are composed of 3 height-ranked rows of stereocilia-modified microvilli packed with highly cross-linked actin filaments (Corvino et al., 2018; Qi et al., 2019, 2020; Liu Y. et al., 2019). Stereocilia, the mechanosensory actin protrusions on the roof of hair cells, play a key role in the transduction of vibration into electrical signals (Wang et al., 2017; Zhu et al., 2018; Cheng et al., 2021). The vertebrate auditory epithelium displays a gradient of stereocilia bundles, the lengths of which is inversely proportional to the frequency of the sound detected by cell tuning (Crawford and Fettiplace, 1985; Howard and Hudspeth, 1987; Ricci et al., 2000; Petit and Richardson, 2009). Although stereocilia are extremely sensitive to mechanical vibration, they are easily damaged by over-stimulation, such as sharp, high-decibel sound. Stereocilia share many construction principles with the formations of actin in microvilli and filopodia. Yet, the length of different stereocilia in a single cell can vary from 1 up to 120 μm and persist for a lifetime. The length of stereocilia may be influenced by actin treadmills, cross-links within the actin core, plasma membrane tension, interstereociliary links, and the overlying extracellular structures (Manor and Kachar, 2008). The turnover of actin filaments has long been considered to reflect the treadmilling behavior. However, recently studies have identified that filament barbed ends can be used for both elongation and disassembly (Romet-Lemonne and Jégou, 2021). In these aspects, actin binding proteins (ABP) are the main parts regulating the length of stereocilia.

The small muscle protein, x-linked (SMPX), originally identified and mapped in Patzak et al. (1999) is abundantly expressed in heart and skeletal muscles. In muscle cells (Kemp et al., 2001; Palmer et al., 2001) SMPX has an important function in protecting the sarcolemmal plasma membrane from mechanical stress. In Huebner et al. (2011); Schraders et al. (2011) proposed SMPX as the causative gene to DFNX4 in two Dutch families, one German family, and one Spanish family. Palmer et al. (2001) found that Smpx-null mice had no obvious developmental defects in the heart or skeletal muscle, which indicated functional redundancy. However, after the identification of hearing loss-associated gene SMPX, there are no detailed reports on how this gene causes hearing loss in vivo. In this study, we established a progressive hearing loss mouse model via CRISPR-Cas9 (Jinek et al., 2012; Cong et al., 2013), which is highly consistent with the DFNX4 displayed in humans.



MATERIALS AND METHODS


Information Collection on Hearing Loss in Two Chinese Families

Data on individual patients were gathered and provided by the Institute of Otolaryngology, West Hospital of Shandong Provincial Hospital. NGS sequencing and data analyses identified three heterozygous mutations that were potentially pathogenic. After that, all exons and intron/exon boundaries containing or surrounding SMPX mutations were PCR-amplified using specific primers. The protocols for PCR reaction and amplification were described in a previous study (Zhang et al., 2016, 2018). Sanger sequencing of SMPX mutations was performed using the following primers: forward 5′-GCTTATGGCCCAAAG AGATC-3′ and reverse 5′-GGCCCAAAAACTTGGCTTAAC-3′. SMPX mRNA (RefSeq NM_014332) was used as a reference to align the sequences using Lasergene-SeqMan software.

Phylogenetic analysis of SMPX was performed with multiple sequence alignment using Clustal Omega software. The sequences included NP_055147.1 (Homo sapiens), XP_003317426.1 (Pan troglodytes), XP_001086790.2 (Macaca mulatta), NP_445847.1 (Rattus norvegicus), NP_001032715.1 (Bos taurus), XP_854567.1 (Canis lupus), and NP_001239520.1 (Mus musculus).



Generation of Smpx Knockout Mice

Smpx knockout mice were generated in the animal facility of School of Life Sciences, Shandong University. Animal management was performed in strict accordance with the standards of the Animal Ethics Committee of Shandong University. All animals were housed in a quiet environment with a temperature of 22 ± 1°C, relative humidity of 50 ± 1%, and a light/dark cycle of 12/12 h.

Gene knockout mice were generated using the CRISPR-Cas9 gene-editing system. To avoid aging-related hearing loss resulting from Cdh23 single nucleotide substitutions carried by C57BL/6 mice, CBA/CaJ mice were used instead. CRISPR/Cas9 genome editing in mice was performed as previously described (Shen et al., 2013). PUC57-sgRNA expression vector containing single guide RNA scaffold (Addgene ID: #51132) and pST1374-NLS-flag-linker-Cas9 containing humanized Cas9 (hCas9) (Addgene ID: #44758) were obtained from Addgene. Two pairs of primers (Table 1) were used to amplify sgRNA transcription templates. Target sequence (20 bps) was directly cloned in the forward primer to avoid the enzyme digestion process. The vector of pST1374-NLS-flag-linker-Cas9 was linearized by SpaI. Cas9 mRNA and SgRNA were synthesized in vitro using AM1345 (Ambion) and AM1354 (Ambion).


TABLE 1. The primers used in KO mouse generation.
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CBA/CaJ female mice were superovulated and mated with CBA/CaJ male mice. Fertilized eggs were isolated from the oviducts of the female mice. Mixed RNAs were then microinjected into the pronucleus and cytoplasm of the fertilized eggs under an inverted microscope. The injected fertilized eggs were incubated in KSOM-AA medium (Millipore) for ten minutes and then transferred into the oviducts of pseudopregnant CD1 female mice.

To identify the mutant mice, genomic DNA was extracted from the toes of pups, and a DNA fragment surrounding the target site was PCR amplified. PCR products were subjected to sequencing or cloned using the T/A cloning kit and then sequenced.



Analysis of Off-Target Mutations

Predictable off-targeting sites were found by using Off-Spotter2. Five potential sequences and corresponding amplification primers were shown in Table 2. To reduce the impact of off-targeting, Smpx null mice were consecutively outcrossed with wild-type CBA/CaJ mice for five generations.


TABLE 2. The potential off-target site and their amplification primers.

[image: Table 2]



Auditory Brainstem Response and Distortion Product Otoacoustic Emission

Auditory brainstem responses (ABRs) of wild type, heterozygous, and homozygous -null mice were recorded from 1 to 5 months after birth. Mice were anesthetized with 0.007 g/ml sodium pentobarbital and placed in a soundproof box. All ABR recordings were captured by three subdermal needle electrodes. The positive electrode was inserted subcutaneously into the midline of vertex, the negative electrode was into the mastoid of the right ear and the ground electrode was into the rear region above the tail. ABR tone pips at frequencies of 4, 8, 16, and 32 kHz were generated using a Tucker Davis Technologies (TDT) workstation running the SigGen32 software and ABR data were recorded using the BioSig32 software. The stimuli were created and equalized with the audio editing software Audacity Portable. The ABR threshold was defined by a visual detection of the third peak in the waveform for click stimulus and at least one of the waves in response to the tone stimulus. The sound intensity was decreased from 90 to 20 dB until the lowest response waveform could not be identified.

Statistical analyses were performed using the GraphPad Prism 9 software. Different threshold groups collected in ABR were compared using the two-way ANOVA, followed by Fisher’s LSD test. A total of 90 mice were used in these experiments (n = 12 in 1 month WT and KO male mice groups; n = 11 in 3 months male WT and KO male mice groups; n = 8 in 5 months WT and KO male mice groups; n = 7 in all female mice groups). Mean values and standard deviation(SD) were used to describe the variability. A p-Value of <0.05 indicated statistical significance. Cohen’s d with Hedges’ g correction was used to calculate the effect sizes of ABRs, which reflected the influence of variables such as knock-out processing.

At 24 h following ABR recordings, DPOAEs at 2f1-f2 from mice that were anesthesized in the way above were obtained using the Real-time Signal Processing System III from Tucker-Davis Technologies. The primary tone produced by two separate speakers was placed as a combination microphone/speaker system in the animal’s sealed ear canal near the tympanic membrane. The DPOAE recordings were made with a low-noise microphone. All stimuli were digitally synthesized using TDT SigGen32 software. Primary tone frequencies (f1 and f2) differed by a factor of 1.25. The test frequencies were at 4, 8, 12, 16, 24, and 32 kHz and the levels were reduced in 10-dB steps from 80 to 20 dB. A fast Fourier Transform (FFT) was applied to obtain the magnitude of the 2f1-f2 distortion product. A peak at 2f1-f2 in the spectrum was accepted as DPOAE. Four WT mice and five KO mice of 3 months were used in this experiment.



Immunostaining of Cochlea Basilar Membrane Stretching Preparation

Cochleae of wild-type and Smpx KO mice were isolated from mice aged 1, 3, and 5 months (3 mice each group). In each cochlea, a part of the cupula cochlea was removed. Paraformaldehyde (4% in PBS) was gently perfused into the cochlea through the opening. Then, the entire cochlea was immersed in a fixative solution for 2 hours at room temperature, followed by washing with 10 mM PBS. After that, the cochleae were decalcified in 10% EDTA overnight at 4°C. Softened cochleae were dissected into three or four parts of the basilar membrane, including the apical, middle, and basal turns. After 3 washes by PBS, samples were blocked with goat serum at 37°C for an hour and then stained with anti-myosin VIIa polyclonal antibody (rabbit, Proteus-Bioscience) overnight at 4°C. After that, the samples were incubated with secondary antibodies for 1 h at 37°C, followed by washing in PBS. Finally, samples were stained with rhodamine-phalloidin (Sigma) and DAPI (Sigma), followed by a final wash in PBS. Sections were visualized under an LSM 700 confocal microscope.


FM1-43 Uptake Assay

The electromechanical conversion function of OHCs mainly depend on MET Channel on OHC bundles. To examine if there were any changes of MET channel on degenerated OHC bundles, FM1-43 uptake was carried out. FM1-43, a fluorescent dye that permeated the transduction channels, was used as a preliminary exploration of MET channel. The FM1-43 uptake assay was performed as previously described (Lelli et al., 2009). Cochleae were dissected from wild-type and Smpx-null mice, and basilar membranes were acquired following the same protocol explained in the immunostaining assay. Samples were treated with 2 μmol FM1-43 dye (Invitrogen) in PBS for 20 s and then fixed with 4% PFA overnight at 4°C. After three times washing in 10 mM PBS, the sections were visualized under an LSM 700 confocal microscope. Seven middle turn areas were captured in each group. The fluorescence intensity was calculated by ImageJ software and the relative fluorescence units were used to represent the results.




Scanning Electron Microscopy

Under sodium pentobarbital anesthesia, wild-type (5 male and 2 female) and Smpx KO mice (7 male and 4 female) were transcardially perfused with 4% PFA. The cochleae were isolated and immersed in 2.5% glutaraldehyde for 10 hours at 4°C. In order to soften the tissue, the cochleae were decalcified in 10% EDTA overnight at 4°C. The basilar membranes were dissected from softened cochleae and post-fixed in 1% osmium tetroxide (diluted by ddH2O) for 1 hour and washed in ddH2O. Then, the samples were dehydrated using a gradient ethanol series, dried and mounted. Finally, the samples were sputter-coated with nanogold. The stereocilia bundles of the cochleae were examined using a Hitachi S-4800 Field-Emission scanning electron microscope.


Transmission Electron Microscopy

The basilar membranes were dissected, fixed and dehydrated. To be embedded in resin, ethyl alcohol in tissue was successively replaced with acetone and resin. After this step, tissues were placed into grooves of a mold filled with resin. The mold was transferred into an oven at 50°C overnight. The samples were cut to slices with a thickness of 50nm using a cryo diamond knife and stretched on the water. The collected ultrathin sections were attached to a copper grid and stained with uranyl acetate and lead citrate. Images were acquired using a JEOL-1200 electron microscope. Three KO male mice and two WT male mice were used in this experiment.



Noise Exposure

In this study, 1- to 2-month-old male mice were divided into two groups (5 mice per group): a control group (wild-type mice) and an experimental group (Smpx knock-out mice). All mice were anesthetized according to the ABR method. Then they were placed in the sound-proof box and exposed to noise limited to the 8-16 kHz octave band at 105 db SPL for 2 h. The auditory brainstem responses of these mice were recorded at four time points: 3 h, 7 days, 14 days, and 30 days after noise exposure. The sound was generated by the noise generator (SF-06, Random Noise Generator, RION, United States), amplified by the power amplifier (CDi 1000 Power Amplifier, Crown, United States), and transmitted to a microphone. The noise files were created and equalized with audio editing software (Audacity Portable). Sound levels were calibrated at multiple locations within the sound chamber to ensure uniformity of the stimulus.




In vivo Transfection by Injectoporation

Plasmid pEGFP-N2 (Clontech) was used as a backbone to express Smpx in living outer hair cells. The whole open reading frame (ORF) was cloned using primers shown in Table 1. pEGFP-N2 and PCR products were digested by EcoRI and BamHI (NEB). Mixed products were incubated 10 min at 22°C with T4 DNA ligase (Thermo). Heat inactivation was conducted at 65°C for 10 min. Then, the plasmids were transferred into Trans 5α competent cells. The positive bacteria strains were screened by kanamycin.

Injectoporation was performed as previously described (Xiong et al., 2014). In brief, the otic vesicles from mice between postnatal day 0 (P0) and P8 were dissected from the skull, and the bony capsules were removed and the Corti organ was exposed. The remaining cochlear ducts were transferred to the lid of a 35-mm Petri dish. During the entire procedure, the tissue was covered with a solution to prevent mechanical damage. The tissue was placed on the bottom of the dish attaching to its surface. A microinjection pipette was controlled by a micromanipulator. Smpx-EGFP expression plasmid was injected into the space surrounding the hair cell bodies by a microinjection pipette and the electroporation electrodes were activated. These procedures were controlled by micromanipulators. After overnight culturing, the tissues were examined by an LSM 800 confocal microscope after overnight culture.




RESULTS


Clinical Presentation

In the screened subjects, Two mutations were found to be associated with DFNX4 (SMPX:c.140delC and SMPX:c.262C > G). The patients from family F42* and F177* showed an X-linked non-syndromic sensorineural hearing loss (Figures 1A,B). Due to the limitation of the tested families, only the adult patient information was obtained. A 26-year-old male subject (F177* III-3) suffered a significant high-frequency hearing loss, but had a nearly normal low-frequency hearing. Elderly subjects (F177* II-7, F42* II-1, F42* II-3) exhibited a severer hearing loss at all frequencies. Four female subjects(F42* I-2, F42* II-6, F42* II-8, F177* II-4) exhibited various degrees of hearing loss apparently more mild than males.
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FIGURE 1. Clinical phenotype and mouse model construction. (A) Pedigree of two Chinese families affected by DFNX4. Solid objects mean gene defect; hollow objects mean unaffected members; squares represent males; circles represent females. This pedigree indicated an X-linked dominant inheritance. (B) Audiograms of affected family members. Red indicates right ear and blue indicates left ear. We discovered that the hearing threshold of two ears was almost the same except F177* II-4’s; hearing loss was more serious in male than female mice; Hearing loss was significantly worse in high frequency than that in low and medium frequencies and varied among individuals. (C) Schematic diagram of Smpx KO mouse construction. Two target sites were chosen in exon 2 and 3 (arrowed); two KO models were obtained. (D) Agarose gel electrophoresis of cDNAs acquired from knock-out mice. We cloned the whole Smpx CDS of these two knock-out pattern and discovered 57 and 87 bps deletions, which were exactly the whole length of exons 2 and 3.




Generation of Smpx Knock-Out Mouse

Mouse full length Smpx protein has only 85 aa. The coding sequence (CDS) contains 3 exons (Figure 1C). We chose two target sites in exon 2 and 3, respectively. The mixed mRNA was injected into 100 zygotes of CBA/CaJ background by cytoplasm microinjection. After 2 h of culturing, 50 plump zygotes were transferred into the oviduct ampullary of two pseudopregnancy mothers. Twenty-three fetuses were born (F0) after 19 days of pregnancy, and 11 of them were found with different indels (insertion and deletions) by genotyping. Nine indels were theoretically effective. We then selected 86 base pairs (bps) deletion mutations in the second exon and a 620 bps insertion mutation in the third exon as our experimental subjects (Figure 1C).

To test these knock-out effects, the entire RNA was extracted from the cochlear of knock-out mouse and reversibly transcribed to cDNA (primers were shown in Table 1). cDNAs were cloned into pMD18-T and sequenced. Interestingly, the whole exon 2 in mutation 1 disappeared, and exon 3 vanished in mutation 2. We believed this occurred due to the following reasons. In mutation 1, the deletion led to the loss of the GT-AG splice site, which in turn caused the spicing to skip through the 2nd exon. In mutation 2, the 620bps recombination sequence disrupted the 87bps exon3, which potentially led to the failure to identify the splice site by snRNP. All potential off-target sequences were amplified using primers (Table 2) and sequenced. Fortunately, no mutations on these sites were identified (data not shown).


Progressive Hearing Loss in Smpx Knock-Out Mice

Pedigree of X-linked dominant inheritance hearing loss DFNX4 was displayed in Figure 1A. Considering that Smpx was an X chromosome-linked gene, Smpx KO mice were separated into male and female two groups. We detected auditory brainstem response (ABR) of mice aged 1, 3, and 5 months in both groups (Figure 2). The responses to broadband click stimuli included varying degrees of hearing loss in both male and female mice. The threshold shifts first appeared at a younger age in male mice (3 months) compared to female mice (5 months) (Figures 2A,B). In addition, the male mice showed a greater elevation of mean threshold compared to the mild increase in female mice. These results were consistent with human audiograms which suggested that hearing loss in males was more severe than that in females (Figure 1B). Moreover, threshold shift appeared earlier in high frequency, which was observed from pure tone stimuli ABR (F177* III-3 in Figures 1B, 2C-G). Hearing loss gradually spread from high to low frequency until the whole spectrum was affected by the 5th month. Due to individual difference, all KO curves (dotted line in Figure 2E and the thresholds in detail were shown in Supplementary Table 1A) at 5th month were plotted to show more details of hearing loss in KO mice. We found that both normal hearing and completely deafness accounted for 11% of mice. This conformed to the normal distribution. Mixed effect ANOVAs were performed to evaluate the effect of KO on overall hearing (male click, p = 0.0049; female click, p = 0.0108) and the difference was significant. We also analyzed the effect sizes of the ABRs with Hedges’ g (Supplementary Table 1B). In brief, the KO caused a medium to large effect on mice hearing from the 3rd month both in male and female mice. In male mice, the KO was effective at all frequencies, whereas it was shown to have a negligible effect at low frequencies in female mice. By comparing effect sizes with audiograms, we found that the KO had already slightly affected the hearing before there was a significant difference (see 3-month female click and 3-month male pure tone).
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FIGURE 2. Progressive hearing loss was displayed in ABR and DPOAE. (A) Broadband click stimuli induced ABR in male mice. Hearing loss started from the 3rd month and the hearing gradually decreased with aging. (B) Broadband click stimuli induced ABR of female mice. Hearing loss started from the fifth month, and homozygous and heterozygous mutation mice displayed similarities with aging. The hearing loss in female mice had a later onset and more mild than that in the males (C-E). Frequency-specific pure tone induced ABR of male mice aged 1, 3, and 5 months. These ABRs indicated that hearing loss started at the 3rd month. The situation deteriorated from high to low frequency. In the 5th month, there was a 20 db threshold shift in 4 kHz pure tone. However, the individual difference was significant shown in panel (D). Two-way ANOVA was used to compare the difference between two groups. *p < 0.05; **p < 0.01; and ***p < 0.001. (F,G) Frequency-specific pure tone induced ABR in female mice at the 3rd and 5th month. Compared to male mice, the threshold shift occurred later and was milder. (H) DPOAE test on wild type and Smpx KO 3-month-old male mice. Threshold shift appeared from 12 to 32 kHz, which did not appear in low frequency at this time. This result was consistent with that in ABR (D).


We also tested DPOAE (Figure 2H) and compared it with ABR. As shown in ABR, hearing loss varied in Smpx–/– mice. Some mice normally displayed WT phenotype. However, in DPOAE, the mice concurrently exhibited threshold shifts, which revealed problems in outer hair cells. At the age of 3 months, the tested KO mice showed significant threshold shifts at frequency of 12, 16, 20, and 32 kHz, which represented the middle to high frequency. This result led us to pay more attention to outer hair cells.




Progressive Degeneration of Stereocilia

To determine the changes caused by Smpx deficiency, the cochlear hair cell stereocilia bundles were stained with FITC-phalloidin. The cell body was marked by Myo7a (Figure 3). At p30, the OHCs were neatly arranged and no significant cell loss was detected. Nevertheless, abnormal bundles were found on the top of the cuticular plate (Figures 3d-f). At p150, OHC numbers began to gradually decrease (Figures 3g-i). All the above results were confirmed by quantitative analysis (Figures 3j,k). On the basis of this phenotype, a scanning electron microscope was utilized to examine the morphology of the stereocilia in detail (Figure 4).
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FIGURE 3. Immunostaining of cochlea basilar membrane. Red: Myo7a, marking the cell bodies; Green: phalloidin, marking the stereocilia. (a-c) Basilar membranes from a p150 WT mouse. (d-f) Basilar membranes from a P30 Smpx KO mouse. No cell loss was detected, but some OHC bundles were out of shape. (g-i) Basilar membrane from p150 Smpx KO mice. Cells loss was sporadically detected at the apical and middle turn, and a large number of cells loss were detected at the basal turn. Scale bar: 20 μm. (j,k) OHC loss rate of mice at p30 and p150. This data indicated a progressive OHC loss consisting with the images above.
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FIGURE 4. Scanning electron microscope of WT and KO mice. (a-c) OHC bundles of wild-type male mouse at p60. There are three rows of stereocilia (“M” shape) on the cuticular plate (heart shape). Scale bar = 5 nm. (d-f) OHC bundles of Smpx KO male mouse at p60. The loss of shortest row stereocilia from apex to base showed a trend from less to more (arrowed). However, the middle and longest rows were normal, and the “M” shape was still sharp and clear. (g-i) OHC bundles of Smpx KO male mouse at p150. The stereocilia degeneration appeared at the apical turn and the conditions were more severe at the middle and basal turns. The middle and longest rows of OHC stereocilia started to degenerate and the “M” shape was indistinct at the middle turn. The whole bundle degenerated at the basal turn. Some OHCs were dead and left a pit on the basilar membrane (red line). (j-l) OHC bundles of Smpx KO female mouse at p150. The bundles were normal in apical and middle turn. A number of the shortest row stereocilia was degenerated at the basal turn. (m-o) OHC stereocilia loss rate of p60 male mice, p150 male mice, and p150 female mice. This data indicated a progressive OHC stereocilia degeneration and this process was more mild and had a later onset in female mice.


In male mice, OHC stereocilia degeneration began from p30 and existed only at the end of basal turn near the oval window. The shortest-row of OHC bundles showed a shorter or normal length (data not shown). At p60, most stereocilia in the shortest row of OHC bundles at the basal turn were degenerated. Stereocilia degeneration spread from the base to the apex and some stereocilia in the middle row started to shorten in the basal turn (Figures 4d-f). At p150, OHC stereocilia in the basal turn were usually completely degenerated, or if still present, they were very short and showed signs of fusion (Figure 4i). The shortest row of OHC bundle in the middle and apical turn were mostly degenerated (Figures 4g,h). In female mice, stereocilia degeneration started at p150, and the degeneration process was milder. The shortest row of OHC stereocilia began to degenerate in the basal turn, while those were normal at middle and apical turns (Figures 4j-l). We analyzed this process in a quantitative way by computing the stereocilia loss rate (Figures 4m-o). These results might explain why DFNX4 in females was milder, and the high-frequency hearing deteriorated earlier in both male and female mice.

Although OHC stereocilia showed progressive degeneration, no changes were observed in IHC stereocilia compared to WT mice. To confirm whether OHC stereocilia degeneration was consistent with hearing loss and whether the remaining stereocilia were still sensitive to the vibration, a pair of sister mice’s data (#43,#44) were individually shown (Figure 5). ABR was tested 1 day before the basilar membrane was dissected and observed under SEM. We chose two locations as the targets (Figure 5b). Site A was on the middle turn of the basilar membrane, responding to the medium frequency hearing. Site B was on the basal turn, responding to the high-frequency hearing. Broadband click stimuli ABR suggested that these subjects had a varing degree of hearing loss (Figure 5a). For #44 (Figures 5c,d,g,h), stereocilia in site A were intact and straight. In site B, some OHCs were lost, and a whole row of stereocilia disappeared in the remaining cells. These changes were reflected in the ABR thresholds. Low and medium frequencies hearing were normal, while there was a 25 dB threshold shifted in 32 kHz. For #43 (Figures 5e,f,i,j), some stereocilia degenerated in site A. In site B, large numbers OHCs were lost, and only some longest-row stereocilia remained. These changes were reflected in the ABR thresholds. 8-16 kHz hearing had a 10-20 dB threshold shift and hearing in 32 kHz was nearly lost. These evidence supported the observations from DPOAEs and the affected OHCs were likely to be largely responsible for the hearing impairment.
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FIGURE 5. The condition of outer hair cells was closely related to the hearing of the Smpx KO mouse. (a) Auditory brainstem response to a pair of sister mice (#43, #44) with different levels of hearing loss. Two mice were both 1-year-old. (b) Schematic diagram of the whole basilar membrane. Site A represents the middle turn and responses to medium frequency sound waves; site B represents the basal turn and responses to high-frequency sound waves. (c-j) SEM of basilar membranes from the cochlea of #43 and #44 and the amplified image. Comparing (c,g) with panels (e,i), middle turn hair bundles in panel (g) is normal. The Shortest-row of stereocilia in panel (i) starts to degenerate. Reflected in the ABR, there are 10 and 20 dB threshold shifts in #43 at 8 and 16 kHz (medium-frequency), but it is normal in #44. Comparing (d,h) with panels (f,j), stereocilia degeneration in #43 is badly worse than that in #44. Large numbers of hair cells’ death in panel (f) resulted in the loss of hearing in a high frequency of #43. The remaining hair cells and stereocilia ensured that #43 maintained a low-level hearing in high frequency.




FM1-43 Uptake

Previous studies have reported that the mechanically gated ion channel is on the top of stereocilia and located at the lower tip-link end (Beurg et al., 2009). To explore whether the MET channel was still present, an simple assay for FM1-43 uptake was performed in the hair cells of 2-month-old mice (Figures 6a,b). A clear fluorescence dye uptake was observed in WT and KO living hair cells. The relative fluorescence unit was computed by the ImageJ software. The results indicated that ion channel decreased to some extent with statistical difference (Figure 6c). We describe earlier that middle turn OHCs of 2-month-old mice were still present, although their shortest row of stereocilia had degenerated (Figures 4d-f). Combined with the results of the FM1-43 assay, it was likely that the remaining stereocilia still maintained a mechanical-electrical transduction function.


[image: image]

FIGURE 6. In KO mice, the FM1-43 uptake decreased and cell edema began to appear at the end phase of stereocilia degeneration. (a,b) FM1-43 uptake in hair cells of WT and Smpx KO mouse at p60. This image indicated that the shortest row stereocilia degeneration did not greatly affect the uptake of FM1-43. (c) relative fluorescence unit of FM1-43 uptake. The uptake in KO mice at p60 was reduced by 17%. (d,e) Transmission electron microscope of hair cells in WT and Smpx KO mouse at p150. In panel (e), the cellular contents were disturbed by water, and swelling appeared on the surface of cell membrane. Undoubtedly, these were characteristics of cell edema. This state of hair cells was more sensitive. (f,g) Magnified image of panels (d,e). In panel (g), the longest row was still remaining (arrowed), which indicated that cellular edema occurred during the stereociliary degenerating process but not after the process. ** means 0.01 > p value > 0.001.




Cell Death in Smpx-Null Mice

At the 5th month, a large number of OHC deaths, especially at the basal turn of the basilar membrane, were observed in Smpx-null mice. With aging, cell death spread from the base to the apex, and outer hair cell survival at the basal turn was decreased. Based on the fact that OHC death came later than stereocilia degeneration, we assumed that OHC death might be secondary to stereocilia degeneration.

We used TEM to examine the condition of the outer hair cell body after stereocilia degeneration (Figures 6d,e). At 5000X, we discovered an obvious transformation corresponding to the characteristics of cellular edema (Xu et al., 2017). There were some substantial edematous changes in the organelles and vacuolation of the mitochondria. The cellular contents were disturbed by water, and swelling appeared on the surface of the membrane. Remarkably, this phenomenon in the cell body had already taken place before stereocilia completely degenerated (Figures 6f,g). The cell body was filled with water, while the stereocilia were still present (Figure 6g). These data suggested that stereocilia degeneration might be linked to cellular swelling and final cell death.


Localization of Smpx in Hair Cells

To verify the localization of Smpx in outer hair cells, we tried nearly all the commercial antibodies against Smpx, but none of them worked well. Instead, we used injectoporation to deliver pEGFP and pEGFP-Smpx plasmids to mechanosensory hair cells (Figure 7). Smpx was made of 85 amino acids. In order to test if the EGFP would interrupt the localization of Smpx, the plasmids were first transfected into Hela cells (Figures 7k,l). GFP-Smpx were concentrated in the nuclear skeleton and lamellipodia (arrowed) where actin was found, while GFP was diffusely located throughout the cytoplasm. After being delivered into outer hair cells by injectoporation, an obvious expression along the whole cell body was detected in the GFP and Smpx + GFP groups. Although GFP was abundantly expressed in the cell body, no signal was detected on bundles (Figure 7b). On the contrary, an obvious “V” shape on the cuticular plate was observed, indicating that Smpx-GFP was located in stereocilia (Figure 7e).Three-dimensional images displayed a clearer expression of GFP and Smpx + GFP throughout the cell (Figures 7g-j). Localization of Smpx to the OHC stereocilia provided good evidence that Smpx-deficiency was closely linked with stereocilia degeneration. In addition, this experiment confirmed the expression of Smpx in stereocilia, but could not exclude its existence in the cytoplasm.
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FIGURE 7. Localization of Smpx in hair cells via in vivo electrotransfection (injectoporation). Red, phalloidin; Green, GFP. (a-c) Hair cells transfected with pEGFP. These images showed GFP was expressed in the cell body but not in the stereocilia. (d-f) Hair cells transfected with pEGFP-Smpx. The obvious “V” shape indicated that GFP-Smpx was located in stereocilia. (g-j) Three-dimensional image of transfected hair cells. Red, phalloidin; Green, GFP; blue, DAPI. 3D images displayed a clearer expression of GFP and GFP-Smpx. (k,l) Hela cells transfected with pEGFP and pEGFP-Smpx. The fusion protein GFP-Smpx should be tested before injectoporation to confirm if GFP would affect the localization of Smpx.





Noise Exposure

We found that mice within 3 months of age had a normal hearing, but the stereocilia had already degenerated at p60. To examine whether hearing of KO mice was more vulnerable to loud sound under 3 months. we exposed two groups of 1- to 2-month-old mice (WT and KO mice) to loud noise (Supplementary Figure 1). Both groups showed 20-30 dB threshold shift in ABR after 2 h of noise exposure. Thresholds of WT mice recovered after one week and thresholds of KO mice did not recover, which suggested that noise-exposure had induced a permanent injury to the outer hair cells of the KO mice. The unrecoverable hearing loss in KO mice indicated that the absence of Smpx had already affected the mice hearing within 3 months of age. It took some intense stimulation for the influence to show up. These results suggested that the DFNX4 patients should avoid excessively loud sound exposure as much as possible.




DISCUSSION

Sensorineural hearing loss affects nearly 300 million individuals. It mainly arises from damage or death of auditory hair cells (Liu et al., 2016; Liu W. et al., 2019; Gao et al., 2020; Chen et al., 2021; He et al., 2021) and spiral ganglion neurons (SGN) (Liu Y. et al., 2019; Ding et al., 2020; Guo et al., 2020; Liu et al., 2021; Yuan et al., 2021), which can be caused by environmental insults (such as overexposure to loud sounds or exposure to aminoglycoside antibiotics or chemotherapeutics) (He Z. et al., 2017; He et al., 2020; Gao et al., 2020; Jiang et al., 2020; Zhang et al., 2020; Zhong et al., 2020; Zhou et al., 2020), or genetic alteration (He et al., 2017; Fang et al., 2019; Qian et al., 2020; Fu et al., 2021; Lv et al., 2021; Zhang et al., 2021). Sound is collected and conducted by the external and middle ear, and transformed into electrical signals by cochlear inner and outer hair cells, Then the electrical signals are transduced to the auditory cortex through spiral ganglion neurons (Martin et al., 2003; Sun et al., 2016; Guo et al., 2019, 2021; Zhao et al., 2019; Hu et al., 2021). SMPX is closely linked to sex-linked non-syndromic hearing loss DFNX4. It was first identified and mapped in 1999. Within the 88 amino acids of SMPX protein, the predicted peptide showed no significant homologies to known structural elements (Patzak et al., 1999). Previous studies have reported that mutations in Smpx cause progressive autosomal recessive non-syndromic deafness DFNX4. The Smpx deficient mice made on C57BL/6 background showed no obvious phenotype (Huebner et al., 2011; Schraders et al., 2011; Abdelfatah et al., 2013). Therefore, this mice strain was not further preserved.

In this study, we established and validated Smpx KO mice using CRISPR/Cas9-mediated genomic editing technology in CBA/CaJ mice to explore the function of Smpx and the underlying mechanism its action in the hearing system. With the cooperation of the Institute of Otolaryngology, West Hospital of Shandong Provincial Hospital, we also obtained some patients data and new mutation sites of DFNX4, which had never been reported. The male subjects displayed a more severe hearing loss than the female subjects and high frequency hearing seemed worse in both males and females. To confirm whether our mouse model was suitable, we tested the ABR of Smpx KO mice. In male mice, definite hearing loss started from the 3rd month for high frequencies and gradually increased with time. Female mice had a milder hearing impairment and developed hearing loss later than male mice. This progressive hearing loss process was highly consistent with that in DFNX4 patients, which suggested that Smpx KO mouse could be used as an mouse model for DFNX4 research.

The deficiency of some actin binding proteins expressed in stereocilia can lead to the shortening or even degeneration of stereocilia. As an actin binding protein, Smpx expression site is essential in determining whether Smpx is functional in stereocilia. The most common way to prove the localization of Smpx in hair cells is the positive staining using a corresponding antibody. Unfortunately, we didn’t find a suitable commercial antibody that worked. Instead, we used injectoporation to deliver a plasmid containing an ORF of Smpx binding with EGFP into living hair cells. After 24 hours of culture and expression, we detected the fluorescence signal of Smpx-EGFP in stereocilia and cell body, while EGFP was only expressed in the cell body. The null mutation of Smpx led to stereocilia degeneration after p60. Since Smpx was localized on stereocilia, we speculated that Smpx might play a role in maintaining OHC bundles.

At the age of 2 months, stereocilia of KO male mice started to degenerate from the shortest row of OHC bundles. Also at the age of 2 months, FM1-43 uptake in OHCs of KO mice was a little lower than that of WT mice, but the hair cells were still positively stained. This result implied that degeneration of the shortest row stereocilia in OHC bundle didn’t greatly affect ion channel. As a simple way, FM1-43 uptake was an imperfect method to test the MET channel. Yet, these findings still gave us a preliminary indication whether MET channel function was affected.


Smpx Knock-Out Mouse Is an Ideal Model for Examining DFNX4 and Stereocilia Degeneration

Animal models are extremely important for investigation of the roles played by genes in the hearing process. The genetic background of mice sometimes affects the phenotype of mutant mice. Thus, it is crucial to use an appropriate animal strain with regard to a specific research field such as hearing. For example, C57BL/6 mice carry the Ahl allele of Cdh23 which predisposes them to early onset presbycusis and is therefore not always an ideal choice for auditory research. In a previous study (Palmer et al., 2001), Smpx KO mouse models with age-related hearing loss (ARHL) were generated by gene-targeting based on C57/BL6 background. We could not tell if the ARHL was caused by genetic mutation or mouse background. In this study, no obvious abnormities were found in mice and the inbreeding of mice strain was discontinued (confirmed by e-mail). CBA/CaJ mouse without ARHL is a better choice in hearing research especially when studying progressive hearing loss.

Comparing the audiograms, we showed that our mouse model could mimic the progressive hearing loss observed in humans. To date, no mice cochleae with Smpx mutation have been histologically studied. Using the Smpx-null mouse model, we investigated the degeneration of OHC stereocilia bundles and the resulting effect on Smpx function in the outer hair cells. With the OHC stereocilia degeneration mouse model, we can further study OHC bundle structures, such as MET channel and tip-link. Moreover, using SEM, we found the degeneration of OHC stereocilia at the shortest row in the 2nd month. In the test of FM1-43 uptake, there was a 17% signal reduction in KO OHCs which indicated the weakened function of MET channel. Interestingly, the hearing loss started from the 3rd month. For a further research, we put the WT and KO mice (under 2 months of age) exposed to a certain intensity noise. The WT mice recovered after a week as expected while the KO mice suffered a permanent injury to their hearing. In a conclusion, though young mice under 2 months of age had a normal hearing, they were more sensitive to loud noise. This gave us a hint that, DFNX4 patients were more susceptible to noise and they should stay away from excessively loud noise to avoid serious hearing loss.



Smpx May Play a Role in Maintaining Hair Cell Bundles

In OHCs, the stereocilia contain a core of actin filaments associated with actin binding proteins. As an ABP, Smpx was also expressed in OHC stereocilium. Degeneration of the OHC stereocilia and the unrecovered hearing after noise exposure gave us a hint that Smpx might play a role in maintaining the hair cell bundles. In the previous study (Palmer et al., 2001; Eftestøl et al., 2014), Smpx was shown to be expressed in pleural segment muscle where its functions included binding the sarcomere to cytomembrane. The localization where Smpx expressed in muscle cells could be described as the bridge rib, which not only connected but also supported the sarcomere (actin filament) to the cytomembrane. We will make a assumption that Smpx may have a similar role in hair bundles, i.e., it may provide a supporting link between the actin core and surrounding structures.
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In recent years, neural stem cell transplantation has received widespread attention as a new treatment method for supplementing specific cells damaged by disease, such as neurodegenerative diseases. A number of studies have proved that the transplantation of neural stem cells in multiple organs has an important therapeutic effect on activation and regeneration of cells, and restore damaged neurons. This article describes the methods for inducing the differentiation of endogenous and exogenous stem cells, the implantation operation and regulation of exogenous stem cells after implanted into the inner ear, and it elaborates the relevant signal pathways of stem cells in the inner ear, as well as the clinical application of various new materials. At present, stem cell therapy still has limitations, but the role of this technology in the treatment of hearing diseases has been widely recognized. With the development of related research, stem cell therapy will play a greater role in the treatment of diseases related to the inner ear.
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INTRODUCTION

Hearing disabilities have become one of the most common sensory disabilities in the world, but there is still no effective treatment for deafness (Wilson et al., 2017). Hearing loss can be classified as conductive hearing loss or SNHL according to the site of damage. The damage site for conductive hearing loss is mainly in the outer ear and middle ear, while the damage site for SNHL is mainly in the inner ear and auditory nerve (Weissman, 1996). At present, the treatment of SNHL mainly involves injections or oral drugs. In addition, local hormone injections, hyperbaric oxygen chamber rehabilitation, hearing aids, cochlear implantation, etc., can also be used in treatment (Chandrasekhar et al., 2019). The efficacy of treatment for patients in the acute phase is about 50%–70% (Tucci et al., 2002; Jeyakumar et al., 2006; Stachler et al., 2012). For patients who have not received effective treatment for more than 72 h after the onset of symptoms, the probability of hearing improvement will be greatly reduced. Some experts believe that the best time for initiating treatment should be within 48 h following the first aural symptoms (Ojha et al., 2020). However, even if the patient receives effective treatment in the acute phase, his hearing cannot be perfectly restored to the level before the illness (Stachler et al., 2012). Therefore, stem cell therapy may be an effective treatment for SNHL.

Inner ear hair cells and spiral ganglion neurons play a key role in the transmission of peripheral auditory signals (Nayagam et al., 2011; Moser and Starr, 2016). After exposure to the mechanical pressure of sound waves, the inner ear hair cells release neurotransmitters to the spiral ganglion cells, which then transmit signals to the auditory center. SNHL (SNHL) is caused by damage to the inner ear, auditory nerve, or central auditory pathway (Dufner-Almeida et al., 2019). The main factors that cause SNHL are damage to hair cells, damage to or loss of synapses between neurons and hair cells, and neuronal degeneration (Waqas et al., 2018). The loss of outer hair cells affects the function of the cochlear amplifier; the loss of inner hair cells or their synapses inhibits the encoding of sound signals; and the loss of spiral ganglia affects the encoding or conduction of sound signals (Moser et al., 2013). Therefore, the damage to the two kinds of inner ear nerve cells can cause permanent hearing loss (Lang, 2016). Previous studies have shown that non-mammalian vertebrates can regenerate hair cells in the cochlea and vestibular system after the hair cells are damaged to restore auditory function (Corwin and Cotanche, 1988). However, adult mammals have no regenerative ability for damaged hair cells, so hearing loss is permanent (Corwin and Cotanche, 1988; Brigande and Heller, 2009; Warchol, 2011). At present, the use of stem cells to induce differentiation to replace damaged hair cells is regarded as the most feasible treatment for regenerating hair cells. In addition, the loss of spiral ganglia, which are important to receiving incoming signals in the auditory system, is also irreversible. The loss of spiral neurons permanently damages the afferent pathways of auditory signals and causes SNHL (Shi and Edge, 2013). Therefore, implanting neural stem cells into the inner ear to regenerate spiral neurons and synaptic connections is also a potential way to restore hearing (Géléoc and Holt, 2014).



THE ROLE OF NEURAL STEM CELLS IN OTHER NEURODEGENERATIVE DISEASE TREATMENT

Neural stem cells have strong proliferation and differentiation potential and can be specifically induced to differentiate into various nerve cells, such as neurons, astrocytes, and oligodendrocytes (Vieira et al., 2018). Therefore, neural stem cells are used as a potential solution for supplementing specific cells damaged by disease, such as neurodegenerative diseases, spinal injuries, and so on. Neural stem cells can be divided into autologous neural stem cells and allogeneic neural stem cells according to their sources. According to their different stages of growth and different tissue sources, neural stem cells can be divided into embryonic stem cell-derived neural stem cells, adult neural stem cells, and non-neural tissue-derived neural stem cells (Yi and Dong, 2010; Trounson and McDonald, 2015). At present, the therapeutic mechanisms of neural stem cells are mainly divided into three types: (1) neural stem cells gather at the injury site, proliferate, and differentiate into specific cells to restore the functions of the original tissues or organs; (2) neural stem cells secrete relevant nutritional factors to promote the recovery and regeneration of damaged cells; (3) neural stem cells establish or improve synaptic connections between neuronal cells and restore nerve conduction pathways.

A number of studies have reported that cell replacement therapy (CRT) using neural stem cells has made significant progress in neurodegenerative diseases such as Parkinson’s disease and Huntington’s disease (Choi and Hong, 2017; Marsh and Blurton-Jones, 2017). Generating specific neurons to function by implanting neural stem cells has become the focus of current research in the treatment of Parkinson’s disease. For example, newborn neurons are used to replace dopaminergic neurons in the striatum and participate in the reconstruction of the nervous system (Lindvall, 2015; Bjorklund and Parmar, 2020). Zhu et al. found that stem cells also have great potential in the treatment of amyotrophic lateral sclerosis (ALS) (Zhu and Lu, 2020). Implanted neural stem cells survive well in a damaged spinal cord. They not only replace lost motor neurons, but also act as a neuronal relay to establish connections between regenerating axons, and between their own axons and host axons so as to rebuild the body’s innervation of voluntary muscles (Zhu and Lu, 2020). The main pathological feature of Alzheimer’s disease (AD) is that amyloid β (Aβ) plaques accumulate in the degenerated neurons of the aging brain. Protein plaques are mainly composed of Aβ fibrils that phosphorylate tau protein and neurofibrillary tangles (NFTs). To treat AD, the implantation of neural stem cells restores damaged neurons, reduces Aβ accumulation, and ameliorates the microenvironment (Li et al., 2014; Han et al., 2020; Hayashi et al., 2020). Neural stem cell implantation also reduces brain damage in adult ischemic stroke and neonatal ischemic hypoxic encephalopathy through a variety of protective mechanisms such as immune regulation and neuroprotection. Endogenous neural stem cells can proliferate, differentiate, and repair brain damage under the stimulation of brain-derived neurotrophic factor (BDNF), NGF, EPO, etc. (Huang and Zhang, 2019). It is also reported that neural stem cell therapy is also used in the treatment of hemorrhagic encephalopathy (Gao et al., 2018), glioblastoma multiforme (Miska and Lesniak, 2015), multiple sclerosis (Xiao et al., 2018), and other diseases.



THE ROLE OF NEURAL STEM CELLS IN HEARING REGENERATION

During the embryonic development of mammals, as the expression of BMP changes, the non-neuroectoderm (NNE) at the junction of the neural tube and the ectoderm thickens, forming the pre-placodal ectoderm (PPE). Pre-placodal ectoderm forms the auditory placode at the front of the embryo. Under the induction of FGF (fibroblast growth factors) and Wnt released from the mesenchyme and neural tubes, the auditory placode is recessed and squeezed from the surface of the ectoderm to form an auditory vesicle. Then the SOX2-positive cell subset in the auditory vesicle up-regulates the pre-neural transcription factor bHLH and forms neuron precursor cells, which are separated from the auditory vesicle to form the cochlear-vestibular ganglion. The cells in the auditory vesicle form the sensory and non-sensory parts of the inner ear through proliferation, remodeling, and apoptosis (Roccio and Edge, 2019). The cochlear precursor cells in the organ of Corti have the ability to differentiate into neurospheres after birth (Zhai et al., 2005; Wang et al., 2006). Among these cells, Lgr5, Lgr6, Abcg2, EPCAM, and CD271 positive cells can proliferate and then differentiate into hair cells and supporting cells under the positive regulation of EGF (epidermal growth factor), IGF (insulin-like growth factor-1), bFGF (basic fibroblast growth factor), Wnt, Shh, and the negative regulation of p27Kip1. Atoh1, Shh, and the Notch pathways play an important regulatory role in the differentiation of precursor cells into hair cells. Nestin and Sox2-positive neural stem cells derived from spiral ganglia proliferate and differentiate into neurons and astrocytes under the control of EGF, IGF, bFGF, LIF (leukemia inhibitory factor), and other pathways (Xia et al., 2019). In this process, BDNF, GDNF (glial cell-derived neurotrophic factor), NT-3 (neurotrophic factor-3), RA (valproic acid), FA (ferulic acid) and other factors play an important regulatory role (Xia et al., 2019).

In recent years, many scientists around the world have explored the application of neural stem cell therapy in the inner ear and have achieved many inspiring results. The main direction is to induce the regeneration of auditory hair cells and spiral ganglion cells to replace damaged cells and attempt to treat SNHL (Matsui et al., 2005; Nacher-Soler et al., 2019; Liu et al., 2020). Neural stem cells in the inner ear can differentiate into auditory neurons, hair cells, and supporting cells. Therefore, after the inner ear is damaged by noise, neural stem cells can make up for the damaged cells, meanwhile reduce the apoptosis of spiral ganglion cells (Xu et al., 2016). Iguchi et al. found that the effectiveness of cochlear implantation (CI) relies on residual spiral ganglion cells, and neural stem cells can differentiate into glial cells and neuronal cells after CI. GDNF and BDNF can nourish spiral ganglion cells to enhance hearing improvement after CI (Iguchi et al., 2003). The application of stem cell therapy in the inner ear mainly includes two aspects: stimulating the proliferation and differentiation of endogenous stem cells in the inner ear and implanting exogenous stem cells (Figure 1).
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FIGURE 1. Mechanism of neural stem cell transplantation for the treatment of hearing loss.



Application of Endogenous Stem Cells in Hearing Regeneration

Studies have reported that there are inner ear stem cells in the cochlea and vestibule, which are distributed in the greater epithelial ridge (GER), lesser epithelial ridge (LER), organ of Corti, vestibular sensory epithelium, and semicircular canals (Liu et al., 2014). The inner ear stem cells in the mouse cochlea can be isolated in the first week after birth, while the stem cells in the vestibule can be isolated even 4 months after birth (Oshima et al., 2007; Kanzaki et al., 2020). Inner ear stem cells are regulated by a variety of transcription factors and can differentiate into sensory precursor cells, neural precursor cells, and non-sensory cells (Kiernan et al., 2005; Raft et al., 2007). Genes such as Jagged1 (Daudet and Lewis, 2005), Notch1 (Liu et al., 2012), Sox2 (Neves et al., 2007), BMP-4 (Cole et al., 2000), FGF (Schimmang, 2007), IGF-1 (Aburto et al., 2012), Atoh1, Jagged2, and Delta1 (Morrison et al., 1999) play important regulatory roles in the differentiation and development of inner ear stem cells into hair cells. In addition, Brn3c (Xiang et al., 1997), Espin (Zheng et al., 2000), and Myosin VI, VIIA, and XV (Steel and Kros, 2001; Udovichenko et al., 2002) are important for the survival of hair cells, and TGF-α promotes the transdifferentiation of supporting cells into hair cells (Liu et al., 2014). Neural stem cells in the inner ear also have the potential to replace damaged cells, and these neural stem cells may be derived from residual spiral ganglion cells (Oshima et al., 2007, 2009). Previous audiology-related studies have found that the number of remaining spiral ganglion neurons has an effect on speech recognition after CI (Seyyedi et al., 2014).

The research on the differentiation of inner ear precursor cells (such as stem cells or supporting cells) into hair cells was first carried out in non-mammalians. Researchers found that after the inner ear hair cells of non-mammals such as birds, fish, and amphibians are damaged, the supporting cells directly or indirectly transdifferentiate into hair cells (Bodson et al., 2010; Wang et al., 2015; Kanzaki, 2018). There are two ways to regenerate hair cells from inner ear supporting cells: re-entering the cell cycle, and transdifferentiation (Chen et al., 2019). In addition, Lagarde et al. found that when the organ of Corti in newborn mice is not fully mature, two types of supporting cells, inner border cells and inner finger cells, can be effectively replenished after loss, thereby maintaining normal hearing in mice (Mellado Lagarde et al., 2014). Cox et al. found that when the cochlear hair cells of newborn mice are lost, supporting cells can regenerate hair cells through mitosis and transdifferentiation, although most of the regenerated hair cells are gradually lost with an extension of development time (Cox et al., 2014). These prove that when the cochlea of newborn mice is damaged, it can activate its ability to regenerate hair cells. It is known that the current technical methods for inducing the regeneration of supporting cells into hair cells mainly include gene editing and drug treatment (Géléoc and Holt, 2014). In 2005, Izumikawa et al. used adenoviral vectors to transfect the Atoh1 gene into the inner ear for the first time. Atoh1 can achieve partial hearing recovery and improvement after deafness by encoding HLH transcription factors and the key factors related to hair cell development (Izumikawa et al., 2005). Akil et al. used adeno-associated virus type 1 (AAV1) to deliver the VGLUT3 gene to the inner ears of VGLUT3 knockout mice and found that the morphology of the ribbon synapses between the inner hair cells was restored. Within 2 weeks, the examined result of mouse auditory brainstem response (ABR) threshold returned to normal level, and the startle reflex was partially relieved (Akil et al., 2012). At present, the application of genetic engineering in the treatment of deafness still has many limitations. For example, the research of Masahiko Izumikawa et al. failed to restore hearing in all experimental animals (Izumikawa et al., 2005). The VGLUT3 mutation studied by Akil et al. is also not common in humans, so it does not have broad representative significance (Akil et al., 2012). However, the value and potential of therapy through the gene introduction of viral vectors have been reflected in many studies. In addition, other gene therapy methods such as the introduction of siRNA, knockout of dominant genes, systemic injection of antisense oligonucleotides, and plasmid introduction into intrauterine embryos also show good therapeutic effects and can be used as potential therapeutic methods (Muller and Barr-Gillespie, 2015). It has been confirmed that some genes in the signaling pathways related to the regeneration of inner ear hair cells play important regulatory roles, such as Atoh1 (Bermingham et al., 1999; Chonko et al., 2013), p27Kip1 (Chai et al., 2011), pRb (Sage et al., 2006), Foxg1 (Ding et al., 2020), Wnt (Bengoa-Vergniory and Kypta, 2015), Notch (Kiernan, 2013), Hedgehog (Zhao et al., 2006), Ephrin, Six1, Pou4f3, and Gfi1 (Menendez et al., 2020; Zhang et al., 2020a). White et al. found that down-regulating the expression of the cell cycle inhibitor P27Kip1 enabled some of the supporting cells in the inner ear to re-enter the cell cycle and generate hair cells (White et al., 2006). Mizutari et al. injected γ-secretase inhibitors locally in mice with noise-induced hearing loss to inhibit the expression of Notch and increase the level of Atoh1. They found that the transdifferentiation of supporting cells into hair cells occurred in the inner ears of mice, resulting in an increase in the number of hair cells (Mizutari et al., 2013). Menendez et al. combined the four transcription factors Six1, Atoh1, Pou4f3, and Gfi1 to convert mouse embryonic fibroblasts, adult mouse tail fibroblasts and postnatal mouse supporting cells into induced hair cell-like cells (Menendez et al., 2020). Foxg1 can affect the proliferation of inner ear neural progenitor cells by regulating the expression of genes related to the cell cycle and Notch signaling pathway. Zhang et al. found that knockout Foxg1 can promote the transdifferentiation of supporting cells to hair cells (Zhang et al., 2020b). Sage et al. found that pRb plays an important role in the maturation and survival of auditory hair cells. When the expression of pRb is deleted, the vestibular hair cells and supporting cells of postnatal mice still divide and proliferate (Sage et al., 2006). Although the hair cells regenerated in this way cannot fully restore the number of cells before the injury, and the hearing improvement is limited (only about 10 dB), this study confirmed the feasibility of regenerating hair cells through the regulation of the cell cycle by drugs, and also promoted the application of more cell cycle regulators in the future (Mizutari et al., 2013; Géléoc and Holt, 2014; Kanzaki et al., 2020).

Recent studies have shown that microRNA is also a potential gene therapy tool. It not only affects the development of the cochlea and hair cells, but also regulates the proliferation and differentiation of inner ear stem cells, which is very important for the regeneration of inner ear hair cells (Wu et al., 2020). Jiang et al. found that regulating the expression of miR-124 in inner ear neural stem cells in spiral ganglia can change the expression of tropomyosin receptor kinase B (TrkB) and cell division cycle 42 (Cdc42), and it promotes the neuronal differentiation and neurite outgrowth of inner ear neural stem cells (Jiang et al., 2016). At present, many studies have tried to use the regulatory role of microRNA in cell proliferation and differentiation to repair and regenerate inner ear hair cells, thereby treating hearing loss (Chen et al., 2018; Zhou et al., 2018).



Application of Exogenous Stem Cells in Hearing Regeneration

Due to the limited number of existing stem cells in the inner ear, and because the mechanism of inner ear cell renewal is still unclear, many researchers have tried to repair inner ear cells by implanting neural stem cells (Waqas et al., 2020). Clarke et al. found that neural stem cells have the potential to differentiate into functional auditory neurons (Clarke et al., 2000). The reported sources of neural stem cells implanted in the inner ear include dorsal root ganglion cells, neural precursor cells, the stem cells or precursor cells isolated from the inner ear, immortalized auditory neuroblasts, embryonic stem cells and their derived neural stem cells, and bone marrow stromal cells treated with Shh and retinoic acid (Lang et al., 2008). Michael et al. developed an organoid culture system in vitro based on the in vivo embryonic development system (Perny et al., 2017). They first activated BMP and inhibited TGF-β to induce mouse embryonic stem cells (mESCs) to generate non-neuroectoderm, while avoiding the induction of mesoderm, and then inhibited BMP and activated FGF2 to further induce the generation of pre-placodal ectode (PPE) and otic placode. Spiral ganglia were stratified and differentiated in a serum-free 2D Matrigel matrix. The tissues were treated with BDNF and NT-3 for 15 days in vitro, and were finally differentiated into mature spiral ganglia with a clear morphology and normal function (Perny et al., 2017). Karl R. Koehler et al. used the quickly aggregated serum-free embryonic body method (SFEBq) to culture mouse embryonic neural stem cells, and regulated the expression of BMP, TGF-β, and FGF at different time points, so that the cell population formed non-neuroectoderm, PPE, and otic placode epithelial cells. The signal pathways related to the differentiation of the inner ear sensory epithelial cells were then are activated, such as the Wnt, Notch, Hippo, Shh, and MAPK pathways (Bengoa-Vergniory and Kypta, 2015; Ouyang et al., 2020; Susanto et al., 2020), resulting in a large number of hair cells with special function and structure that could sense mechanical pressure (Koehler et al., 2013; Jiao et al., 2017; Xia et al., 2019). In addition, nerve growth factor (NGF) plays an important role in the survival and differentiation of neural stem cells. A medium containing NGF has a large number of neural stem cells with high differentiation potential (Han et al., 2017).



METHOD AND FUNCTION EVALUATION OF NEURAL STEM CELL IMPLANTATION IN THE INNER EAR

Implanting stem cells into the inner ear can select proper pathway from perilymph, endolymph, cochlear axis, auditory nerve, cochlear lateral wall, and so on (Zhu et al., 2018). The perilymph path includes round window and external semicircular canal injection, and the endolymph path is through membranous cochlear duct injection (Liu et al., 2016). Zhang et al. cultivated neural stem cells for a period of time, and then injected them into the cochlea through the cochlear sidewall, allowing them to migrate to the area of the cochlea axis where the spiral ganglia were distributed (Zhang et al., 2013). This method is effective, precise, and incurs a minimal level of trauma. Due to the special structure of the cochlea, invasive cochlear surgery may cause severe hearing loss (Bogaerts et al., 2008). Therefore, when neural stem cells are implanted, different methods should be selected according to the treatment conditions and treatment purposes (Figure 1).

It is necessary to test the function of neural stem cells after implantation from the perspective of histology and function. Histological detection indicators mainly include the differentiation of neural stem cells, the neurotrophic factors secreted by neural stem cells, and the formation of neural networks such as the extension of axons and the establishment of synaptic connections between neurons. Functional detection indicators mainly include the improvement in the hearing level of the implanted object, whether symptoms such as tinnitus are alleviated, and whether the effect of hearing devices such as cochlear implants has been enhanced. To determine whether neural stem cells are successfully differentiated into target cells after implantation in the inner ear, detection is mainly based on morphology, protein expression, and genetic markers. For example, detection may be based on detecting specific expression genes (MYO7A, BRN3A, and ATHO1), auditory receptors, mechanical energy to electrical energy conversion, and hair cell electrophysiological activity to determine whether the newly generated hair cells after stem cell implantation have the characteristics of normal hair cells (Ottersen et al., 1998; Gale et al., 2001; Griesinger et al., 2002; Prosser et al., 2008; Beurg et al., 2009). The BrdU detection of cell proliferation, microscopic detection of morphology, and detection of synaptic protein expression, as well as electrophysiological detection and other methods can determine whether the implanted newly generated cells have successfully differentiated into spiral ganglion cells (Li et al., 2016).



APPLICATION OF NEW MATERIALS RELATED TO NEURAL STEM CELLS IN THE TREATMENT OF AUDITORY DISEASES

In recent years, many researchers have developed more new technologies and materials in the process of using neural stem cells to treat auditory diseases, and these technologies have promoted the clinical application of neural stem cells (Figure 2). As a material with excellent stability, biocompatibility, conductivity, ductility, elasticity, and mechanical strength, graphene is often used in tissue engineering research. When graphene was used as a nanocomposite carrier or scaffold material for neural stem cells, researchers found that graphene materials could promote the proliferation and differentiation of neural stem cells and the directional growth of neuronal axons, and ultimately formed biologically functional tissue (Shin et al., 2016; Yang et al., 2018; Han et al., 2019). When neural stem cells were cultured on a graphene substrate, the cell membrane potential parameters did not change, but when neural stem cells proliferated and differentiated, the resting potential of the cells increased negatively, and the amplitude of the action potential increased. In addition, the differentiation of neural stem cells accelerated, and the expression of synaptic proteins and synaptic activity increased, which showed that graphene could accelerate the development and maturation of neural stem cells (Guo et al., 2016). In addition to graphene, artificial photonic crystal materials also promote the growth of neural stem cells due to their special topological properties and electrical signal stimulation (Yang et al., 2013; Ankam et al., 2015). Besides these new materials, anisotropic inverse opal is a material that regulates the behavior of neural stem cells by changing their surface morphology. Compared with isotropic inverse opal, special 3D (3-dimensional) porous structure of anisotropic inverse opal can make neural stem cell spheres have stronger proliferation ability, more orderly cell arrangement, better directional differentiation, and a significantly higher dendritic complexity index (DCI) (Xia et al., 2020). The use of a 3D culture system can simulate the inner ear microenvironment and promote the complete formation of stem cells into a functional structure of the inner ear (Chang et al., 2020). When neural stem cells are implanted in the inner ear to treat auditory diseases, different materials can be selected according to different treatment requirements (Figure 2). To date, extensive research has been carried out on the main processes of neural stem cell acquisition, implantation, and postoperative inner ear functional recovery. However, there are still unresolved problems related to tumorigenicity, targeted growth, and cell survival rate after implantation. Therefore, more precise and effective optimization of treatment methods is needed in the future.


[image: image]

FIGURE 2. Application of new materials and new substrates in neural stem cell transplantation.




CONCLUSION

At present, great progress has been made in the research on endogenous and exogenous neural stem cells in the treatment of auditory diseases. A large number of studies have covered the acquisition, induction, and implantation of neural stem cells, and the restoration of auditory function after implantation. Neural stem cells are implanted into the inner ear to replace and supplement hair cells or spiral ganglion cells, to promote the renewal and proliferation of residual cells and to restore or rebuild the neuron network, so as to achieve the recovery of auditory function (Figure 1). This is a valuable and promising treatment method for auditory diseases. However, there are still unknown factors in the inner ear implantation of neural stem cells, such as tumorigenicity and immune rejection. Moreover, functional recovery after implantation has not reached a satisfactory level for clinical application. In the future, research on inner ear stem cells will discover new materials and regulatory genes or proteins, which will promote the clinical application of neural stem cells.
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Syndromic Deafness Gene ATP6V1B2 Controls Degeneration of Spiral Ganglion Neurons Through Modulating Proton Flux
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ATP6V1B2 encodes the V1B2 subunit in V-ATPase, a proton pump responsible for the acidification of lysosomes. Mutations in this gene cause DDOD syndrome, DOORS syndrome, and Zimmermann–Laband syndrome, which share overlapping feature of congenital sensorineural deafness, onychodystrophy, and different extents of intellectual disability without or with epilepsy. However, the underlying mechanisms remain unclear. To investigate the pathological role of mutant ATP6V1B2 in the auditory system, we evaluated auditory brainstem response, distortion product otoacoustic emissions, in a transgenic line of mice carrying c.1516 C > T (p.Arg506∗) in Atp6v1b2, Atp6v1b2Arg506*/Arg506*. To explore the pathogenic mechanism of neurodegeneration in the auditory pathway, immunostaining, western blotting, and RNAscope analyses were performed in Atp6v1b2Arg506*/Arg506* mice. The Atp6v1b2Arg506*/Arg506* mice showed hidden hearing loss (HHL) at early stages and developed late-onset hearing loss. We observed increased transcription of Atp6v1b1 in hair cells of Atp6v1b2Arg506*/Arg506* mice and inferred that Atp6v1b1 compensated for the Atp6v1b2 dysfunction by increasing its own transcription level. Genetic compensation in hair cells explains the milder hearing impairment in Atp6v1b2Arg506*/Arg506* mice. Apoptosis activated by lysosomal dysfunction and the subsequent blockade of autophagic flux induced the degeneration of spiral ganglion neurons and further impaired the hearing. Intraperitoneal administration of the apoptosis inhibitor, BIP-V5, improved both phenotypical and pathological outcomes in two live mutant mice. Based on the pathogenesis underlying hearing loss in Atp6v1b2-related syndromes, systemic drug administration to inhibit apoptosis might be an option for restoring the function of spiral ganglion neurons and promoting hearing, which provides a direction for future treatment.

Keywords: syndromic hearing loss, Atp6v1b2, lysosome, apoptosis, function compensation


INTRODUCTION

V-ATPase is a multi-subunit enzyme complex also known as the vacuolar H+-ATPase. This proton pump is mainly responsible for the acidification of lysosomes and other membrane-bound compartments (Beyenbach and Wieczorek, 2006). V-ATPase comprises a peripheral V1 domain catalyzing ATP hydrolysis and a membrane integral V0 domain involved in proton translocation (Beyenbach and Wieczorek, 2006; Mindell, 2012). The V1 domain includes at least eight different subunits (A-H), while the V0 domain includes six different subunits (a,d,e,c,c′, and c″). The loss of any subunit will disrupt the assembly of V-ATPase and affect lysosome acidification, which could lead to various disorders (Ma et al., 2011).

ATP6V1B2, which encodes the V1B2 subunit in V-ATPase, is the causative gene for dominant deafness-onychodystrophy syndrome (DDOD syndrome, MIM: 124480) (Yuan et al., 2014); deafness, onychodystrophy, osteodystrophy, intellectual disability, and seizures syndrome (DOORS syndrome, MIM: 220500) (Beauregard-Lacroix et al., 2020); and Zimmermann–Laband syndrome (ZLS, MIM: 135500) (Kortum et al., 2015). These syndromes share the symptoms of congenital sensorineural deafness, onychodystrophy, and different extents of intellectual disability without or with epilepsy. ATP6V1B2 c.1516 C > T, p.Arg506∗, was identified in all families with DDOD syndrome (Yuan et al., 2014; Menendez et al., 2017). To investigate the pathological role of mutant ATP6V1B2 in the neurosensory system, we generated a transgenic line of mice carrying c.1516 C > T (p.Arg506∗) in Atp6v1b2, Atp6v1b2Arg506*/Arg506* (homozygous mutant), and identified that the mutant mice displayed obvious cognitive defects for which impairment in the hippocampal CA1 region might be the pathological basis (Zhao et al., 2019). The interaction between the V1B2 and V1E subunits was found to be weaker in Atp6v1b2Arg506*/Arg506*mice than in wild-type (WT) mice, indicating that the assembly of V-ATPase was affected by the mutation (Zhao et al., 2019). In another prior study, when pIRES2-EGFP-ATP6V1B2 WT and pIRES2-EGFP-ATP6V1B2 c.1516 C > T mutant plasmids were transfected into HEK293 cells, the lysosomal pH was increased, revealing the reduced acidification in the lysosome caused by the c.1516 C > T mutation (Yuan et al., 2014). Lysosomes, as scavengers of living cells, play a critical role in cellular metabolism. An abnormal lysosomal pH will cause dysfunctional macromolecule degradation and lead to lysosomal storage diseases. Loss of the V-ATPase subunits in the Drosophila fat body cells resulted in an abnormal pH in the lysosomal lumen, causing an accumulation of non-functional lysosomes and leading to a blockade of autophagic flux (Mauvezin et al., 2015). Additionally, abnormalities in autophagy caused by V-ATPase defects are associated with neurodegenerative diseases (Peric and Annaert, 2015; Cerri and Blandini, 2019).

Whether the Atp6v1b2 c.1516 C > T mutation results in autophagic dysfunction and leads to abnormal auditory function remains unanswered. However, the Atp6v1b2Arg506*/Arg506* mice displayed normal auditory brainstem response (ABR) thresholds before 24 weeks of age (Zhao et al., 2019), while in the patients with ATP6V1B2-related syndromes, the hearing loss is congenital and severe. Genetic compensation can be induced by non-sense mutations that could occur between homologous genes (Ma et al., 2019). Two highly homologous genes encode V1B subunits: ATP6V1B1 and ATP6V1B2. The B2 subunit of V-ATPase was shown to functionally substitute for the B1 subunit (Paunescu et al., 2007). Therefore, we speculate that genetic compensation might be responsible for the phenotype of Atp6v1b2Arg506*/Arg506* mice.

Herein, we performed long-term studies on hearing in Atp6v1b2Arg506*/Arg506* mice, investigated the pathogenic mechanism of neurodegeneration in the auditory pathway, and confirmed the genetic compensation in Atp6v1b2Arg506*/Arg506* mice to explain the difference between hearing impairments observed in patients and those produced in this mouse model.



MATERIALS AND METHODS


Animals

Atp6v1b2Arg506*/Arg506*mice were generated in the C57BL/6 strain background by Shanghai Model Organisms Center, Inc., (Shanghai, China), as described in detail previously (Zhao et al., 2019). Heterozygous (HE) mutant mice were crossed to generate homozygous Atp6v1b2Arg506*/Arg506* (HO) mutant mice, and WT littermates were used as controls. Male WT and Atp6v1b2Arg506*/Arg506* (HO) mutant mice were tested.



Bax Inhibitor Peptide V5 Treatment

The concentration of Bax inhibitor peptide V5 (BIP-V5) was adjusted to 100 μmol/L with saline. Starting from 4 weeks after birth, mice (n = 8) were injected intraperitoneally at a dose of 10 μL/g body weight once weekly until 40 weeks after birth. In addition, WT (n = 8) and Atp6v1b2Arg506*/Arg506* (n = 8) control mice were injected intraperitoneally with saline alone.



ABR Analysis

Hearing was evaluated in WT and Atp6v1b2Arg506*/Arg506* mice at the age of 4, 12, 20, 28, 36, and 40 weeks (n = 6 per genotype and age group). In brief, the stimuli of ABR included click and tone-burst (1, 2, 4, 8, 16, 24, and 32 kHz) and were presented from 90 to 10 dB SPL. Amplitude and latency of ABR wave I were analyzed for 90 dB SPL click stimuli.



Immunostaining

Inner ear tissues were dissected and fixed in 4% paraformaldehyde for 1–2 h at room temperature or for 12 h at 4°C, followed by decalcification in 10% EDTA (pH = 7.2) at 4°C for 5 days. For cryosections, the calcium-depleted cochlea tissues were placed into a 30% sucrose solution for dehydration. Serial sections were cut at 10 μm thickness. For basilar membrane with organ of Corti, cochlea ducts were dissected.

The primary antibodies used were as follows: rabbit anti-Myo7a (Proteus Biosciences, Ramona, CA, United States, 1:300), mouse anti-Ctbp2 (BD Biosciences, San Jose, CA, United States, 1:200), chicken anti-NFH (AB5539, EMD Millipore, Billerica, MA, United States, 1:500), rabbit anti-beta III tubulin (ab230847, Abcam, United Kingdom, 1:500), rabbit anti-cleaved caspase-3 (9661, Cell Signaling Technology, Boston, MA, United States, 1:500), rat anti-MBP (MAB386, EMD Millipore, Billerica, MA, United States, 1:500), rabbit anti-caspase-3 (ab4051, Abcam, United Kingdom, 1:500), rat anti-LAMP1 (ab25245, Abcam, United Kingdom, 1:500), rabbit anti-Bax (ab199677, Abcam, United Kingdom, 1:500), rabbit anti-BCL2 (12789-1-AP, Proteintech, Chicago, IL, United States, 1:500), rabbit anti-LC3B (ab48394, Abcam, United Kingdom, 1:500), rabbit anti-TOM20 (SC-11415, CiteAB, Santa Cruz, CA, United States, 1:500), and mouse anti-cytochrome C (556432, BD Pharmingen, United States, 1:500). The secondary antibodies used were as follows: goat anti-rabbit IgG (A-11008, Thermo Fisher Scientific, Waltham, MA, United States, 1:500), goat anti-mouse IgG (A-10684, Thermo Fisher Scientific, Waltham, MA, United States, 1:500), goat anti-rat IgG (A-11077, Thermo Fisher Scientific, Waltham, MA, United States, 1:500), and goat anti-chicken IgY (A-21449, Thermo Fisher Scientific, Waltham, MA, United States, 1:500). Nuclei were labeled with DAPI.



Confocal Laser Scanning Microscopy

Confocal z-stacks (0.3 μm step size) of cochlea tissues were taken using either a Zeiss LSM800 or a Leica SP8 microscope. ImageJ software (version 1.46, NIH, MD, United States) was used for image processing of z-stacks. All immunofluorescence images shown in this study are representative of at least three individual mice in each group.



Western Blotting

The cochlea tissues were quickly removed from mice and cryo-milled in RIPA lysis buffer and centrifuged. The supernatants were collected, and the protein concentration was detected using the BCA protein assay kit (PI23227, Thermo Fisher Scientific, Waltham, MA, United States). Then equal amounts of protein sample were separated by 12% Tris/Glycine SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The primary antibodies used were the same as those used for immunostaining analysis. The experiments were independently repeated three times.



Transmission Electron Microscopy

Mice were perfused intracardially with 4% paraformaldehyde (in 0.1 M phosphate buffer). Cochleae were then isolated and postfixed with 1.5% paraformaldehyde and 2.5% glutaraldehyde, followed by decalcification in 10% EDTA at 4°C for 5 days and osmification in 1% osmium tetroxide. Then the samples were dehydrated in ethanol and embedded in araldite resin. After resin solidification, semi-thin sections were made stained for localization. Then ultra-thin sections, uranium dioxide acetate saturated and lead citrate were stained respectively. Transmission electron microscopy (TEM) was performed using a Jeol 1400-plus electron microscope (JEM-1400, JEDL, Tokyo). Multiple non-overlapping regions of the ANF cross-sections were imaged at ×3,400 magnification. All images of semi-thin sections and electron microscope sections shown are representative of at least three individual mice in each group.



RNAscope

Cochleae of 4-week-old mice were perfused and decalcified. After freezing the tissues in OCT compound with dry ice or liquid nitrogen, they were stored in an airtight container at –80°C. Before tissue sectioning, the tissue blocks were placed at –20°C for at least 1 h in a cryostat. The blocks were then sectioned to 7 μm. After air drying the slides for 20 min at –20°C, the RNAscope experiment was performed as previously described (Shrestha et al., 2018; Sun et al., 2018). The following probes for RNA binding were used: Mm-Atp6v1b1 (#804281, Advanced Cell Diagnostics, United States) and Mm-Atp6v1b1-C2 (#804291-C2, Advanced Cell Diagnostics). The sections were imaged using a confocal microscope.



Statistical Analysis

Statistical analyses were performed using Microsoft Excel and SPSS (18.0). Statistical differences were analyzed using t-test. The data are represented as the mean ± SEM. Densitometric analysis in the western blotting experiment was performed using the ImageJ software. P values less than 0.05 were considered to indicate statistical significance.



RESULTS


Atp6v1b2Arg506*/Arg506* Mice Begin to Develop Hidden Hearing Loss at 12 Weeks and Develop Hearing Loss at 28 Weeks After Birth

Mice were phenotyped using ABR at 4–40 weeks of age. The ABR waveform in mice is composed of five peaks, corresponding to electrical signals generated by different components of the peripheral and central auditory pathway (Figure 1A). The ABR at 4, 20, and 40 weeks, which represent the early, middle, and aged stages of Atp6v1b2Arg506*/Arg506* mice, are shown in Figures 1B–D. The ABR of the mice at other ages are shown in Supplementary Figures 1A–C. The thresholds for Atp6v1b2Arg506*/Arg506* mice did not differ significantly from those of WT mice at 4, 12, and 20 weeks. Atp6v1b2Arg506*/Arg506* mice presented hidden hearing loss (HHL) at 12 and 20 weeks with lower P1 amplitudes and a longer latency than WT mice (Figures 1C,D and Supplementary Figures 1B,C). From 28 weeks, Atp6v1b2Arg506*/Arg506* mice showed progressive HL and increased ABR thresholds compared with WT mice (70 dB SPL average, Supplementary Figure 1A). However, DPOAE threshold of 4–32 kHz showed no significant difference between Atp6v1b2Arg506*/Arg506* (4 kHz: 41.67 ± 3.33, 8 kHz: 38.33 ± 1.67, 16 kHz: 43.33 ± 3.33, 32 kHz: 65 ± 5.77, n = 3) and WT mice (4 kHz: 40 ± 2.89, 8 kHz: 38.33 ± 4.41, 16 kHz: 45 ± 5.77, 32 kHz: 68.33 ± 3.33, n = 3) (T-test, P > 0.05, Supplementary Figure 1D) at 6 months, which indicated the normal function of outer hair cells (OHCs).
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FIGURE 1. Progressive hearing impairment with increasing age in Atp6v1b2Arg506*/Arg506* mice. (A) Auditory brainstem responses (ABR) were recorded to evaluate the hearing in mice. After acoustic stimulation, the recording electrode recorded five waveforms, of which peak I (P1) was derived from spiral ganglion neurons in the mouse cochlea. The hearing thresholds were defined as the lowest sound intensity that elicited identifiable waves. (B) ABR thresholds (shown in ordinate) to click and to 1, 2, 4, 8, 16, 24, and 32 kHz (shown in abscissa) tone-burst stimuli were compared between WT and Atp6v1b2Arg506*/Arg506* mice. At 4 weeks and 20 weeks, ABR thresholds showed no significant difference between WT and Atp6v1b2Arg506*/Arg506* mice. At 40 weeks, ABR thresholds to click and to 4, 8, and 16 kHz stimuli were significantly higher in Atp6v1b2Arg506*/Arg506* than in WT mice. (C) ABR P1 amplitudes (shown in ordinate) were compared between WT and Atp6v1b2Arg506*/Arg506* mice. There was no significant difference at 4 weeks. At 20 weeks, Atp6v1b2Arg506*/Arg506* mice had significantly lower peaks to click and to 4, 8, 16, and 24 kHz tone-burst stimuli than WT mice. At 40 weeks, Atp6v1b2Arg506*/Arg506* mice had significantly lower peaks to click and to 4, 8, and 16 kHz tone-burst stimuli than WT mice. (D) ABR P1 latencies (shown in ordinate) stimulated by different sound types (shown in abscissa) with the same sound intensity (90 dB SPL) were compared between WT and Atp6v1b2Arg506*/Arg506* mice. There was no significant difference at 4 weeks. At 20 weeks, Atp6v1b2Arg506*/Arg506* mice showed significantly longer latencies to click and to 4, 8, 16, 24 and 32 kHz tone-burst stimuli than WT mice. At 40 weeks, Atp6v1b2Arg506*/Arg506* mice showed significantly longer latencies to click and to 4, 8, and 16 kHz tone-burst stimuli than WT mice. The t-test was performed to evaluate statistical significance; n represents the number of test ears, n = 6 for each group; * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001. Data are described as mean +SEM (standard error of mean).


No morphological changes of the organ of Corti between WT and Atp6v1b2Arg506*/Arg506* mice were observed (Figure 2B), also indicating that hearing loss in Atp6v1b2Arg506*/Arg506* mice was not related to hair cell loss. The synaptic density in Atp6v1b2Arg506*/Arg506* mice did not differ significantly from that in WT mice at different ages (Supplementary Figure 2). Interestingly, although the auditory nerve fibers of Atp6v1b2Arg506*/Arg506* mice did not change significantly at 4 weeks, the myelin sheath covering the auditory nerve fibers decreased at 20 weeks (Figures 2C,D). We labeled the unmyelinated nerve fibers in the osseous spiral lamina (OSL) of mouse cochlea with the NFH antibody (Supplementary Figures 3A–F). In the cochlea of Atp6v1b2Arg506*/Arg506* mice at 20 weeks, parts of auditory nerve fibers in the OSL stained positive for NFH, indicating the presence of auditory nerve fiber demyelination (Supplementary Figures 3C,F), which was consistent with myelin stain results (Figures 2C,D). To further clarify the changes in myelination of the nerve fibers, we performed TEM to observe the morphology of the myelin sheath in mice at 4, 12, and 20 weeks of age (Supplementary Figures 3G–L). Atp6v1b2Arg506*/Arg506* mice showed vacuolar-like changes in the myelin sheath of auditory nerve fibers in the OSL at 4 weeks, but the myelin sheath was still wrapped around the nerve fibers (Supplementary Figure 3J). Demyelination was observed in the auditory nerve fibers of Atp6v1b2Arg506*/Arg506* mice at 12 and 20 weeks (Supplementary Figures 3K,L). These changes did not appear in WT mice (Supplementary Figures 3G–I). The above results indicate that demyelination of cochlear auditory nerve fibers was the pathological basis for HHL in Atp6v1b2Arg506*/Arg506* mice.
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FIGURE 2. Abnormal morphology in the cochlea of Atp6v1b2Arg506*/Arg506* mice at different postnatal ages of 4, 20, and 40 weeks. (A) Illustration of the cochlear architecture. The three areas within the red frame (from left to right): spiral ganglion neuron (SGN) cell bodies, auditory nerve fibers, and organ of Corti. (B) There is no obvious difference in the morphology of organ of Corti between WT and Atp6v1b2Arg506*/Arg506* mice. Phalloidin, MyoVIIa, and DAPI are markers of hair cell cilia, inner/outer hair cells, and nuclei, respectively. The experiments were repeated three times. (C) Representative images of auditory nerve fibers for WT and Atp6v1b2Arg506*/Arg506* mice. (D) Statistical results of the red and green fluorescence intensities for panel (C). The intensity of red fluorescence (myelin) decreased significantly at 20 and 40 weeks in Atp6v1b2Arg506*/Arg506* mice. The intensity of green fluorescence (nerve fibers) decreased significantly at 40 weeks in Atp6v1b2Arg506*/Arg506* mice. (E) Representative images of SGN cell bodies of WT and Atp6v1b2Arg506*/Arg506* mice. (F) Statistical results of the number of SGN cell bodies for panel (E). The number of SGN cell bodies decreased significantly in Atp6v1b2Arg506*/Arg506* mice compared to that in WT mice at 40 weeks. The myelin sheath, nerve fibers, and nuclei are labeled with red (MBP), green (beta III tubulin), and blue (DAPI) fluorescence, respectively. The t-test was performed to evaluate the statistical significance. Each group included three mice, and one slice for each mouse was processed. ** denotes P < 0.01, *** denotes P < 0.001. Data are described as mean ± SEM (standard error of mean). HP, habenula perforate.


In addition, the number of SGNs decreased significantly in Atp6v1b2Arg506*/Arg506* mice compared to that in WT mice at 40 weeks (Figures 2E,F). The excitation of type I SGNs is caused by the action potential of IHCs and is further transmitted to the neuronal body, type II SGNs connect the OHCs and are mainly responsible for receiving signals from the OHCs (Figure 2A). Another special feature of type II SGNs is that the cell bodies and the nerve fibers that connect the OHCs are unmyelinated. By labeling type II nerve fibers with NFH antibody, we found that the number of type II nerve fibers connecting the OHCs was reduced in Atp6v1b2Arg506*/Arg506* mice at 28 weeks (Supplementary Figures 1E,F). In summary, the decrease in SGNs was the cause of hearing loss in the aged Atp6v1b2Arg506*/Arg506* mice.



Atp6v1b2 c.1516C > T Causes Abnormal Autophagy, Which Leads to Apoptosis of the SGNs in Atp6v1b2Arg506*/Arg506* Mice

Western blotting results revealed increased LC3-II in the cochlea of Atp6v1b2Arg506*/Arg506*mice (Figure 3B), indicating that autophagosomes accumulated in the cytoplasm. In Atp6v1b2Arg506*/Arg506* mice, autophagosomes increased in the SGNs (Figure 3A). However, in the organ of Corti, there was no significant difference between WT and Atp6v1b2Arg506*/Arg506*mice (Supplementary Figure 4A). To evaluate if this increase in autophagosomes in the SGNs could be explained by a fusion barrier between autophagosomes and lysosomes or the abnormal degradation of the lysosome, we performed TEM analysis. The results showed high levels of substrates in the autophagic lysosomes of the SGNs in Atp6v1b2Arg506*/Arg506* mice (Figure 4A), indicating that autophagosomes could fuse with the lysosomes. However, the proportion of autolysosomes increased in the SGNs of Atp6v1b2Arg506*/Arg506* mice (Figure 4B), suggesting that the substrates in the lysosomal cavity could not be effectively degraded, which further made it difficult for autophagosomes to enter lysosomes. Thus, we speculated that abnormal lysosomal degradation was the cause of the autophagosome accumulation in the cytoplasm of the SGNs.
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FIGURE 3. Abnormal autophagy and apoptosis activated by cytochrome C in the spiral ganglion neurons (SGNs) of Atp6v1b2Arg506*/Arg506* mice. (A) Representative images of immunostaining showed that autophagosomes labeled with LC3 (white arrows) were present in large numbers as dots in the SGNs of Atp6v1b2Arg506*/Arg506* mice. (B) Left: Western blotting results showed that LC3-II increased in the cochlea of Atp6v1b2Arg506*/Arg506* mice compared with that in the cochlea of WT mice. LC3-II can be used to estimate the extent of autophagy. Right: Statistical results of gray value for western blotting. The ratio of LC3-II/Gapdh in the cochlea of Atp6v1b2Arg506*/Arg506* mice was significantly higher than that in the cochlea of WT mice (** denotes P < 0.01 by t-test; n = 3 for each group). (C) The release of cytochrome C from the mitochondria into the cytosol of the SGNs in Atp6v1b2Arg506*/Arg506* mice is shown. Mitochondria are labeled with TOM20 (green). Cytochrome C is labeled as red. In WT mice, cytochrome C remains in the mitochondria and no red signal was observed in the cytosol of the SGNs. In Atp6v1b2Arg506*/Arg506* mice, cytochrome C was observed both in the mitochondria and the cytosol of the SGNs, indicating its release from mitochondria. (D) Left: Western blotting results showed that in the cochlea of Atp6v1b2Arg506*/Arg506* mice, Bcl-2 decreased significantly compared with that in the cochlea of WT mice. Right: Statistical results of gray value for western blotting (*** denotes P < 0.001 by t-test; n = 3 for each group). (E) More pronounced positive signal for cleaved caspase-3 in the region of SGNs of Atp6v1b2Arg506*/Arg506* mice was identified. Phalloidin is a high-affinity filamentous actin (F-actin) marker, which is used to mark the cytoskeleton. (F) Left: Western blotting results showed that cleaved caspase-3 increased in the cochlea of Atp6v1b2Arg506*/Arg506* mice compared with that in the cochlea of WT mice. Right: Statistical results of gray value for western blotting. The ratio of cleaved caspase-3/Gapdh in the cochlea of Atp6v1b2Arg506*/Arg506* mice was significantly higher than that in the cochlea of WT mice. ** denotes P < 0.01. n = 3 for each group. Data are described as mean ± SEM (standard error of mean). Cyt C, cytochrome C.
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FIGURE 4. Transmission electron microscopy images of the organelles of SGNs in Atp6v1b2Arg506*/Arg506* and WT mice. (A) Red arrows and red circles indicate the locations and enlarged views of a typical autophagy lysosome, respectively. Yellow arrows and yellow circles indicate the locations and enlarged views of mitochondria, respectively. In Atp6v1b2Arg506*/Arg506* mice, increased degraded substrates indicated by red asterisks in the autophagy lysosomes of the spiral ganglion neurons (SGNs) were observed, and some of the mitochondria appeared swollen. Most of the mitochondria in the SGNs showed normal morphology in WT mice. (B) The percentage of autolysosomes and abnormal mitochondria significantly increased in Atp6v1b2Arg506*/Arg506* mice. The t-test was performed to evaluate statistical significance. The percentage of autolysosomes in lysosomes and the percentage of abnormal mitochondria were manually determined. Each group included three mice, and one slice for each mouse was processed. Data are described as mean ± SEM (standard error of mean). ** denotes P < 0.01.


Immunofluorescence analysis revealed that cytochrome C was released from the mitochondria to the cytosol of the SGNs of Atp6v1b2Arg506*/Arg506* mice (Figure 3C). Western blotting results showed that in the cochlea of Atp6v1b2Arg506*/Arg506* mice, the ratio of Bcl-2 to Bax was reduced significantly compared with that in WT mice (Figure 3D). Results showed that cleaved caspase-3 in the inner ear of Atp6v1b2Arg506*/Arg506* mice increased significantly (Figure 3F). To further verify the exact area of apoptosis, immunofluorescence staining was performed. The results showed that in the cochlea of Atp6v1b2Arg506*/Arg506* mice, apoptosis was mostly observed in the spiral ganglia (Figure 3E), and no excessive apoptosis was identified in the organ of Corti (Supplementary Figure 4C).

These data suggested that in the inner ear of Atp6v1b2Arg506*/Arg506* mice, disequilibrium of the acidic environment in the lysosomes and autophagosome accumulation in the cytoplasm led to a decrease in the ratio of Bcl-2 to Bax, which further increased the outer membrane permeability of the mitochondria and induced the release of cytochrome C and activation of caspase-3.



BIP-V5 Improves Phenotypical and Pathological Outcomes in Atp6v1b2Arg506*/Arg506* Mice

During the process of BIP-V5 administration, four mice in the Atp6v1b2Arg506*/Arg506*-BIP-V5 group died, thus affecting the statistics of the experimental data. We observed that the hearing threshold was restored in two out of four Atp6v1b2Arg506*/Arg506* mice treated with BIP-V5, and they had better ABR waveforms (Supplementary Figure 5), suggesting a potential role of BIP-V5 in improving the hearing of mutant mice. After BIP-V5 intervention, the expression of Bax (Supplementary Figure 6) and the release of cytochrome C (Supplementary Figure 7C) in the mitochondria of the cochlea were significantly reduced. In addition, immunostaining and western blotting results showed that active caspase-3 (Supplementary Figures 6,7D) in the cochlea of Atp6v1b2Arg506*/Arg506* mice was reduced and the number of SGNs (Supplementary Figure 7A) increased significantly with BIP-V5 intervention, but lysosomal function evaluated by autophagosomes was not significantly changed (Supplementary Figures 6,7B).



Genetic Compensation Exists in the Hair Cells of Atp6v1b2Arg506*/Arg506* Mice

Clinically, patients diagnosed with ATP6V1B2-related syndromes have congenital severe to profound sensorineural hearing loss (Yuan et al., 2014; Menendez et al., 2017; Beauregard-Lacroix et al., 2020); however, the hearing of Atp6v1b2Arg506*/Arg506* mice was quite different. To verify whether functional compensation occurs in the cochlea of Atp6v1b2Arg506*/Arg506* mice, we determined the Atp6v1b2 and Atp6v1b1 transcription levels and localization in the cochlea of mice at 4 weeks by RNAscope and found that the RNA level of Atp6v1b2 was down-regulated in both the SGNs and hair cells in Atp6v1b2Arg506*/Arg506* mice compared with that in WT mice, indicating that the transcription level of Atp6v1b2 decreased or that the RNA was excessively degraded. In Atp6v1b2Arg506*/Arg506* mice, the transcription level of Atp6v1b1 significantly increased in the hair cells but not in the SGNs. These results suggested that Atp6v1b1 may compensate for the loss of Atp6v1b2 function in the hair cells (Figures 5A,B).
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FIGURE 5. Increased transcription of Atp6v1b1 occurs in the hair cells of Atp6v1b2Arg506*/Arg506* mice. (A) Representative images and quantification of RNAscope results in the spiral ganglion neurons (SGNs). The mean fluorescence intensity of Atp6v1b2 RNA in Atp6v1b2Arg506*/Arg506* mice was significantly lower than that in WT and Atp6v1b2Arg506*/+ mice. No Atp6v1b1 RNA was found in the SGNs. (B) Representative images and quantification of RNAscope results in the organ of Corti. Atp6v1b2 RNA decreased in Atp6v1b2Arg506*/Arg506* mice compared with that in WT and Atp6v1b2Arg506*/+ mice (yellow arrow). There was no significant difference in the mean fluorescence intensity of Atp6v1b2 RNA between WT and Atp6v1b2Arg506*/+ mice. Atp6v1b1 RNA was found in the hair cells of Atp6v1b2Arg506*/Arg506* mice (white arrow) but not in the hair cells of WT and Atp6v1b2Arg506*/+ mice. n = 3 for each group. * denotes P < 0.05, ** denotes P < 0.01 and *** denotes P < 0.001. Data are described as mean ± SEM (standard error of mean).




DISCUSSION

The manifestation of normal auditory thresholds but reduced suprathreshold amplitude of the sound-evoked compound action potential of SGNs, shown as peak I of the ABR waveform, is defined as HHL (Kujawa and Liberman, 2009; Bharadwaj et al., 2014; Mehraei et al., 2016). The pathological mechanisms of HHL are complicated and are not yet fully understood. The electrophysiological results showed that Atp6v1b2Arg506*/Arg506* mice younger than 20 weeks did not have an elevated ABR threshold but had lower P1 amplitudes and longer P1 latencies than WT mice, similar to patients with HHL (Mehraei et al., 2016). Current studies suggest that risk factors associated with HHL include a noisy environment (Liu H. et al., 2019), aging (Fischer et al., 2019), and ototoxic drugs (Liu et al., 2015). LOHL (late-onset hearing loss) is defined as hearing loss that is not present at birth but is identified at a later period. Both environmental and hereditary factors influence the development of LOHL. Clinically, there is no early diagnostic indicator for LOHL until hearing loss is detected. HHL and LOHL are regarded as two diseases with different pathogeneses (Song et al., 2020). We proposed that (1) the Atp6v1b2Arg506*/Arg506* mouse model could be used as a natural model for HHL and LOHL; (2) patients with LOHL may have HHL early in life, and it is important for those who have been diagnosed with HHL to be cautious of risk factors such as noise, ototoxic drugs, etc. to avoid further hearing impairment.

Abnormalities in ribbon synaptic density and demyelination of the auditory nerve fibers have been identified as causes of HHL (Liberman and Kujawa, 2017; Wan and Corfas, 2017). In our study, we identified that HHL in Atp6v1b2Arg506*/Arg506* mice was caused by demyelination of nerve fibers but not the ribbon synaptic density. Schwann cells are essential for the formation of nodes of Ranvier, which is a special structure along the myelinated fibers where voltage-gated sodium channels and potassium channels accumulate for regeneration of action potentials and fast synchronous transmission of electrical signals. This phenomenon explains why nerve fibers with myelin sheaths can conduct action potentials more quickly and efficiently than nerve fibers without myelin sheaths (Rasband and Peles, 2015).

Damage or loss of cells from the auditory pathway in the cochlea, such as IHCs and/or OHCs, supporting cells and SGNs, is a pathological feature of LOHL (Vreugde et al., 2002; Liu et al., 2016; Cheng et al., 2019; Gao et al., 2019; Han et al., 2020; Zhang S. et al., 2020; Zhang Y. et al., 2020; Chen et al., 2021). HCs are highly specialized cells attached to the basement membrane in the organ of Corti in the cochlea, and mainly function in transduce the sound mechanical vibration into the electrical signal (He et al., 2017, 2020, 2021; Tan et al., 2019; Jiang et al., 2020; Zhong et al., 2020; Zhou et al., 2020). These cells have hair-like protrusions (stereocilia) embedded in the tectorial membrane (Wang et al., 2017; Liu Y. et al., 2019; Qi et al., 2019, 2020; Cheng et al., 2021; Fu et al., 2021; Zhang et al., 2021). Incoming soundwaves distort the basement membrane, and the resulting mechanical distortion of the stereocilia is transduced into neural signals that are conveyed through the SGNs to the auditory regions of the brain (Ding et al., 2020; Guo et al., 2020; Jiang et al., 2020; Qian et al., 2020; Liu et al., 2021; Lv et al., 2021; Yuan et al., 2021). Improved culture system of SGNs facilitates the study of physiology and pathophysiology, and promotes identification of potential therapeutic targets for SGNs protection and regeneration (Guo et al., 2016, 2019, 2020; Waqas et al., 2017; Yan et al., 2018; Liu W. et al., 2019; Liu et al., 2021). In this study, Atp6v1b2Arg506*/Arg506* mice developed demyelination of nerve fibers, followed by loss of nerve fibers and SGN cell bodies. This process appears to be neurodegenerative. However, the cochlear hair cells of Atp6v1b2Arg506*/Arg506* mice were morphologically normal.

Hearing loss in patients with DDOD syndrome is primarily treated by cochlear implantation. However, although the implanted cochlea worked well, clinical follow-up of DDOD syndrome patients with cochlear implantation revealed that their language rehabilitation was unsatisfactory. Our findings regarding the pathological changes in SGNs and mild learning and memory problems in DDOD syndrome patients (Zhao et al., 2019) could explain this clinical puzzle.

V-ATPase has two main effects on the organelle: maintaining the acidic environment of the organelles and participating in and regulating the fusion between vesicle-type organelles, such as the fusion between lysosomes and autophagosomes (Colacurcio and Nixon, 2016). We have demonstrated that abnormalities in the assembly of the subunits of V-ATPase occurred in Atp6v1b2Arg506*/Arg506* mice, which affects the transfer of hydrogen ions into the lysosome (Yuan et al., 2014; Zhao et al., 2019). In this study, we observed the presence of metabolic substrates inside lysosomes, which indicated there might be no fusion barrier between lysosomes and autophagosomes in Atp6v1b2Arg506*/Arg506* mice. The degradation of lysosomes depends on the presence of multiple hydrolases, and the activity of these hydrolases requires an acidic environment (De Duve, 1957; Saftig and Haas, 2016). We found abnormal degradation of metabolic substrates in lysosomes of the SGNs in Atp6v1b2Arg506*/Arg506* mice as a result of the abnormal acidic environment and the affected activity of the hydrolases in the lysosomes. In addition, redundant autophagosomes were observed outside the lysosomes in the SGNs of Atp6v1b2Arg50*/Arg506* mice, indicating that high levels of undegraded substrates in the lysosomes affected the normal process of autophagic flow (Colacurcio and Nixon, 2016).

We observed an increase in caspase-3, the ultimate initiator of apoptosis, in the SGNs and Schwann cells of Atp6v1b2Arg506*/Arg506* mice, which suggested that lysosomal dysfunction induced apoptosis. Mitochondrial dysfunction and premature termination of cell cycle occur when a series of lysosomal functional abnormalities present, such as increased intraluminal pH value, abnormal degradation, and excessive accumulation of exogenous substrate for lysosomes (Hughes and Gottschling, 2012; Molin and Demir, 2014; Ruckenstuhl et al., 2014). Cell damage triggers degradation of the Bcl-2 family of proteins, which in turn activates Bax. Activated Bax/Bak complexes bind to and reduce the permeability of the mitochondrial membrane, resulting in cytochrome C release to the cytosol. Cytochrome C induces apoptosome formation, which can directly activate caspase-3 (Kroemer et al., 2007; Galluzzi et al., 2012; Ilmarinen et al., 2014).

Next, we evaluated whether treatment with the Bax inhibitor BIP-V5 could ameliorate the hearing loss in the mutant mice. After 36-week systemic administration of BIP-V5, auditory function and pathological changes improved in two out of four Atp6v1b2Arg506*/Arg506*-BIP-V5 mice, which further verifies that apoptosis induces the degeneration of SGNs and further impaired the hearing. As the reason for mortality was unknown in 50% (four out of eight) of the treated mice, the safety of BIP-V5 treatment needs further exploration. Bax plays an important role in programmed cell death or apoptosis and contributes to maintenance of normal psychological functions of various organs. Atp6v1b2 gene is highly expressed in the inner ear and central nervous system of mice (Yue et al., 2014), and we presented the Arg506∗ mutation might induce Bax-mediated apoptosis. Therefore, administration of BIP-V5 to inhibit Bax is a reasonable way to maintain normal apoptosis in the inner ear and central nervous system. However, Atp6v1b2 gene is rarely expressed in some organs such as the adrenal gland, intestine, stomach, liver, etc. and the mutation has minimal effect on Bax. In this case, intervention of Bax is likely to disrupt the normal physiological functions of these organs and lead to abnormalities (Kanauchi et al., 2002; Anagnostopoulos et al., 2005; Zhou et al., 2017; Al Humayed et al., 2020). Therefore, although intraperitoneal administration can control the apoptosis of spiral ganglion cells to a certain extent, it also has serious side effects on other important organs, and even leads to death. Topical administration of the inner ear might avoid the high mortality caused by intraperitoneal administration in mice, but this also brings an additional problem: the mice require long-term drug intervention, and routine operation of multiple cochlear administrations in mice can damage the structure of the inner ear, thus affecting hearing. Therefore, in order to achieve the purpose of hearing recovery by targeted drug intervention in the inner ear of mice, it is crucial to explore a new surgical method in the future.

Patients with ATP6V1B2-related syndromes showed severe congenital sensorineural hearing loss, which was not consistent with the milder hearing phenotype of Atp6v1b2Arg506*/Arg506*mice despite the presence of the same type of mutation (Menendez et al., 2017). Based on the finding that hair cells were not affected in Atp6v1b2Arg506*/Arg506* mice, we hypothesized the presence of genetic compensation. Genetic compensation was already shown between isoforms of V-ATPases. For example, compensation exists between Atp6v1g1 and Atp6v1g2, both of which encode the V1G subunit. The V1G subunit plays an important role in the nervous system. Defects in the V1G subunit can lead to cognitive disorders. However, Atp6v1g2–/– mice did not show any developmental defects or obvious behavioral abnormalities until adulthood, which is considered to be associated with the upregulation of Atp6v1g1 in the mouse brain (Kawamura et al., 2015).

The V1B subunits of the V-ATPase are encoded by Atp6v1b2 and Atp6v1b1. Atp6v1b2 mRNA is ubiquitously expressed in mouse tissues, including the inner ears. Atp6v1b1 is mainly expressed in the kidney, epididymis, eyes, and inner ears (Tian et al., 2017). The B2 subunit of V-ATPase was shown to compensate for the function of the B1 subunit of V-ATPase in the renal medullary intercalated cells of B1-deficient mice (Paunescu et al., 2007). In this study, we observed increased transcription of Atp6v1b1 in hair cells of Atp6v1b2Arg506*/Arg506* mice and inferred that Atp6v1b1 compensated for the Atp6v1b2 dysfunction by increasing its own transcription level. Genetic compensation in hair cells explains the milder hearing impairment in Atp6v1b2Arg506*/Arg506* mice. The mechanism of elevated transcription may be due to an enhancement in the promoter region of the gene by trimethylation (El-Brolosy et al., 2019; Ma et al., 2019). However, if a mutation occurs only at the transcriptome level and not at the DNA level, this compensatory mechanism will not be activated (Rossi et al., 2015; Ma et al., 2019). This finding was verified by our previous work: when we injected morpholinos designed to knock down Atp6v1b2 mRNA in the cochlea of mice, the hair cells were damaged, and the mice showed severe hearing loss (Yuan et al., 2014). In addition, the cognitive and memory impairment in Atp6v1b2Arg506*/Arg506*mice was verified to be caused by apoptosis in the hippocampus (Supplementary Figure 8). We speculated that the function of Atp6v1b2 gene is more important or more specific both in the SGNs and the central nervous system than in the hair cells, and thus it might not be fully compensated by other genes, or that defect of Atp6v1b2 does not induce functional compensation in the regions of SGNs and hippocampus.



CONCLUSION

Based on the findings of this study and our previous studies, we elucidated the pathogenesis of Atp6v1b2 defects as follows: (1) the mutation causes dysfunctional assembly between V-ATPase V1 subunits, and H+ transfer to lysosomes is decreased, which leads to an increased pH value; (2) disequilibrium in the acidic environment of the lysosome further affects the function of acid-dependent hydrolytic enzymes, resulting in the accumulation of degradation substrates; (3) the Bcl-2 family detects abnormal lysosome autophagy and then induces the release of cytochrome C from the mitochondria; and (4) apoptosis occurs in SGNs, affecting hearing function (Figure 6).
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FIGURE 6. Apoptosis induced by lysosome dysfunction and autophagic flux block in spiral ganglion neurons (SGNs) causes hearing impairment in Atp6v1b2Arg506*/Arg506* mice. (A) In WT mice, V-ATPases in the SGNs maintain the acidic environment by pumping protons into the lumen of lysosomes. It is a process that requires ATP hydrolysis. When autophagosomes enter the lysosomes, the intracellular components carried by autophagosomes are degraded. The magnitude of peak I (P1) amplitudes of ABR correlates with the number and synchronous firing rate of the SGN fibers. (B) Atp6v1b2 c.1516 C > T affects the assembly of V-ATPases and their role in pumping protons into the lumen of lysosomes. Thus, the pH in the lysosomes increases, and the activity of acid hydrolases decreases. Under this circumstance, the autophagosomes are not effectively degraded and they accumulate in the lysosomes, which further affects the entrance of other autophagosomes. When the anti-apoptotic member of Bcl-2 family, Bcl-2, detects the acid environment disequilibrium in the lysosomes and autophagosome accumulation within the cytoplasm, it itself degrades, which in turn activates Bax/Bak complexes. Bax binds to and decreases the permeability of the mitochondrial membrane, leading to cytochrome C release. Cytochrome C binds to its partner Apaf-1 to induce the formation of a caspase-9-activating protein complex known as an apoptosome, which directly activates caspase-3, the ultimate initiator of the apoptosis process. Once apoptosis occurs in the SGNs, the hearing is impaired.
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Supplementary Figure 1 | Atp6v1b2Arg506*/Arg506* mice show HHL at 12 weeks and LOHL at 28 weeks. (A) ABR thresholds in mice aged 12 and 28 weeks. At 12 weeks, ABR thresholds showed no significant difference between WT and Atp6v1b2Arg506*/Arg506* mice. At 28 weeks, ABR thresholds of 4 and 8 kHz stimulations were significantly lower in WT than in Atp6v1b2Arg506*/Arg506* mice. (B) ABR P1 amplitudes in mice aged 12 and 28 weeks. Atp6v1b2Arg506*/Arg506* mice at 12 and 28 weeks had lower peaks to click as well as 4, 8, and 16 kHz stimulations than WT mice. (C) ABR P1 latencies in mice aged 12 and 28 weeks. At 12 weeks, Atp6v1b2Arg506*/Arg506* mice showed longer latencies to 16 and 24 kHz stimulations than WT mice. At 28 weeks, Atp6v1b2Arg506*/Arg506* mice showed significantly longer latencies to click as well as 4, 8, and 16 kHz stimulations than WT mice. The t-test was used to evaluate statistical significance; n represents the number of test ears, n = 6 for each group; ∗ denotes P < 0.05, ∗∗ denotes P < 0.01, ∗∗∗ denotes P < 0.001. Data were described as mean ± SEM (standard error of mean). (D) DPOAE thresholds of Atp6v1b2Arg506*/Arg506* and WT mice at 6 months after birth. The acoustic frequency was set to 4∼32kHz, and the acoustic intensity was set to gradually decrease from 80 dB SPL until reliable DPOAE signal could not be extracted. The lowest intensity of extracted DPOAE signal was taken as the threshold value of DPOAE at this frequency. The t-test was used to evaluate statistical significance; n represents the number of test ears, n = 3 for each group; P > 0.05. Data were described as mean ± SEM (standard error of mean). (E) Representative images of type II auditory nerve fibers in WT and Atp6v1b2Arg506*/Arg506* mice at high magnification. Green fluorescence represents type II auditory nerve fibers labeled by NFH (neurofilament heavy polypeptide) antibody; these nerve fibers are connected to outer hair cells. The experiments were repeated three times. (F) Statistical results of type II auditory nerve fibers in panel (E). The t-test was used to evaluate statistical significance; n = 3 for each group. ∗ denotes P < 0.05. Data are described as mean ± SEM (standard error of mean).

Supplementary Figure 2 | Ribbon synapse density is not affected in the cochlea of Atp6v1b2Arg506*/Arg506* mice. (A–C) Representative images of ribbon synapses immunostained with Ctbp2 (green) and DAPI (blue) in WT and Atp6v1b2Arg506*/Arg506* mice aged 4 (A), 12 (B), and 20 (C) weeks. The IHC nuclei were also labeled due to the nuclear expression of Ctbp2. The labeled dots represent ribbon synapses between IHCs and auditory nerve fibers. (D–F) Quantitative analysis of ribbon synapses per IHC field in the cochlea regions of 8, 16, and 32 kHz; n = 5 for each group. Data are described as mean ± SEM (standard error of mean). IHC: inner hair cell.

Supplementary Figure 3 | Atp6v1b2Arg506*/Arg506* mice show demyelination in the osseous spiral lamina. (A–F) Basilar membrane of the cochlea immunostained for NFH (neurofilament heavy polypeptide, green), which preferentially stains unmyelinated axons. In the cochlea of Atp6v1b2Arg506*/Arg506* mice, ANFs (auditory nerve fibers) in the OSL (osseous spiral lamina) were labeled with NFH [(F), red arrows] at 20 weeks, indicating the presence of ANF demyelination. This staining was absent in WT mice (C). (G–L) Transmission electron microscopy of mouse cochlea. Representative images showed a few vacuoles in the myelin of Atp6v1b2Arg506*/Arg506* mice at 4 weeks [(J), white arrows]. Demyelination occurred occasionally in ANFs of Atp6v1b2Arg506*/Arg506* mice at 12 weeks [(K), yellow arrow]. Demyelinated ANFs were more common in Atp6v1b2Arg506*/Arg506* mice at 20 weeks [(L), blue arrows]. These features were not observed in WT mice (G–I). The experiments were repeated three times.

Supplementary Figure 4 | No autophagy and apoptosis in the organ of Corti activated by cytochrome C were observed in Atp6v1b2Arg506*/Arg506* mice. (A) Representative images of immunostaining showed no increase in the number of autophagosomes labeled with LC3 in the organ of Corti of Atp6v1b2Arg506*/Arg506* mice compared with that of WT mice. (B) Compared with WT mice, no cytochrome C was released from the mitochondria into the cytosol in the organ of Corti of Atp6v1b2Arg506*/Arg506* mice. (C) No obvious cleaved caspase-3 in the organ of Corti of Atp6v1b2Arg506*/Arg506* mice was identified compared with that of WT mice.

Supplementary Figure 5 | BIP-V5 was effective in improving the auditory function of Atp6v1b2Arg506*/Arg506* mice. ABR waveforms of click, 4, 8, and 16 kHz in one Atp6v1b2Arg506*/Arg506* mouse are shown. The sound intensity (dB SPL), which was used to stimulate the mice, successively decreased from high to low. The minimum sound intensity that can stimulate the mice to produce ABR waveforms was considered the hearing threshold of the mice.

Supplementary Figure 6 | Western blotting analysis of the proteins of the cytochrome C-caspase-3 apoptosis pathway in the cochlea of Atp6v1b2Arg506*/Arg506* mice after BIP-V5 administration. Western blotting showed that after BIP-V5 administration, Bax was effectively inhibited and Bcl-2 level was increased, which could have prevented the permeabilization of the mitochondrial membrane and the release of cytochrome C. As a result, cleaved caspase-3 levels reduced.

Supplementary Figure 7 | BIP-V5 administration increased the number of SGNs in the cochlea of Atp6v1b2Arg506*/Arg506* mice. (A) The number of SGNs in the cochlea of Atp6v1b2Arg506*/Arg506* mice increased after BIP-V5 administration. (B) The number of LC3-labeled autophagosomes in the SGNs of Atp6v1b2Arg506*/Arg506* mice was significantly increased (white arrow) compared with that of WT mice, and no obvious decrease was observed after BIP-V5 administration. (C) BIP-V5 reduced the release of cytochrome C from the mitochondria of SGNs in the cochlea of Atp6v1b2Arg506*/Arg506* mice. (D) BIP-V5 reduced the activation of caspase-3 in SGNs of Atp6v1b2Arg506*/Arg506* mice.

Supplementary Figure 8 | More pronounced positive signal for cleaved caspase-3 in the region of hippocampus of Atp6v1b2Arg506*/Arg506* mice was identified.
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Stereocilia are actin-based cell protrusions on the apical surface of inner ear hair cells, playing a pivotal role in hearing and balancing sensation. The development and maintenance of stereocilia is tightly regulated and deficits in this process usually lead to hearing or balancing disorders. The Rho GTPase cell division cycle 42 (CDC42) is a key regulator of the actin cytoskeleton. It has been reported to localize in the hair cell stereocilia and play important roles in stereocilia maintenance. In the present work, we utilized hair cell-specific Cdc42 knockout mice and CDC42 inhibitor ML141 to explore the role of CDC42 in stereocilia development. Our data show that stereocilia height and width as well as stereocilia resorption are affected in Cdc42-deficient cochlear hair cells when examined at postnatal day 8 (P8). Moreover, ML141 treatment leads to planar cell polarity (PCP) deficits in neonatal hair cells. We also show that overexpression of a constitutively active mutant CDC42 in cochlear hair cells leads to enhanced stereocilia developmental deficits. In conclusion, the present data suggest that CDC42 plays a pivotal role in regulating hair cell stereocilia development.

Keywords: inner ear, hair cells, stereocilia, CDC42, knockout mice


INTRODUCTION

As the mechanosensitive receptor cells in the inner ear, hair cells are characterized by their hairy-looking hair bundles, which consist of hundreds of actin-based stereocilia and one microtubule-based kinocilium on the apical surface of each cell (Flock and Cheung, 1977). The kinocilium is important for hair bundle development as well as planar cell polarity (PCP) establishment, while the stereocilia are essential for mechano-electrical transduction (MET), the process that converts mechanical signals into electrical signals (Lindeman et al., 1971; Hudspeth and Jacobs, 1979; Jones et al., 2008). In each hair cell, the stereocilia are organized into several rows of increasing heights, forming a staircase-like pattern (Tilney et al., 1980). Deflection of stereocilia toward the taller row direction opens the MET channels at the tips of shorter row stereocilia, eventually leading to the influx of cations into hair cells (Hudspeth and Jacobs, 1979; Beurg et al., 2009).

The actin core of stereocilia consists of a bundle of cross-linked actin filaments (F-actin), with their barbed (plus) ends pointing toward the distal tips (Flock and Cheung, 1977; Tilney et al., 1980). During development, the stereocilia start as short apical microvilli and develop into the final mature morphology by increasing the length and numbers of F-actin core (Tilney et al., 1992; Krey et al., 2020). In adults, the stereocilia are quite stable and actin polymerization/depolymerization is only detected at the distal tips (Zhang et al., 2012; Drummond et al., 2015; Narayanan et al., 2015). The development and maintenance of stereocilia is tightly regulated, and deficits in this process usually lead to hearing loss or balancing deficits (Ciuman, 2011; Barr-Gillespie, 2015). With the rapid progress of genetic, transcriptomic, and proteomic techniques, many proteins have been identified to participate in the development and/or maintenance of stereocilia (Barr-Gillespie, 2015; McGrath et al., 2017; Ellwanger et al., 2018; Krey and Barr-Gillespie, 2019; Velez-Ortega and Frolenkov, 2019).

The Rho GTPase cell division cycle 42 (CDC42) is a key regulator of the actin cytoskeleton (Sit and Manser, 2011). It has been long known that CDC42 stimulates Arp2/3-dependent actin polymerization and plays an important role in the formation of filopodia, another finger-like actin-based cell protrusion that is similar to stereocilia and microvilli (Rohatgi et al., 1999; Chen et al., 2000; Yang et al., 2006). Recently, Ueyama et al. (2014) reported that CDC42 localizes in the stereocilia of cochlear hair cells, and that Cdc42 gene disruption causes deficits in stereocilia maintenance. In the present work, we further explore the role of CDC42 in stereocilia development using Cdc42 conditional knockout mice and CDC42 inhibitor. Our present data suggest that CDC42 regulates hair cell stereocilia development both in a cell autonomous and non-autonomous manner.



MATERIALS AND METHODS


Plasmids and Antibodies

Mouse cDNAs encoding wild-type or mutant CDC42 were subcloned into pEGFP-C2. Rabbit anti-CAPZB2 antibody (Cat. No. AB6017) was purchased from Merck, and its specificity has been validated previously (Avenarius et al., 2017). Rabbit anti-MYO15A antibody was described and validated previously (Zou et al., 2014). Mouse anti-EPS8 antibody (Cat. No. 610143) was purchased from BD Biosciences, and its specificity has been validated previously (Zampini et al., 2011). Other antibodies and additional reagents were as follows: mouse anti-GFP antibody (Abmart, Cat. No. M20004); Alexa Fluor 488-conjugated donkey anti-rabbit IgG (Thermo Fisher Scientific, Cat. No. A21206); Alexa Fluor 488-conjugated donkey anti-mouse IgG (Thermo Fisher Scientific, Cat. No. A21202); Alex Fluor 546-conjugated donkey anti-mouse IgG (Thermo Fisher Scientific, Cat. No. A10036); TRITC-conjugated phalloidin (Sigma-Aldrich, Cat. No. P1951); iFluor 405-conjugated phalloidin (Abcam, Cat. No. ab176752).



Mice

All animal experiments were approved by the Animal Ethics Committee of Shandong University School of Life Sciences (Permit Number: SYDWLL-2020-31) and performed accordingly. Cdc42loxP/+ mice were developed as previously reported (van Hengel et al., 2008). Atoh1Cre⁣/ + knock-in mice that express Cre recombinase under the control of Atoh1 promoter were developed as previously reported (Yang et al., 2010).



Scanning Electron Microscopy and Stereocilia Length/Width Quantification

SEM was performed as previously described (Wang et al., 2017). Dissected mouse temporal bone was fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer overnight at 4°C. The cochleae were then taken out and post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer at 4°C for 2 h. After dehydration in ethanol and critically point drying using a Leica EM CPD300 (Leica, Germany), samples were mounted and sputter coated with platinum (15 nm) using a Cressington 108 sputter coater (Cressington, United Kingdom). Images were taken using a Quanta250 field-emission scanning electron microscope (FEI, Netherlands) with a beam strength of 5 kV.

Stereocilia length quantification were performed as previously described (Li et al., 2020). Briefly, SEM images were taken in two different imaging planes with a known angle between them, and the relative stereocilia projection length and its angles in the reconstructed three-dimensional coordinates were measured using Photoshop. The stereocilia length was then calculated using the equations mentioned in the above report. Stereocilia width quantification were performed as previously described (McGrath et al., 2021). Briefly, stereocilia with approximately perpendicular orientation in SEM images were used for calculations. A line was drawn perpendicularly across the stereocilium at approximately the same distance above the taper region of each measured stereocilium. The length of this line was then measured using Image J to give rise to the width of the stereocilium.



Whole-Mount Immunostaining

All steps were performed at room temperature unless otherwise indicated. The auditory sensory epithelia were dissected out of the temporal bone and fixed with 4% paraformaldehyde (PFA) in PBS for 20 min, followed by permeabilization and blocking with PBT1 (0.1% Triton X-100, 1% BSA, and 5% heat-inactivated goat serum in PBS, pH 7.3) for 40 min. After that, the samples were incubated with primary antibody in PBT1 at 4°C overnight, followed by sequential incubation with secondary antibody in PBT2 (0.1% Triton X-100 and 0.1% BSA in PBS) for 2 h and phalloidin in PBS for 30 min. The samples were mounted in PBS/glycerol (1:1), and images were taken using a confocal microscope with a 1.4 NA/100 × Kort M27 objective lens (LSM 700, Zeiss, Germany).



Injectoporation

Injectoporation was performed as previously described (Du et al., 2020). Briefly, the cochlear sensory epithelia were isolated from P2 mice and cultured in DMEM/F12 with 1.5 μg/ml ampicillin. Expression plasmids (0.2 μg/μl in Hanks’ balanced salt solution) were delivered to hair cells using a glass pipette of 2 μm tip diameter. A series of three pulses at 60 V lasting 15 ms at 1-s intervals were applied by an electroporator (ECM Gemini X2, BTX, CA). The tissues were cultured for 24 h in vitro and then incubated with phalloidin in PBS for 30 min. The samples were mounted in PBS/glycerol (1:1), and images were taken using a confocal microscope with a 1.4 NA/63 × Kort M27 objective lens (LSM 900, Zeiss, Germany).



Protein Purification and Localization in Permeabilized Hair Cells

Protein expression and purification was performed as previously described (Cao et al., 2013). Briefly, the coding sequence encoding wild-type or mutant CDC42 fused to EGFP was inserted into expression vector pET-28a, which was then transformed into Escherichia coli BL21(DE3) cells. His-tagged EGFP-CDC42 protein was induced in the presence of 0.4 mM isopropyl-β-d-thiogalactopyranoside (IPTG) at 16°C, then purified using Ni-NTA agarose (TransGen) according to manufacturer’s instructions.

The subcellular localization of purified protein in permeabilized hair cells was examined as described before (McGrath et al., 2021). All steps were performed at room temperature unless otherwise indicated. Briefly, the cochlear epithelia were dissected out of temporal bone in Hank’s balanced salt solution, followed by incubation with 40 μg purified EGFP-CDC42 protein in cytoskeletal buffer (20 mM HEPES, pH 7.5, 138 mM KCl, 4 mM MgCl2, 3 mM EGTA, 1% bovine serum albumin, 0.05% saponin, and 2 mM fresh ATP) for 5 min. Samples were then fixed with 4% PFA for 30 min, followed by blocking with 0.1 M PBS containing 5% (v/v) donkey serum for an hour. Afterward, samples were incubated with mouse anti-GFP antibody in 0.1 M PBS containing 5% (v/v) donkey serum for an hour, then Alex Fluor 546-conjugated donkey anti-mouse IgG in PBST buffer (0.01% Triton X-100 and 0.1% BSA in PBS) for an hour, followed by incubation with iFluor 405-conjugaetd phalloidin in PBS for 30 min. After mounting in PBS/glycerol (1:1), samples were imaged with a confocal microscope with a 1.4 NA/63× Kort M27 objective lens (LSM 900, Zeiss, Germany).



Statistical Analysis

All experiments were performed at least three times independently. The numbers of analyzed animals or cells are indicated in the figures or figure legends. Data were shown as means ± standard error of mean (SEM). Student’s two-tailed unpaired t-test was used to determine statistical significance, and P < 0.05 was considered statistically significant.



RESULTS


Hair Cell-Specific Cdc42 Inactivation Leads to Stereocilia Development Deficits

To investigate the potential role of CDC42 in stereocilia development, we first crossed Cdc42loxp/loxp mice with Atoh1Cre/+ knock-in mice that express Cre recombinase in developing cochlear hair cells from embryonic day 14.5 (E14.5) (Yang et al., 2010). The resultant Atoh1Cre/+;Cdc42loxp/loxp mice are referred to as Cdc42 cKO mice thereafter in this work. Atoh1Cre/+;Cdc42loxp/+ and Cdc42loxp/loxp mice were used as controls. Scanning electron microscopy (SEM) was then performed to examine the morphology of hair bundles in Cdc42 cKO mice and control mice. At postnatal day 0.5 (P0.5), the morphology of hair bundle is largely indistinguishable between Cdc42 cKO and control cochlear hair cells, with multiple rows of immature stereocilia protruding from the apical surface of hair cells (Figures 1A–C). By P8, most of the short-row immature stereocilia are resorbed and only 3 or 4 rows are remained in the control OHCs and IHCs, respectively (Figures 1B,C). However, in P8 Cdc42 cKO OHCs, there are more fourth-row stereocilia remained, suggesting that immature stereocilia resorption is affected by Cdc42 inactivation (Figures 1B,E). The extra fourth-row stereocilia in the Cdc42 cKO OHCs persist when examined at P30, suggesting that it is a result of reduced stereocilia resorption instead of delayed stereocilia resorption (Figure 1B). Meanwhile, the stereocilia number in the regular rows is slightly decreased in the Cdc42 cKO OHCs (Supplementary Figures 1A–C). By P30, stereocilia fusion, fragmentation, or even complete stereocilia loss could be observed in the Cdc42 cKO OHCs and IHCs (Figures 1A,D,H).
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FIGURE 1. Hair cell-specific Cdc42 inactivation leads to stereocilia development deficits. (A) Low magnification SEM images of the hair bundles from control or cKO mice at different ages as indicated. Shown are images taken from the middle turns. Asterisks indicate complete loss of hair bundles. Scale bar: 10 μm. (B,C) High magnification pseudo-colored SEM images of hair bundles from control or cKO OHCs (B) and IHCs (C) at different ages as indicated. The first, second, and third row stereocilia are indicated by pink, purple, and yellow, respectively. The extra fourth-row stereocilia are indicated by cyan. Δh1 and Δh2 represent the relative distance from 1st row stereocilium tip to its parallel connecting 2nd row stereocilium tip and the 2nd row stereocilium tip to its parallel connecting 3rd row stereocilium tip, respectively. Shown are images taken from the middle turns. Scale bars: 2 μm. (D) High magnification SEM images of severely disorganized hair bundles from control or cKO mice at P30. Shown are images taken from the middle turns. Scale bar: 5 μm. (E) Number of the extra fourth-row stereocilia per P8 OHC was analyzed according to the results from (B). (F) Average stereocilia height in different rows of P8 OHCs were analyzed according to the results from (B). (G) The Δh1/Δh2 ratio in IHCs at different ages was analyzed according to the results from (C). (H) Percentage of P30 OHCs and IHCs with complete hair bundle loss was calculated according to the results from (A). For statistical analyses in (E–H), images were randomly taken from at least three animals for each group. The bars indicate mean ± SEM values. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; *⁣*⁣**P < 0.0001; ##P < 0.01; ns, no significant difference.


The stereocilia height is also affected by Cdc42 inactivation. By P8, there is significant variability of stereocilia height in the second and third rows in Cdc42 cKO OHCs and IHCs, which becomes more apparent at P30 (Figures 1B,C,F). Moreover, in the Cdc42 cKO OHCs, the average height of second- and third-row stereocilia is slightly decreased compared with control OHCs (Figures 1B,F). The height of IHC stereocilia is difficult to measure because of the imaging angle in most SEM images (Figure 1C). Nevertheless, the ratio of height difference between row 1 and row 2 stereocilia to that between row 2 and row 3 stereocilia is significantly decreased in the Cdc42 cKO IHCs especially at P30 (Figures 1C,G).

Albeit the height of the tallest row stereocilia is largely unaffected in the Cdc42 cKO hair cells, it seems that their width is decreased compared to control mice (Figures 1B,C). To examine the width of the tallest stereocilia more precisely, we took SEM images from the side of the tallest row stereocilia and quantified the stereocilia width. The results show that the width of the tallest-row stereocilia of Cdc42 cKO OHCs is significantly decreased from P8 (Figures 2A,C). Similarly, the width of the tallest-row stereocilia of Cdc42 cKO IHCs is significantly decreased from P0.5 (Figures 2B,D). Taken together, our present data suggest that CDC42 plays an important role in stereocilia development.
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FIGURE 2. Hair cell-specific Cdc42 inactivation leads to decreased stereocilia width. (A,B) High magnification SEM images of hair bundles (dorsal view) from OHCs (A) and IHCs (B) at different ages as indicated. Shown are images taken from the middle turns. Scale bars: 2 μm. (C,D) Width of the tallest-row stereocilia in OHCs (C) and IHCs (D) at different ages as indicated were analyzed according to the results from (A,B), respectively. For statistical analyses in (C,D), images were randomly taken from at least 3 animals for each group. The bars indicate mean ± SEM values. ****P < 0.0001; ns, no significant difference. (E) Whole-mount immunostaining showing localization of MYO15A, EPS8 and CAPZB2 in IHCs of P9 control or cKO mice. TRITC-phalloidin (red) was used to visualize the stereociliary F-actin core. All images were taken from the apical turns of cochlea using a confocal microscope. Scale bar: 5 μm.




Stereociliary Tip Localization of Row 1 and 2 Complex Components Is Not Affected in the Cdc42 cKO Hair Cells

It has been known that stereocilia height is tightly regulated by the so-called row 1 and row 2 complex, which are localized at the tips of the highest-row stereocilia or shorter-row stereocilia, respectively (Krey et al., 2020; McGrath and Perrin, 2020). We then performed whole-mount immunostaining to examine whether Cdc42 inactivation affects the stereociliary tip localization of known row 1 components MYO15A and EPS8 as well as row 2 component CAPZB2 (Belyantseva et al., 2003; Manor et al., 2011; Zampini et al., 2011; Avenarius et al., 2017). The results show that stereociliary tip localization of these proteins is not affected in the Cdc42 cKO IHCs (Figure 2E) and OHCs (Supplementary Figure 2). Therefore, it seems that although Cdc42 inactivation leads to stereocilia development deficits, it does not affect the general stereocilia row identity.



CDC42 Inhibitor ML141 Treatment Leads to Stereocilia Development Deficits

We next examined the role of CDC42 in stereocilia development using a known CDC42 inhibitor ML141 (Surviladze et al., 2010). The cochlear sensory epithelia from P0.5 wild-type mice were cultured in presence of ML141 at 0, 1, 2.5, or 5 μM for 96 h, followed by fixation and SEM imaging (Figure 3A). The results show that 1 μM ML141 treatment leads to significant stereocilia disorganization, which is exaggerated at higher concentration of ML141 (Figures 3B–E). Noticeably, the staircase-like pattern of hair bundle is compromised, and more rows of stereocilia are observed in the ML141-treated hair cells (Figures 3B–E). Moreover, the PCP of hair cells is also significantly altered. We classified hair cells into three groups according to their PCP phenotypes, namely type I (roughly normal PCP), type II (circle-shaped stereocilia), and type III (reversed PCP) (Figure 3F). In the untreated controls, almost all hair cells are type I and only a small fraction of hair cells are type II (Figure 3G). However, in the presence of ML141, most hair cells show altered PCP in a dosage-dependent manner (Figure 3G). Taken together, our data show that stereocilia development is significantly affected by CDC42 inactivation either genetically or chemically.


[image: image]

FIGURE 3. CDC42 inhibitor ML141 treatment leads to stereocilia development deficits. (A) Schematic drawing of the strategy of ML141 treatment and SEM imaging. (B–E) SEM images of hair bundles after treatment of ML141 at different concentrations as indicated. Scale bars: 5 μm in low magnification images; 1 μm in high magnification OHC images; 3 μm in high magnification IHC images. (F) Representative images showing three types of hair bundles with different PCP phenotypes. Scale bar: 1 μm. (G) Percentages of hair cells of different types were analyzed from three independent experiments. The bars indicate the mean ± SEM values. ∗P < 0.05; ∗∗∗P < 0.001; *⁣*⁣**P < 0.0001.




Constitutively Active Mutant CDC42 Leads to Enhanced Stereocilia Deficits

As a small Rho GTPase, CDC42 is reversibly cycling between an active (GTP-bound) and inactive (GDP-bound) state (Hart et al., 1991). We next wanted to examine the effect of CDC42 in different state on stereocilia. We made use of two point mutations that mimic CDC42 in different state, namely inactive CDC42 mutant (T17N) and constitutively active CDC42 mutant (Q61L) (Kozma et al., 1995). We first examined whether exogenous CDC42 mutants could target to the stereocilia following permeabilization of unfixed cochlear sensory epithelia with 0.05% saponin (McGrath et al., 2021). The results show that wild-type CDC42 and two CDC42 mutants all localize in the stereocilia of P0.5 mice, with enrichment at the stereociliary tips (Figure 4A). However, all three forms of CDC42 are mainly detected in the cell body of saponin-permeabilized P6 cochlear hair cells, suggesting that CDC42 may show dynamic subcellular localization in the hair cells during development (Supplementary Figures 3A–C).
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FIGURE 4. Constitutively active CDC42 mutant leads to enhanced stereocilia deficits. (A) Whole-mount staining showing localization of purified exogenous wild-type or mutant CDC42 proteins in saponin-permeabilized P0.5 OHCs and IHCs. iFluor 405-conjugated phalloidin was used to visualize stereociliary F-actin core. GFP antibody was used to amplify the signals of EGFP fused with CDC42 proteins. Scale bar: 2 μm. (B) Cochlear explants from P2 wild-type mice were injectoporated with expression vectors to express EGFP-tagged wild-type or mutant CDC42 in hair cells. TRITC-conjugated phalloidin was used to visualize stereociliary F-actin core. Scale bar: 5 μm. (C–E) 3D reconstruction showing the side view of hair cells injectoporated with different CDC42 constructs as indicated. Scale bar: 10 μm.


We then examined the effect of different CDC42 mutants on stereocilia development by employing the injectoporation assay and confocal microscopy. CDC42-expression vectors were injectoporated into P2 wild-type cochlear sensory epithelia, followed by in vitro culture for 24 h and confocal imaging. Stereociliary F-actin core was visualized using phalloidin. The results show that wild-type and CDC42 T17N mutant localize in the stereocilia as well as cell body of injectoporated hair cells, with largely normal stereocilia morphology (Figures 4B–D). In contrast, CDC42 Q61L mutant injectoporation results in complete stereocilia loss in most hair cells (21 out of 24 analyzed cells), suggesting that this constitutively active mutant CDC42 leads to enhanced stereocilia deficits (Figures 4B,E).



DISCUSSION

It was recently reported that the Rho GTPase CDC42 is localized in the stereocilia of cochlear hair cells, and that cochlear hair cell stereocilia of Atoh1-Cre; Cdc42flox/flox mice develop normally but progressively degenerate after maturation, suggesting that CDC42 plays an important role in stereocilia maintenance but not development (Ueyama et al., 2014). In the present work, however, we show that CDC42 is indispensable for normal stereocilia development in cochlear hair cells. One possible reason for this discrepancy might be the different Atoh1-Cre mouse lines used in these two works. Ueyama and colleagues used transgenic Atoh1-Cre mice (Matei et al., 2005), whereas we used Atoh1-Cre knock-in mice (Yang et al., 2010). Therefore, different Cre recombinase activity in these two mouse lines might account for the slightly different stereocilia phenotypes. Another possibility is that the subtle stereocilia development deficits revealed in the present work might have simply been overlooked in the earlier study.

Our SEM results reveal that the morphology of cochlear hair cell stereocilia is largely indistinguishable between P0.5 Cdc42 cKO mice and control mice. Stereocilia deficits are apparent in P8 Cdc42 cKO cochlear hair cells, which include increased stereocilia height variation and decreased stereocilia width. Moreover, the height difference between rows is significantly altered in IHCs, and extra shortest row stereocilia exist in OHCs of Cdc42 cKO mice. Despite of the stereocilia deficits, the stereocilia row identity largely remains normal, given that the stereociliary tip localization of row 1 complex components MYO15A and EPS8 as well as row 2 complex component CAPZB2 is unchanged at this age. Moreover, CDC42 inhibitor ML141 causes similar stereocilia development deficits plus PCP phenotypes, further supporting an important role of CDC42 in stereocilia development.

Stereocilia development is a multi-step, tightly controlled process (Tilney et al., 1992; Kaltenbach et al., 1994). In immature cochlear hair cells, there are multiple rows of elongated stereocilia on the apical surface, among which the shorter rows are eventually resorbed, leaving 3–4 rows of stereocilia grow to their final height in the mature mammalian cochlear hair cells (Kaltenbach et al., 1994). The underlying mechanism of shorter row stereocilia resorption largely remains unknown. Our present data suggest that CDC42 might play a role in this process. The extra fourth-row stereocilia in Cdc42 cKO OHCs is possibly a result of reduced stereocilia resorption, which might be explained by altered actin polymerization and stabilization of stereocilia due to Cdc42 inactivation. Similar reason might also account for the observed deficits in stereocilia length and width of Cdc42 cKO cochlear hair cells.

Noticeably, our present data suggest that appropriate CDC42 activity is important for stereocilia development. It has been reported that in cultured cells, overexpression of constitutively active CDC42 mutant (Q61L) promotes the formation of filopodia (Kozma et al., 1995). In line with this, gain of CDC42 activity by disrupting ARHGAP1 (previously known as CDC42GAP) also promotes filopodia formation (Yang et al., 2006). However, our present data show that overexpression of CDC42 Q61L mutant in cochlear hair cells leads to complete loss of stereocilia. This is in sharp contrast to the reports in filopodia formation. It is possible that stereocilia development and/or maintenance is regulated so tightly that imbalance of this process would inevitably cause stereocilia deficits. Similar scenario is also observed in DIA1, whose dysfunction is associated with autosomal dominant sensorineural hearing loss DFNA1 (Lynch et al., 1997). Constitutive activation of DIA1 causes stereocilia disorganization as well as hearing loss in mice (Ueyama et al., 2016; Ninoyu et al., 2020).

Our present data show that treatment with CDC42 inhibitor results in more severe stereocilia phenotypes than hair cell-specific Cdc42 inactivation. Noticeably, apparent PCP deficits are observed in cochlear culture treated with CDC42 inhibitor, but not in the hair cell-specific Cdc42 cKO mice, suggesting that other cells such as supporting cells are involved in CDC42-mediated PCP regulation. This is consistent with previous reports that dysregulated PCP is observed in mice deleting Cdc42 in both hair cells and supporting cells, but not in mice deleting Cdc42 only in hair cells (Ueyama et al., 2014; Kirjavainen et al., 2015). In line with this, in situ hybridization reveals that Cdc42 transcripts are expressed ubiquitously in the cochlea (Anttonen et al., 2012). The ubiquitous expression of Cdc42 in the inner ear is also supported by RNAseq results of embryonic and adult mice (Cai et al., 2015; Scheffer et al., 2015; Liu et al., 2018). Taken together, the present data suggest that CDC42 regulates stereocilia development both in a cell autonomous and non-autonomous manner.

Loss of another Rho GTPase RAC1 has also been shown to cause stereocilia development deficits, such as stereocilia flattening, fragmentation, as well as altered PCP (Grimsley-Myers et al., 2009). Different stereocilia phenotypes observed in Cdc42 and Rac1 knockout mice suggest that these two Rho GTPases play important and non-complementary roles in stereocilia development. Guanine nucleotide exchange factor (GEF) ARHGEF6 specifically activates CDC42 and RAC1, and loss of ARHGEF6 causes stereocilia deficits (Zhu et al., 2018). Moreover, p21-activated kinase 1 (PAK1), a downstream effector of CDC42 and RAC1, is required for stereocilia development (Cheng et al., 2021). These studies highlight the essential role of Rho GTPases in stereocilia development. At present, the precise localization of these proteins in the stereocilia remains unknown, which prevents us from fully understanding the underlying mechanism. New imaging methods such as super-resolution microscopy definitely will help to address this question (Liu et al., 2019; Qi et al., 2019, 2020).
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The transcriptomic landscape of mice with primary auditory neurons degeneration (PAND) indicates key pathways in its pathogenesis, including complement cascades, immune responses, tumor necrosis factor (TNF) signaling pathway, and cytokine-cytokine receptor interaction. Toll-like receptors (TLRs) are important immune and inflammatory molecules that have been shown to disrupt the disease network of PAND. In a PAND model involving administration of kanamycin combined with furosemide to destroy cochlear hair cells, Tlr 2/4 double knockout (DKO) mice had auditory preservation advantages, which were mainly manifested at 4–16 kHz. DKO mice and wild type (WT) mice had completely damaged cochlear hair cells on the 30th day, but the density of spiral ganglion neurons (SGN) in the Rosenthal canal was significantly higher in the DKO group than in the WT group. The results of immunohistochemistry for p38 and p65 showed that the attenuation of SGN degeneration in DKO mice may not be mediated by canonical Tlr signaling pathways. The SGN transcriptome of DKO and WT mice indicated that there was an inverted gene set enrichment relationship between their different transcriptomes and the SGN degeneration transcriptome, which is consistent with the morphology results. Core module analysis suggested that DKO mice may modulate SGN degeneration by activating two clusters, and the involved molecules include EGF, STAT3, CALB2, LOX, SNAP25, CAV2, SDC4, MYL1, NCS1, PVALB, TPM4, and TMOD4.
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INTRODUCTION

Sensorineural hearing loss (SNHL), the most common sensory deficit in the world, affects nearly 300 million individuals and costs 980 billion USD annually. SNHL mainly arises from the damage or death of auditory hair cells (Liu et al., 2016; Cheng et al., 2019; Gao et al., 2019; Han et al., 2020; Zhang S. et al., 2020, p. 1; Zhang Y. et al., 2020) and spiral ganglion neurons (SGN) (Guo et al., 2016, 2019, 2020; Liu W. et al., 2019; Ding et al., 2020; Liu et al., 2021; Yuan T. F. et al., 2021). These cells can be damaged by environmental insult (such as overexposure to loud sounds or exposure to aminoglycoside antibiotics or chemotherapeutics) (He et al., 2017, 2020, 2021; Qi et al., 2019; Jiang et al., 2020; Zhong et al., 2020; Zhou et al., 2020) or by genetic factors (Wang et al., 2017; Liu Y. et al., 2019; Qi et al., 2020, p. 4; Qian et al., 2020; Cheng et al., 2021; Fu et al., 2021; Zhang et al., 2021). As these mature cells lack the capacity for self-repair, the damage is permanent (Géléoc and Holt, 2014; Cheng et al., 2019; Tan et al., 2019; Zhang S. et al., 2020, p. 1; Chen et al., 2021).

Researchers have confirmed that many environmental insults immediately and directly damage hair cells, but the resulting SGN degeneration is chronic because of a lack of neurotrophic factors and peripheral stimuli (Kujawa and Liberman, 2009; Makary et al., 2011; Wu et al., 2021). The degeneration of the SGN leads to the loss and/or distortion of auditory information in the brain. Even as little as 10% of neural tissue degeneration can lead to a disproportionate change in the stimulation profile of the auditory nerve (Sriperumbudur et al., 2020). Spiral ganglion neurons would mainly have Ic subtype loss if the loss of peripheral stimulus occurs, which is similar to SGN aging (Shrestha et al., 2018). The degeneration of SGNs could induce distinct forms of plasticity in cortical excitatory and inhibitory neurons that culminate in net hyperactivity, increased neural gain, and reduce the adaptation to background noise (Resnik and Polley, 2021). On the other hand, once SGN degeneration occurs, cochlear implants will inevitably have poor performance. Histology of 12 temporal bones from 6 subjects indicated that higher residual SGNs could predict better performance after implantation in a given patient (Riss et al., 2008; Cusumano et al., 2017).

To elucidate the mechanism of SGN degeneration, a mouse model of rapid hair cell ablation with a single dose injection of kanamycin sulfate and furosemide (Taylor et al., 2008; Hu et al., 2017, p. 3; Ye et al., 2019), has frequently been used. In this SGN degeneration model, a single dose injection of kanamycin sulfate and furosemide immediately damaged hair cells but not SGNs (Gao et al., 2017). As auditory epithelia ablated, SGN, lacking neurotrophic factors and stimulus, will degenerate with increased lipofuscin area, damaged autophagic flux, and reduced density (Hu et al., 2017; Ye et al., 2019).

Tlr polymorphisms were correlated with hearing preservation in bacterial meningitis survivors (van Well et al., 2012). Koo et al. (2015) assumed that this kind of hearing preservation difference is associated with Tlr-mediated BLB permeability. Researchers have also found that Tlr4 knockout mice had better hearing function following noise trauma without affecting sensory cell viability under physiological conditions (Vethanayagam et al., 2016). De Paola et al. (2012) found that Tlr4 inhibition attenuates motor neuron degeneration both in vitro and in vivo. Tlr4 deficiency could also protect mice against ischemia and axotomy-induced retinal ganglion cells degeneration, and they assumed that better neuron preservation was associated with reduced parenchymal stress responses via the ERK, JNK, and P38 signaling pathways (Kilic et al., 2008). The innate immune response of the nerve microenvironment is involved in functional recovery during Wallerian degeneration, and Tlr2 and Tlr4 can regulate synaptic stability in the spinal cord after peripheral nerve injury (Freria et al., 2016). Researchers have found that systemic microbial TLR2 agonists could induce neuron degeneration in Alzheimer’s disease mice and direct CNS delivery of a selective TLR2 antagonist blocked the neurotoxicity of systemically administered zymosan, indicating that CNS TLR2 mediates this neuron degeneration process (Lax et al., 2020). Previous studies have also demonstrated that administration of anti-TLR2 alleviated α-synuclein accumulation in neuronal, neuroinflammation, neurodegeneration, and behavioral deficits in an α-synuclein tg mouse model of PD/DLB and proposed TLR2 immunotherapy as a novel therapeutic strategy for neuron degeneration (Kim et al., 2018). These studies suggest that Tlr molecules may regulate the degeneration pathogenesis of auditory systems, especially spiral ganglion neurons.

Although SGN degeneration is characterized by increased lipofuscin area, damaged autophagic flux, and reduced density, a comprehensive understanding of the SGN degeneration transcriptome landscape is still lacking, and the role of molecules such as Tlr that may regulate the pathogenesis remain unknown. Here, we analyzed the transcriptome landscape of SGN degeneration and identified that Tlr2 and Tlr4 (Tlr2/4) might regulate the pathogenesis of degeneration. Based on these findings, we analyzed the role of Tlr2 and Tlr4 in SGN degeneration and found that genetic deletion of Tlr2/4 in combination attenuates SGN degeneration in mice without interfering with classic Tlr signaling pathways. Furthermore, we used transcriptome analysis to identify the key modules and pathways. Identification of these specific molecules and pathways could potently facilitate the protection of the auditory system.



MATERIALS AND METHODS


Animals

B6.B10ScN-Tlr4lps-del/JthJ and C.129(B6)-Tlr2tm1Kir/J mice (The Jackson Laboratory, Bar Harbor, ME, United States) were used for Tlr2/4 double knockout. Only 8-week-old male mice without a history of ototoxic damage or noise exposure were used for model establishment. The animals were housed under a standard 12-h light/dark cycle and were allowed free access to water and a regular mouse diet. The cochleae of each animal were collected and assigned to different assays to reduce animal usage and maintain sufficient sample sizes. The following genotyping primers were used to examine the Tlr2 knockout allele: 5′-CTTCCTGAATTTGTCCAGTACA-3′; 5′-GGGCCAGCTCATTCCTCCCAC-3′; 5′-ACGAGCAAGATC AACAGGAGA-3′ (mutation allele 334 bp, WT allele 499 bp). The following genotyping primers were used to examine the Tlr4 knockout allele: 5′-GCAAGTTTCTATATGCATTCTC-3′; 5′-CCTCCATTTCCAATAGGTAG-3′; 5′-ATATGCATGATCAA CACCACAG-3′; 5′-TTTCCATTGCTGCCCTATAG-3′ (mutated allele 140 bp, WT allele 390 bp). The procedures were approved by the Ethics Committee of Xinhua Hospital, affiliated with Shanghai Jiao Tong University School of Medicine (Shanghai, China).



Spiral Ganglion Neurons Degeneration Model

Mice of the SGN degeneration group were subcutaneously injected with 1 g/kg kanamycin sulfate (Sigma-Aldrich, E004000), and intraperitoneally injected with 0.4 g/kg furosemide (Tianjin Pharmaceutical Group, H12020527; 10 mg/ml) after 30 min (Hu et al., 2017; Ye et al., 2019). Mice in the control group were simultaneously and intraperitoneally treated with equal doses of saline. The mice were sacrificed 7, 15, and 30 days after drug administration, and the temporal bones were removed and dissected in PBS at 4°C.



Measurement of Auditory Brainstem Response

The mice were anesthetized with a ketamine (0.1 mg/g)/xylazine (0.01 mg/g) mixture. Body temperature was maintained at 37°C with a warming blanket. An active needle electrode was placed in the midline of the vertex of the skull, a reference electrode at the mastoid areas, and a ground electrode in the low back area. The ABRs were provoked with tone bursts of 4, 8, 11, 16, 22, and 32 kHz, generated by a D/A converter (RP2.1; TDT) and relayed to an attenuator (PA5; TDT), an amplifier (SA1; TDT), and a magnetic speaker (MF1; TDT). Mouse auditory brainstem responses were filtered (100–3,000 Hz), amplified, and averaged using TDT hardware and software. Responses were recorded from 90 dB SPL to 10 dB below the threshold level in 5 dB descending steps. The ABR threshold was defined as the lowest intensity that reliably elicited a detectable response. The average ABR threshold shifts between wild-type and DKO mice were compared using two-way ANOVA with the two factors group × frequency. If significant group effects were identified, the Welch two-sample t-test was used to evaluate each frequency between the two groups.



Histopathological Analysis

The excised cochlea was immersed in 4% paraformaldehyde in phosphate-buffered saline solution for 12 h and decalcified in 10% EDTA for 5 days. Specimens were sliced into 4 μm sections, mounted onto silane-coated slides, stained, and observed under a light microscope. The evaluation of cochlear histology included the apical, middle, and basal regions in the Rosenthal canal and the organ of Corti. Every fifth modiolar section for a certain cochlea (four in total) was subjected to histopathological assessment. The same animals were used for the IHC staining. Primary antibodies against the following antigens were used: Caspase 3 (Abcam, ab44976), p65 (Abcam, ab32536), and p38 (Abcam, ab170099). For immunofluorescence staining, frozen sections were blocked with 10% donkey serum (Jackson, 017–000-121) and 0.5% Triton X-100 (Sigma-Aldrich, 9002–93-1) and then incubated with rabbit anti- Caspase 3 (Abcam, ab44976; 1:400) or p65 (Abcam, ab32536; 1:500) overnight at 4°C. After the sections were washed 3 times with PBS, donkey anti-rabbit Alexa Fluor 594 (Jackson, 711–585-152; 1: 500) were used to incubate samples at 37°C in the dark for 30 min. Finally, the sections were stained with DAPI (Beyotime, C1002; 1:2,000) for 5 min. For immunohistochemical staining, paraffin sections were heated at 67°C for 2 h and then deparaffinized in deparaffinized in xylene and rehydrated in alcohol. After the sections were washed 3 times with 0.1 M PBS, they were incubated with 3.0% H2O2 for 30 min at room temperature. The sections were then incubated with the primary p38 (Abcam, ab170099; 1:200) antibody overnight at 4°C. The secondary horseradish peroxidase-labeled goat anti-rabbit IgG antibody (Beyotime, A0208, 1:500) was added for 1 h, and finally, the sections were stained with 3,3N-diaminobenzidine (Beyotime, P0203). Unless otherwise stated, middle cochlear tissues (11–16 kHz region) were used for analyses.



High Throughput Sequencing

Total RNA from Cochlear modiolus tissues was extracted using the QIAGEN RNA Extraction Kit (Cat. No.74104). Agarose gels (1.5%) were used to detect RNA degradation and contamination. Illumina Hiseq 2,500 and Hiseq 4,000 were used to characterize the transcriptome landscape of SGN following the manufacturer’s recommendations. The following procedures were performed using Hisat2 (version 2.1.0) to align the clean reads with the reference genome of mice (Kim et al., 2015) and StringTie (version 1.3.3b) to evaluate gene expression (Pertea et al., 2015).



Functional Annotation

Gene set enrichment analysis (GSEA) (Subramanian et al., 2005; Yu et al., 2012) was used to extract biological insight from RNA-seq data. GSEA aims to determine whether members of gene set S tend to occur in the extremes (top or bottom) of a given list from RNA-seq results. The enrichment score (ES) indicates the degree of a set S overrepresentation at the extremes of the gene ranked list L. ES was calculated as follows:
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P-value was calculated by estimating the statistical significance of the ES by empirical phenotype-based permutation test procedures.

Terms used for functional annotation include Gene Ontology (Ashburner et al., 2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000). Functional annotation of GO, including biological processes, cellular components, and molecular functions, and KEGG is a common omnibus to systematically interpret gene functions, facilitating an intensive understanding of genomic information and higher-order functional information.



Protein-Protein Interaction and Module Analysis

The construction of PPI networks imported the Search Tool for the Retrieval of Interacting Genes database (STRING) (Szklarczyk et al., 2021), and was analyzed using Cytoscape (version 3.6.1) software (Shannon et al., 2003). STRING (version 11.0) covers 2,000 million interactions of 24.6 million proteins from 5,090 organisms. When fed with differentially expressed genes, STRING was able to identify the most significantly interactive associations, in which a criterion of a combined score > 0.4, was set as the significance level. Cytoscape plugin molecular complex detection (MCODE) can illustrate the core modules in the PPI network. The false degree cut-off, node score cut-off, haircut, false K-core, and maximum depth from seed were set at 2, 0.2, true, 2, and 100, respectively (Wang et al., 2018, 2020; Yan et al., 2019).



Statistical Analysis

Computations and data visualization were performed using R 4.0.2. Distribution of the data was assumed to be normal, but this was not formally tested. No statistical methods were used predetermine sample sizes, but our sample sizes are like those reported in our previous publications (Hu et al., 2017; Ye et al., 2019). Statistical differences in auditory physiology, SGN counts were analyzed using two-way ANOVA, followed by Welch t-test. All statistical analysis results were expressed as the mean ± standard error of the mean (SEM). Statistical significance was defined as P < 0.05.




RESULTS


Spiral Ganglion Neurons Degeneration Established by Cochlear Sensory Epithelial Ablation

SGN degeneration was successfully induced by the destruction of cochlear hair cells, which is consistent with the results of previous studies (Hu et al., 2017; Ye et al., 2019). Apoptotic activities in hair cells were significantly upregulated within the following 7 days, whereas no change was seen in SGNs (Figure 1A). The structure of the organ of Corti was almost completely collapsed and destroyed, and nearly no sensory epithelial cells remained in the middle turn on the 30th day after kanamycin and furosemide injection, while almost only a continuous layer of flattened cubic epithelial cells remained on the basilar membrane (Figure 2B). A time-series evaluation of SGN density was conducted on the 7th, 15th, and 30th day after kanamycin and furosemide injection (Figure 1B, auditory physiology data in Supplementary Figure 1 and Supplementary Table 1). On the 30th day after kanamycin and furosemide injection, SGN density has significantly decreased in the apical, middle, and basal region of the cochlea (Welch two sample t-test, apical: t = 8.4, P = 0.00009; middle: t = 7.53, P = 0.0005; basal: t = 10.33, P = 0.00003). Thus, this time point was used to decipher the transcriptome changes during SGN degeneration.
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FIGURE 1. SGN degenerati on established by cochlear sensory epithelial ablation. (A) Representative images of CASP3 IF staining in hair cells and spiral ganglion areas. Hair cell apoptotic activities were significantly upregulated within 7 days but disappeared 15 days after injection of kanamycin and furosemide. There are no apoptosis activities seen in the SGN areas during the period. HCs: hair cells; SGNs: spiral ganglion neurons. Red: caspase3; Blue: DAPI. Scale bar: 10 μm. (B) SGN density evaluation 7, 15, and 30 days after the injection of kanamycin and furosemide. On the 30th day, SGN density significantly decreased at the apical, middle, and basal turn of the cochlea (apical: N = 9, t = 8.14, P < 0.01, middle: N = 9, t = 7.53, P < 0.01; basal: N = 9, t = 10.33, P < 0.01). Statistical significance of other time points was also denoted with the order of apical, middle and basal, respectively (ns: not significant; *P < 0.05; **P < 0.01.). Gray area indicated the standard error range calculated by loess method. Right panel shows the representative images of SGN before and 30 days after the injection of kanamycin and furosemide. Scale bar: 10 μm.
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FIGURE 2. Physiological and morphological changes in Tlr2/4 DKO mice and WT littermates. (A) The hearing threshold of auditory brainstem response of WT and DKO mice in the SGN degeneration model. Mice maintained normal hearing threshold in the normal saline treated group (N = 8, P = 0.7148, F = 0.105, two-way ANOVA). On the 30th day after kanamycin and furosemide injection, DKO mice exhibited a hearing preservation advantage compared with WT mice (N = 13, P = 0.00446, F = 8.700, two-way ANOVA). (B) Hair cell loss of WT and DKO mice. Saline treated mice had normal hair cells. On the 30th day of kanamycin and furosemide injection, both DKO and WT mice lost all hair cells and the tunnel of Corti had collapsed. Scale bar: 10 μm. (C) SGN loss of DKO and WT mice. Mice maintained a normal SGN count in normal saline treated group (N = 24, P = 0.675, t = 0.43, Welch Two Sample t-test). On the 30th day of kanamycin and furosemide injection, DKO mice have higher SGN density compared with WT mice Scale bar: 10 μm. (D) Statistics of panel C. On the 30th day of kanamycin and furosemide injection, DKO mice have higher SGN density compared with WT mice (N = 32, P < 0.001, t = 11.471 Welch Two Sample t-test). (E) Representative IHC image of p38 expression of SGN in WT and DKO mice. Scale Bar: Scale bar: 10 μm. (F) Representative IHC image of p65 expression of SGN in WT and DKO mice. Scale Bar: Scale bar: 10 μm.




Transcriptome Landscape of Spiral Ganglion Neurons Degeneration

We identified 674 upregulated and 390 downregulated genes in a background of 34147 non-significant genes during SGN degeneration (Supplementary Table 1). Among them, 972 differentially expressed genes (DEGs) had clear autosome positions, and chromosomes 1–19 had 60, 73, 52, 60, 76, 63, 60, 52, 58, 29, 65, 35, 30, 44, 52, 53, 42, 29, and 39 DEGs, of which the most significant ones were Atf3, Prrg4, Gatad2b, Sdr16c5, Ocm, Gm5737, Cep41, Car7, Mmp13, Tspan8, Ccl7, Serpina3n, Bmp6, Clu, Mal2, Gap43, Tnfrsf12a, Lox, and Ptar1 (Figure 3A). Among the differentially expressed genes, there were 76 genes encoding transcription factors (Figure 3B), of which the 10 most significant were Atf3, Stat3, Chgb, Irf6, Scrt1, Hipk2, Zfp871, Rxrg, Lmx1a, and Setbp1.
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FIGURE 3. Differentially expressed genes during SGN degeneration. (A) Manhattan plot of all genes, including the DEGs. The abscissa indicates the chromosomes, and the ordinate represents the p-values of those genes. The most significant gene of each chromosome is labeled. (B) Heatmap of the top upregulated and downregulated genes. Blue indicates relatively lower expression, and red indicates relatively higher expression. (C) The disturbance of Tlr2/4 on the SGN degeneration network. Blue indicates transcription factors with relatively downregulated expression, and pink indicates relatively upregulated expression. DEGs: differentially expressed genes.


Gene set enrichment analysis (GSEA) showed that the top30 significantly enriched KEGG pathways included 20 upregulated pathways (Figure 4A), including complement and coagulation cascades, ubiquinone and other terpenoidquinone biosynthesis, linoleic acid metabolism, non-homologous end-joining, basal transcription factors, butanoate metabolism, inflammatory mediator regulation of TRP channels, phenylalanine metabolism, Hippo signaling pathway, endometrial cancer, EGFR tyrosine kinase inhibitor resistance, ErbB signaling pathway, cytokine-cytokine receptor interaction, hepatitis C, arachidonic acid metabolism, neuroactive ligand-receptor interaction, retinol metabolism, JAK-STAT signaling pathway, coronavirus disease (COVID-19), and TNF signaling pathway. The other 10 downregulated KEGG pathways (Figure 4A) were ribosome biogenesis, ribosome, oxidative phosphorylation, collecting duct acid secretion, glycosaminoglycan degradation, glycolysis/gluconeogenesis, regulation of lipolysis in adipocytes, DNA replication, cGMP-PKG signaling pathway, and mTOR signaling pathway. Autophagy and mTOR signaling pathways have been validated to regulate SGN degeneration in our previous work (Ye et al., 2019), which is consistent with the transcriptome results.
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FIGURE 4. Functional annotation of SGN degeneration. (A) KEGG pathway enrichment analysis of SGN degeneration. The abscissa represents the enrichment scores, and the ordinate suggests the KEGG terms. (B) GO enrichment analysis of SGN degeneration. The abscissa represents the enrichment scores, and the ordinate shows the –lg (p-value). Red: downregulated terms; Blue: upregulated terms.


GO analysis showed that the dysregulated functions included positive regulation of peptidyl-serine phosphorylation of STAT protein, type I interferon receptor binding, T cell activation involved in immune response, B cell proliferation, natural killer cell activation involved in the immune response, membrane disruption, negative regulation of B cell apoptosis, and embryonic brain development (Figure 4B). The analysis of PPI interactions indicated six key modules (Table 1), and 10 molecules were the most significant, including COMP, COL1A1, STAT3, HAPLN1, HBEGF, CCL2, MMP13, SMAD4, CXCL1, and CTSK. We noticed that these enriched activities of immune responses, TNF signaling pathway, and cytokine-cytokine receptor interaction could be regulated by Tlr molecules (Peek et al., 2020). At the same time, Tlr2 and Tlr4 disrupted the SGN degeneration signaling network (Figure 3C). Based on these results, we hypothesized that Tlr might contribute to the regulation of SGN degeneration.


TABLE 1. Key modules of SGN degeneration in WT mice.
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Tlr2/4 Double Knockout Mice Has Auditory Advantage in Spiral Ganglion Neurons Degeneration

Given that Tlr may play an important role in SGN degeneration, we established Tlr2 and Tlr4 knockout mice. We detected the hearing threshold of Tlr2/4 DKO mice and wild-type littermates before and 30 days after SGN degeneration. The Tlr DKO group of mice treated with normal saline (NS) and the wild type (WT) mice maintained normal hearing thresholds (Figure 2A), and there was no significant difference in the hearing thresholds of the two groups of mice (P = 0.748, F = 0.105, two-way ANOVA). The Tlr DKO mice of the SGN degeneration group exhibited hearing threshold advantages (P = 0.00446, F = 8.700, two-way ANOVA) on the 30th day after kanamycin and furosemide injection, and the hearing preservation advantage was mainly manifested in 4–16 kHz (4 kHz, t = –3.16, P = 0.012; 8 kHz, t = –3.12, P = 0.0012; 11 kHz, t = –2.51, P = 0.041, 16 kHz, t = –3.77, P = 0.0059; 22 kHz, t = –1.44, P = 0.19, 32 kHz, t = –0.22, P = 0.83; N = 17, Welch Two Sample t-test) (Figure 2A and Supplementary Table 1).

We also observed morphological changes in the Organ of Corti and spiral ganglion neurons. The Tlr2/4 DKO mice and their wild-type littermates treated with normal saline (NS) maintained relatively intact inner and outer hair cells, while the Tlr DKO mice and their wild-type littermates under the SGN degeneration model lost most inner and outer hair cells, and the tunnel of Corti collapsed (Figure 2B).

The Tlr DKO mice and their wild-type littermates treated with NS maintained a relatively normal density, with no significant difference in neuron density (P = 0.675, t = 0.43, N = 24, Welch Two Sample t-test). SGN density significantly decreased in Tlr DKO mice and wild-type mice under the SGN degeneration model (Figure 2C), but the SGN density was significantly higher in the DKO group mice (P < 0.001, t = 11.71, N = 32, Welch Two Sample t-test) (Figure 2D). These results suggest that the hearing preservation advantage of Tlr2/4 DKO mice mainly relies on the protection of spiral ganglion neurons.



Inverted Gene Set Enrichment of Double Knockout Mice During Spiral Ganglion Neurons Degeneration

The p38-mediated MAPK and p65-mediated NF-κB signaling pathways are canonical signaling pathways of Tlr molecules (Li et al., 2010). We used immunohistochemistry to detect the expression of these genes in SGNs. SGN p38 expression was found in both DKO and WT mice, mainly in the cytoplasm and nuclei. There was no significant difference in p38 expression between the two groups on the 30th day of degeneration induction (Figure 2E, neuron density evaluation in Supplementary Figure 2). The SGNs of DKO and WT mice express p65 (RelA), which is mainly located in the cytoplasm and nuclei. P65 expression decreased 30 days after SGN degeneration, but no significant differences in expression were identified between the two groups (Figure 2F, neuron density evaluation in Supplementary Figure 2).

Transcriptomic analysis was performed on the modiolus of DKO and WT mice on the 30th day after kanamycin and furosemide administration. We identified 1029 upregulated genes and 833 downregulated genes with the criteria of P < 0.01, and | log2 fold change | > 0.2) (Figure 5A; Supplementary Table 1). Among them, 1,747 had a clear autosomal location and there were 136, 133, 86, 103, 125, 107, 126, 82, 96, 80, 149, 70, 65, 78, 76, 56, 75, 39, 65 on chromosome 1–19, respectively. The most strongly differentially expressed genes on autosomal chromosomes were identified, including Sned1, Ttn, Gbp2, Tlr4, Jchain, Clec7a, Itgax, Nlrc5, Mmp3, Dcn, Gh, Serpina3n, Sfrp4, Dnah12, Glycam1, Parp14, C4b, Iigp1, and Ifit3 (Figure 5B). Figure 5C shows the differentially expressed transcription factors.
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FIGURE 5. Differentially expressed genes of DKO VS. WT SGN transcriptome on the 30th day. (A) Volcano plot of all detected genes including the DEGs. Red dots indicate upregulated genes and blue dots indicate downregulated genes. (B) Manhattan plot of all genes including the DEGs. The abscissa indicates the chromosomes, and the ordinate represents the p-values of those genes. The most significant gene of each chromosome is labeled. (C) Heatmap of the top upregulated and downregulated transcription factors. If the log2 fold change is higher than 2, the category is labeled with VERY. Blue indicates relatively lower expression, and red indicates relatively higher expression.


In general, Tlr2/4 DKO mice showed downregulated biological activities during SGN degeneration compared to WT mice. The top 30 enriched KEGG pathways included 1 upregulated and 29 downregulated pathways (Figure 6A). Oxidative phosphorylation was downregulated during SGN degeneration, but upregulated in DKO mice compared with WT mice, which is called inverted gene set enrichment. The top 10 KEGG terms with inverted gene set enrichments included arachidonic acid metabolism, complement and coagulation cascades, coronavirus disease—COVID-19, cytokine-cytokine receptor interaction, hepatitis C, inflammatory mediator regulation of TRP channels, JAK-STAT signaling pathway, neuroactive ligand-receptor interaction, TNF signaling pathway, and oxidative phosphorylation (Figure 6B).
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FIGURE 6. Functional annotation of DKO VS. WT SGN transcriptome on the 30th day. (A) KEGG pathway enrichment analysis. The abscissa represents the enrichment scores, and the ordinate suggests KEGG terms. (B) The running score visualization of the top 10 enriched KEGG terms which are also involved in the SGN degeneration process. (C) GO enrichment analysis of SGN degeneration. The abscissa represents the enrichment scores, and the ordinate suggests KEGG terms. (D) The running score visualization of the top 10 enriched KEGG terms which are also involved in SGN degeneration process.


Similarly, the top 30 enriched GO terms included one upregulated and 29 downregulated activities (Figure 6C). The top 10 KEGG terms with inverted gene set enrichments included iron ion binding, monooxygenase activity, negative regulation of endopeptidase activity, platelet aggregation, positive regulation of myoblast differentiation, protein polymerization, response to cytokines, response to peptide hormones, serine-type endopeptidase activity, and serine-type endopeptidase inhibitor activity (Figure 6D).



Suspectable Core Modules That Attenuate Spiral Ganglion Neurons Degeneration in Double Knockout Mice

In order to detect whether DKO mice had consistent morphology across the entire signaling network, i.e., whether there is an inverted gene set enrichment relationship with the primary auditory neurons degeneration (PAND)-specific gene set, we analyzed the different genes in the PAND-specific gene set. We found that there was an inverted GSEA relationship between the PAND process and the PAND-specific gene set in DKO mice, and the PAND-associated DEGs were relatively reverse regulated in the progression of PAND in DKO mice (NES = –1.84, P < 0.001).

We further analyzed the attenuation of SGN degeneration in DKO mice from the perspective of the entire signaling network (Supplementary Figure 3). We found that 130 of the 661 genes specifically upregulated during the degeneration of SGN in WT mice were downregulated mice during the degeneration of spiral neurons in DKO mice, and 380 genes were specifically downregulated during the degeneration of SGN in WT mice; 116 genes were downregulated during the degeneration of spiral neurons in DKO mice.

Protein interaction analysis of the proteins encoded by these genes showed that DKO mice had a specific anti-degenerative signal network compared to WT mice. The disease module analysis showed that there were two key modules (Table 2). The score of the first module was 3.667, including seven genes, namely EGF, STAT3, CALB2, LOX, SNAP25, CAV2, and SDC4. The score of the second module was 3.5, which included five genes: MYL1, NCS1, PVALB, TPM4, and TMOD4. In addition, EGF, STAT3, CALB2, SNAP25, SDC4, TPM4, and TMOD4 are key molecules involved in SGN degeneration. CALB2 is a specific marker of the SGN Ia and Ib subtypes in mice (Shrestha et al., 2018), PVALB is a neuron-specific marker (Petitpré et al., 2018), and the interaction of these molecules may contribute to the attenuation of SGN degeneration in DKO mice.


TABLE 2. Key modules of the attenuation of SGN degeneration in DKO mice.
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DISCUSSION

Studies have shown that primary and secondary SGN degeneration may account for half of the SGN degeneration (Makary et al., 2011; Waqas et al., 2017; Guo et al., 2021). Morphological studies of the human cochlea show that with the growth of age, even if there is no loss of inner and outer hair cells, SGN will be lost at a rate of about 100 cells per year. This rate can increase to approximately 185 cells per year when there is simultaneous loss of inner and outer hair cells (Makary et al., 2011). Unlike auditory hair cells, which are easily damaged by noise and ototoxic drugs such as aminoglycosides and cisplatin, spiral ganglion neurons are relatively robust. In a study of animal models and human temporal bone, histopathological analysis of acquired sensorineural hearing loss showed that severe degeneration of cochlear spiral neurons is often accompanied by a significant loss of hair cells (Miller et al., 1997; McFadden et al., 2004). The degeneration of SGNs seems to be related to the loss of inner hair cells, because 95% of spiral neurons only have synaptic connections with inner hair cells. However, the causal relationship based on histopathological correlation is often frustrated (Zilberstein et al., 2012), which may be because the loss of inner hair cells is usually accompanied by the loss or complete destruction of the organ of Corti after cochlear injury, and both hair cells and supporting cells contribute to the support of SGN in the cochlea (Sugawara et al., 2005). Temporal bone studies from 54 to 89 years of age without ear diseases suggest that the number of hair cells is almost normal, but the pattern of axonal degeneration of the cochlear nerve may be an important form of human presbycusis (Viana et al., 2015).

Transcriptome analysis of age-related cochlear degeneration indicated that no immune or inflammatory activity was enriched (Supplementary Figure 4). Therefore, the present study utilized the secondary SGN degeneration model of a single dose injection of kanamycin and furosemide, and the SGN degeneration model is suitable for the study of Tlr regulation during SGN degeneration. In the present SGN degeneration model, almost all outer hair cells were destroyed within 7 days after the injection of kanamycin and furosemide. Inner hair cells seemed more robust and about 15% inner hair cells were preserved 30 days after the treatment. In other words, <5% hair cells (including OHCs and IHCs) remain alive on the 30 day (Hu et al., 2017; Ye et al., 2019). These results were also in consistent with the study of Taylor (Taylor et al., 2008).

Another important question is when this transcriptome changes happen in DKO mice. We consider that the key points might be the opposite regulated direction of DKO mice compared with a normal SGN degeneration transcriptome change. In other words, the overlapping and opposite terms would be highlighted that might play key role in the alleviation of SGN degeneration in DKO mice whenever it happened. But we should acknowledge that it is preferred if these changes occurred after the degeneration induction, otherwise a systematic influence and specific delivery of these molecules should be considered. Tlr-regulated innate immune signaling regulates neuron-glia interactions (McLaughlin et al., 2019). McLaughlin et al. demonstrated that glia non-canonical Toll-like receptor signaling could be non-autonomously activated by neuronal apoptosis, priming their capacity to engulf apoptotic neurons and regulate the maintenance of a healthy brain (Kashio and Miura, 2019). Glia continuously surveys neuronal health during development, providing trophic support to healthy neurons, while rapidly engulfing dying ones. With neuronal health being surveyed, glia could provide trophic support to healthy neurons and rapidly engulf dying neurons. Glia necessitates a foolproof mechanism to unambiguously identify those neurons to support vs. engulf. To ensure specificity, glia is proposed to interact with dying neurons via a series of carefully choreographed steps. Dying neurons and glia communicate via toll-receptor-regulated innate immune signaling, while neuronal apoptosis drives the processing and activation of the Toll-6 ligand and activates the dSARM-mediated Toll-6 transcriptional pathway, which controls the expression of the Draper engulfment receptor. Pathway loss drives early onset neurodegeneration, underscoring its functional importance.

Zhang et al. (2019) demonstrated that in the cochleae (lateral wall and spiral ganglion neurons), TLR-4 and the downstream signaling molecule MyD88 were significantly upregulated 3 d after noise exposure. It has also been reported that Tlr4 knockout mice could inhibit the expression of major histocompatibility complex class II and participate in the antigen-presenting function of macrophages after acoustic trauma (Vethanayagam et al., 2016). Their results suggested that Tlr4 regulates multiple aspects of the immune response in the cochlea and contributes to cochlear pathogenesis after acoustic injury. According to the single-cell transcriptome of Shrestha et al. (2018) and our IHC results (data not shown), SGN may rarely be Tlr2/4 positive. Tlr2/4 double knockout may attenuate SGN degeneration by disturbing the local microenvironment of circular macrophage cells or Schwann cells and detecting Tlr downstream in SGN fails to signify the attenuation of SGN degeneration.

We identified some relatively novel molecules that may play an essential role in attenuating SGN degeneration in Tlr2/4 DKO mice. Researchers have found that the interaction between Tlr and these molecules may regulate the pathogenesis of many diseases. For example, myofibroblast Tlr signaling promotes colitis-associated carcinogenesis by mediating macrophage M2 polarization and STAT3 activation via intracellular communication (Yuan Q. et al., 2021, p. 88). Hsu et al. (2010) found that the differentially regulated expression of Tlr-associated epidermal growth factor influences mucosal healing.

DFNA44, an autosomal dominant deafness, is tightly associated with the effector of EGF-mediated cell signaling (Modamio-Hoybjor et al., 2007). Rats administered oral epigallocatechin-3-gallate demonstrated reduced cisplatin-induced hearing loss, experienced reduced loss of OHCs in the basal region of the cochlea and reduced oxidative stress and apoptotic markers. The preservation of STAT3 and Bcl-xL activation and increased STAT3/STAT1 ratio may contribute to protection (Borse et al., 2017). STAT3 and its activated form are specifically expressed in hair cells during cochlear development (Chen et al., 2017). CALB2 is a candidate gene for human dominant optic atrophy (Carelli et al., 2011, p. 8). Calb2 is highly expressed in the Ia and Ib subtypes of SGN (Shrestha et al., 2018; Sun et al., 2018). In noise-induced hearing loss (NIHL), noise exposure damages cochlear sensory hair cells, which lack the capacity to regenerate. Following noise insult, intense metabolic activity occurs, resulting in a free-radical imbalance in the cochlea. Oxidative stress and antioxidant enzyme alterations, including lipoxygenase (LOX) upregulation, have been linked to chronic inflammation, which contributes to hearing impairment. Inhibition of LOX showed greater efficacy in the treatment of NIHL (Rodriguez et al., 2017). LOX products may contribute to the hypersensitivity of SGN to hair cell inputs in a variety of pathological conditions (Balaban et al., 2003). Snap25 is a key marker of neuronal identity. Noda et al. (2018) used the neurogenic pioneer transcription factor Ascl1 and the auditory neuron differentiation factor NeuroD1 to reprogram spiral ganglion non-neuronal cells into induced neurons. Their transcriptome results indicated that induced neurons maintained some key markers of neuronal identity, such as Tubb3, Map2, Prph, Snap25, and Prox1 (Noda et al., 2018). The mutation of the otoferlin C2 domain, which causes deafness in humans, impairs the ability of otoferlin to bind syntaxin, SNAP-25, and the Cav1.3 calcium channel, which may mediate regulation by otoferlin of hair cell synaptic exocytosis, which is critical to inner ear hair cell function (Ramakrishnan et al., 2009). The damaged interaction between SDC4 and GIPCs also contributes to the progression of non-syndromic hearing loss (Katoh, 2013).



CONCLUSION

In conclusion, our results suggest that the SGN degeneration of Tlr2/4 DKO mice and their wild-type littermates exhibits an inverted GSEA relationship, and DKO mice may attenuate SGN degeneration by the differential regulation of some core molecules, including EGF, STAT3, CALB2, LOX, SNAP25, CAV2, SDC4, MYL1, NCS1, PVALB, TPM4, and TMOD4.
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Supplementary Figure 1 | The hearing threshold of auditory brainstem response of WT mice in the SGN degeneration model. Mice maintained normal hearing threshold in the normal saline treated group. On the 30th day after kanamycin and furosemide injection, mice exhibited a hearing deteriation compared with NS treated mice (N = 13, P < 0.00001, F = 275.910, two-way ANOVA).

Supplementary Figure 2 | Reconfirmation of SGN density of sections with histopathological analysis. The upper panel for p38 and the lower panel for p65.

Supplementary Figure 3 | Protein-protein interaction network constructed DKO VS. WT SGN transcriptome on the 30th day. Red: upregulated molecules. Blue: downregulated molecules.

Supplementary Figure 4 | Differentially expressed genes during whole cochlear aging. (A) Manhattan plot of all genes, including the DEGs. The abscissa indicates the chromosomes, and the ordinate represents the p-values of those genes. The most significant gene of each chromosome is labeled. (B) Heatmap of the top upregulated and downregulated genes. Blue indicates relatively lower expression, and red indicates relatively higher expression. (C) KEGG pathway enrichment analysis. The abscissa represents the enrichment scores, and the ordinate suggests –lg (p-value).
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Spiral ganglion neurons (SGNs) can be injured by a wide variety of insults. However, there still is a lack of degeneration models to specifically damage the SGNs without disturbing other types of cells in the inner ear. This study aims to generate an SGN-specific damage model using the Cre-LoxP transgenic mouse strains. The Cre-inducible diphtheria toxin receptor (iDTR+/+) knock-in mouse strain was crossed with a mouse strain with Cre activity specific to neurons (NeflCreER/CreER). Expression of the Cre-recombinase activity was evaluated using the reporter mouse strain Ai9 at pre-hearing, hearing onset, and post-hearing stages. Accordingly, heterozygous NeflCreER/+;iDTR+/– mice were treated with tamoxifen on postnatal days 1–5 (P1–5), followed by diphtheria toxin (DT) or vehicle injection on P7, P14, and P21 to evaluate the SGN loss. Robust tamoxifen-induced Cre-mediated Ai9 tdTomato fluorescence was observed in the SGN area of heterozygous NeflCreER/+;Ai9+/– mice treated with tamoxifen, whereas vehicle-treated heterozygote mice did not show tdTomato fluorescence. Compared to vehicle-treated NeflCreER/+;iDTR+/– mice, DT-treated NeflCreER/+;iDTR+/– mice showed significant auditory brainstem response (ABR) threshold shifts and SGN cell loss. Hair cell count and functional study did not show significant changes. These results demonstrate that the NeflCreER/CreER mouse strain exhibits inducible SGN-specific Cre activity in the inner ear, which may serve as a valuable SGN damage model for regeneration research of the inner ear.
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INTRODUCTION

In the auditory system, spiral ganglion neurons (SGNs) are bipolar neurons that transfer auditory signals from auditory hair cells to the cochlear nucleus in the brainstem (Echteler, 1992; Nayagam et al., 2011). SGNs are sensitive to a variety of insults, including sound overstimulation, genetic disorders, aging, ototoxic drugs, and trauma (Ylikoski et al., 1998; Carignano et al., 2019; Wu et al., 2021). Degeneration of SGNs usually causes irreversible sensorineural hearing loss, in which the auditory signals perceived by hair cells are not able to transfer to the cochlear nucleus. It is essential to establish an SGN damage model to understand the degeneration of SGNs. This would provide fundamental knowledge to guide the prevention of SGN damage and the regeneration of SGNs to conduct auditory signals from the inner ear to the brainstem. Currently, knowledge on the SGN degeneration model is very limited.

SGNs receive auditory signals from hair cells; therefore, injuries to hair cells often cause secondary damage to SGNs (Johnsson, 1974; Pan et al., 2017). For instance, ototoxic drugs, including aminoglycoside and cisplatin, cause hair cell damage, which leads to secondary damage to SGNs (Dallos and Harris, 1978; Breglio et al., 2017). In other circumstances, aging can cause progressive hair cell degeneration, which subsequently injures SGNs as a secondary degeneration (Carignano et al., 2019; Wu et al., 2021). Additionally, some ototoxic drugs (e.g., neomycin), aging, and other insults can directly damage SGNs (Majumder et al., 2017; Zhong et al., 2020). The combination of primary and secondary patterns complicates the mechanisms of SGN degeneration. Therefore, it is necessary to develop an approach only targeting SGNs without interfering with hair cells.

The Cre-LoxP system provides the opportunity to target cell types expressing a tissue-specific gene (Nakamura et al., 2006; Rotheneichner et al., 2017; Jahn et al., 2018). In a previous study, Bhlhb5Cre/+ mice that showed Cre activity in SGNs were bred with mice expressing the Cre-inducible diphtheria toxin receptor (iDTR; iDTR+/+ mice) (Pan et al., 2017). It was found that diphtheria toxin (DT) injection caused 30–40% SGN damage in Bhlhb5Cre/+;iDTR+/– offspring. It is known that SGN development continues during the postnatal period up to postnatal day 28 (P28) (Shrestha et al., 2018; Sun et al., 2018). However, in the aforementioned study, DT was injected on P21. It remains unclear whether an early postnatal or pre-hearing DT injection would damage SGNs and whether SGN damage is consistent or recovered during postnatal development. Moreover, significant auditory brainstem response (ABR) threshold changes were not observed in DT-treated Bhlhb5Cre/+;iDTR+/– offspring. Therefore, the generation of an SGN loss model with significant functional ABR threshold shifts remains a challenge.

In this study, a mouse strain with the estrogen receptor tamoxifen 2-inducible Cre cassette knocked into the Nefl gene (NeflCreER/CreER) was bred with the iDTR mouse strain. Nefl encodes neurofilament light chain (Nefl), which is a major neuronal cytoskeleton component expressed in the soma, dendrites, and axon of developing and mature neurons, including the neurons along the auditory pathway (Liem, 1993; Illing, 2001; Liu et al., 2004). In the cochlea, Nefl is expressed in SGNs, but not in other types of cells such as hair cells (Torkos et al., 2008; Sun et al., 2018). When bred with mice expressing the Cre-inducible iDTR, the SGNs of NeflCre/+;iDTR+/– offspring were expected to be specifically damaged following DT treatment without interfering with hair cells. To determine whether SGN damage occurred before, around, or after hearing onset, DT was administered on postnatal days 7, 14, and 21, respectively. Functional, morphological, and protein expression assays were used to evaluate SGN damage following DT treatment.



MATERIALS AND METHODS


Animals and Genotyping

The experimental procedures on animals were approved by the Institutional Animal Care and Use Committee (IACUC) at Wayne State University. The NeflCreER/CreER (stock no. 008363), iDTR (stock no. 007900), and the reporter Ai9 (stock no. 007909) mouse strains were obtained from Jackson Laboratories (Bar Harbor, ME, United States) (Buch et al., 2005; Rotolo et al., 2008; Madisen et al., 2010). They were maintained and bred following the guidelines of the local Division of Laboratory Animal Resources. NeflCreER/CreER mice were crossed with iDTR or Ai9 mice, followed by genotyping. Heterozygous NeflCreER/+;iDTR+/– and NeflCreER/+;Ai9+/– mice were used in this study. The homozygous animals were used for breeding and maintenance of the strains.

A tail snip-based genotyping was performed to determine the genotypes of the mice (Fang et al., 2012). Two millimeters of the tail was snipped and placed in alkaline lysis buffer (25 mM NaOH and 0.2 mM ethylenediaminetetraacetic acid (EDTA; E5134, Sigma, St. Louis, MO, United States) for the hotshot procedure of 98°C for 1 h, followed by neutralization (40 mM Tris-HCl; Sigma) for 5 min at room temperature to harvest gDNA in the supernatant. Allele-specific PCR was used to determine the genotypes of the mice using the vendor’s protocols. The primers included: NeflCreER/CreER: common, ATT ATT ATT GTA AAC ATC TGT GTG ATT CA; mutant forward, CGC ATA GAA ATT GCA TCA ACG CAT; and wild type reverse, AGA GGA GCA GGT GGC TAA GAA GAA AGA; Ai9: wild type forward, AAG GGA GCT GCA GTG GAG TA; wild type reverse, CCG AAA ATC TGT GGG AAG TC; mutant forward, CTG TTC CTG TAC GGC ATG G; and mutant reverse, GGC ATT AAA GCA GCG TAT CC; iDTR: common, AAA GTC GCT CTG AGT TGT TAT; mutant, GCG AAG AGT TTG TCC TCA ACC; and wild type reverse, GGA GCG GGA GAA ATG GAT ATG.



Tamoxifen and Diphtheria Toxin Treatment

NeflCreER/CreER mice were crossed with the reporter strain Ai9 to obtain heterozygous NeflCreER/+;Ai9+/– offspring for the characterization of Cre activity in the cochlea. Tamoxifen or vehicle was administered to the dam via gavage on P1 for 4–5 days, and the pups received treatment via feeding. Tamoxifen (T5648, Sigma) was dissolved in corn oil (C8267, Sigma) at 10 mg/ml. Either tamoxifen (4 mg/40 g body weight) or corn oil was administered daily via oral gavage for 4–5 consecutive days (Koundakjian et al., 2007; Fang et al., 2012). Treated mice were followed up and euthanized on P10, P14, P21, and P28 for histology and immunofluorescence study to determine the Cre activity. NeflCreER/CreER mice were crossed with iDTR mice to obtain heterozygous NeflCreER/+;iDTR+/– mice in order to determine the SGN degeneration. For the DT treatment, NeflCreER/+;iDTR+/– mice were treated with tamoxifen as above, and a single dose of DT (List Biology Laboratories #150, 10 ng/g body weight, i.p.) was administered on P7, P14, or P21 (Figure 1).


[image: image]

FIGURE 1. Schematic diagram of the experimental design. NeflCreER/+;Ai9+/– mice were treated with tamoxifen or vehicle on postnatal day 1 (P1) for 4–5 consecutive days. The pups were followed up and euthanized on P10, P14, P21, and P28. NeflCreER/+;iDTR+/– mice were treated with tamoxifen on P1–P5, followed by either vehicle or diphtheria toxin (DT) treatment on P7, P14, and P21. Hearing tests, including auditory brainstem response (ABR) and distortion product otoacoustic emission (DPOAE), were conducted on P28 and P35, and mice were euthanized on P35.




Hearing Tests

Animals received hearing tests at 4 and 5 weeks old prior to euthanasia. Distortion product otoacoustic emission (DPOAE) and ABR tests were used to study the function of outer hair cells and the auditory system using the RP2.1 and RZ6 systems [Tucker-Davis Technology (TDT), Alachua, FL, United States] (Hu et al., 2009; Zhang et al., 2011; Deng et al., 2019). The TDT System 3 software was applied for signal generation and auditory response collection. The ABR stimulation level ranged from 5 to 90 dB sound pressure level (SPL) in 5-dB steps using 8, 16, 24, and 32 kHz pure tone and click sound. The threshold was determined as the lowest stimulation decibel SPL that generated a wave II amplitude larger than 0.2 mV. At 16 and 24 kHz, the configuration of DPOAE was set as F2/F1 = 1.2 and L1 = L2 + 10 dB. L1 ranged from 10 to 80 dB SPL in 5-dB SPL steps. The DPOAE threshold was determined as the lowest level of DPOAE responses (dp) of at least 10 dB above the noise floor.



Immunofluorescence and Imaging

Mice were anesthetized with CO2, followed by heart perfusion using saline (0.9% NaCl) and 4% paraformaldehyde (PFA; 158127, Sigma). The cochlear tissues were rapidly dissected and perfused with PFA. The dissected cochlear tissue was decalcified in 0.1 M EDTA for 1–2 weeks until the tissues softened, followed by surface preparation or cryosection at 10-μm thickness using our published methods (Hu et al., 2004; Zhang et al., 2011; Deng et al., 2019; Deng and Hu, 2020). Immunofluorescence was used for the detection of neuronal and hair cell proteins using our published methods (Hu et al., 2004; Zhang et al., 2011; Deng et al., 2019; Deng and Hu, 2020). The primary antibodies included anti-Nefl (1:200; sc-20012, Santa Cruz Biotechnology, Dallas, TX, United States), anti-beta III tubulin (TUJ1, 1:1,000; ab-2313564, Aves Labs, Tigard, OR, United States), and anti-myosin VIIa [1:200; 138-1-C, Developmental Studies Hybridoma Bank (DSHB), Iowa, City, IA, United States, and 25-6790, Proteus, Ramona, CA, United States]. Secondary antibodies were Alexa Fluor-488 (715-546-150), Cy3 (711-165-152), or Alexa Fluor-647 (703-606-155) conjugated antibodies (1:500; all from Jackson ImmunoResearch, West Grove, PA, United States). Leica SPE confocal microscope and DM2500 upright epifluorescence microscopes were used for observation and imaging.



Quantitative Study and Statistical Analysis

In the quantitative study, the ABR and DPOAE data were analyzed using two-way analysis of variance (ANOVA) with post-hoc tests. The two factors were treatment type (DT and vehicle) and treatment time (P7, P14, and P21). Post-hoc tests were used to compare the vehicle and DT treatments in the P7, P14, and P21 groups. For cell counting, the cells and the area were calculated using the cell count and measurement modules of ImageJ software (NIH) using our published methods (Li et al., 2016; Hu et al., 2017, 2019, 2021; Liu et al., 2018). For SGN cell counting, the SGN area was determined, and Nefl-positive cells were calculated for the P7, P14, and P21 groups. The average cell number per 104 μm2 was calculated for data analysis. All three cochlear turns were analyzed for the generation of data. For hair cell counting, surface preparation was performed to expose the hair cell epithelium, and myosin VIIa-positive cells were calculated at 100-μm distance for each animal using our published methods (Liu et al., 2018; Deng et al., 2019). Six animals were included in each group for statistical analysis of the ABR, DPOAE, and SGN cell counts, and five cochlear basilar membranes were dissected per group for analysis of the number of hair cells. A p-value of 0.05 was considered as the criterion of statistical significance.



RESULTS


Characterization of the Cre Activity of NeflCreER/CreER Mouse Spiral Ganglion Neurons

Nefl is expressed in developing and mature neurons, including SGNs (Sun et al., 2018). The NeflCreER/CreER mouse strain possessing a tamoxifen-inducible Cre cassette knocked into the Nefl gene was used in this study (Rotolo et al., 2008). To determine the Nefl-mediated CreER activity, the Cre reporter transgenic mouse strain Ai9 that has a LoxP-flanked STOP cassette preventing the transcription of a ubiquitous CAG promoter-driven tdTomato fluorescence was used. Tamoxifen or vehicle was administered to the dam via gavage on P1 for 4–5 days (Figure 1). The heterozygous NeflCreER/+;Ai9+/– pups received treatment via feeding and were followed up and euthanized on P10. It was observed that SGNs expressed both CreER-mediated tdTomato fluorescence and Nefl immunofluorescence, suggesting the CreER activity of NeflCreER/+ at the neonatal stage (Figure 2A). It is known that SGNs develop during the postnatal period and mature around P21–28 (Shrestha et al., 2018; Sun et al., 2018), so we opted to determine the CreER activity during postnatal development. The dam was treated with tamoxifen or vehicle by gavage from P1 to P5 for 4–5 days, and the offspring received tamoxifen via feeding, followed by euthanasia on P14, P21, and P28. Robust tdTomato fluorescence was observed in SGNs from P14 to P28 in tamoxifen-treated NeflCreER/+;Ai9+/– offspring, which overlapped with the Nefl immunofluorescence (Figures 2B–D). In vehicle-treated NeflCreER/+;Ai9+/– offspring, only Nefl immunofluorescence was observed without tdTomato fluorescence (Figures 2B–D). This experiment suggests that NeflCreER/+ mouse SGNs possess the inducible CreER activity during the postnatal development period.
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FIGURE 2. Cre activity of NeflCreER/+ mice. NeflCreER/CreER mice were crossed with a reporter strain, Ai9, to obtain heterozygous NeflCreER/+;Ai9+/– mice, which were treated with tamoxifen or vehicle on postnatal day 1 (P1) for 4–5 consecutive days. The pups were euthanized on P10 (A), P14 (B), P21 (C), and P28 (D). In the vehicle group, no significant Ai9 tdTomato fluorescence was observed in the cochlear overview or spiral ganglion neuron (SGN) area highlight. However, robust Ai9 tdTomato fluorescence was identified in the cochlear overview and SGN area highlight in heterozygote mice treated with tamoxifen. In the SGN area, Ai9 tdTomato fluorescence was co-labeled with Nefl immunofluorescence in the tamoxifen groups, whereas only Nefl immunofluorescence was observed in the vehicle groups (A–D), suggesting tamoxifen-induced Cre activity of NeflCreER/+;Ai9+/– mouse SGNs. Scale, 50 μm in cochlear overview and 20 μm in SGN highlight.




Functional Evaluation of the Spiral Ganglion Neuron Loss by Click and Pure Tone Auditory Brainstem Response

To generate an SGN damage model, the iDTR knock-in mouse strain was used. iDTR mice had the simian DTR insertion at the ROSA26 locus that is blocked by an upstream LoxP-flanked STOP sequence (Buch et al., 2005). When bred with Cre-recombinase-expressing NeflCreER/CreER mice, the STOP sequence was deleted in Nefl-Cre-expressing SGNs to allow DTR expression. Following DT treatment, iDTR-expressing SGNs were susceptible to ablation.

Homozygous NeflCreER/CreER and iDTR mice were crossbred to obtain heterozygous NeflCreER/+;iDTR+/– offspring, which were treated with tamoxifen on P1–P5, followed by DT or vehicle injection on P7, P14, and P21 (Figure 1). Click and pure tone ABR tests were performed at 4 and 5 weeks old (Figure 3). It was found in the P7 treatment group that all DT-treated mice did not have an ABR response waveform following 90-dB SPL click stimulation (> 90 dB SPL) at 4 weeks old, whereas the threshold of vehicle-treated mice was 22.5 ± 4.2 dB SPL (mean ± SD) (Figure 3E). The click ABR threshold was similar a week later, at 5 weeks old: no response at 90 dB SPL in the DT group and remained normal (24.1 ± 3.8 dB SPL) in the vehicle group (Figure 3E1). In the P14 treatment group, the click ABR thresholds were 23.3 ± 6.1 and 85.8 ± 8.0 dB SPL for the vehicle and DT groups at 4 weeks old and were 22.5 ± 4.2 and > 90 dB SPL at 5 weeks old, respectively. In the P21 group, the click ABR thresholds for the vehicle and DT groups were 25.8 ± 11.1 and 76.3 ± 16.0 dB SPL at 4 weeks old and were 28.3 ± 9.3 and 83.8 ± 9.5 dB SPL at 5 weeks old, respectively (Figures 3E,E1). In the statistical analysis, two-way ANOVA and post-hoc tests were performed with two factors: treatment types (vehicle and DT) and treatment ages (P7, P14, and P21; n = 6 mice per group). In the test at 4 weeks old, the overall effects of treatment type and treatment age were not statistically significant [F(2, 30) = 1.595, p = 0.2196]. The effect of treatment age was also not statistically significant [F(2, 30) = 0.3451, p = 0.7109]. However, the effect of treatment type (vehicle vs. DT) was statistically significant [F(1, 30) = 459.7, p < 0.0001]. In the post-hoc test of the comparison of the vehicle and DT groups, significant differences were observed in the P7, P14, and P21 groups (p < 0.0001 for all three groups). In the test at 5 weeks old, the overall effects of treatment type and treatment age were not statistically significant [F(2, 30) = 2.831, p = 0.0748]. The effect of treatment age was also statistically insignificant [F(2, 30) = 0.09132, p = 0.9130]. However, the effect of treatment type was statistically significant [F(1, 30) = 1197, p < 0.0001]. In the post-hoc test of the comparison of the vehicle and DT groups, P7, P14, and P21 groups had significant differences (p < 0.0001 for all three groups).
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FIGURE 3. Auditory brainstem response (ABR) measurement study. Representative ABR waveforms of the vehicle and diphtheria toxin (DT) groups are shown in (A–D). ABR was tested on 4- (A,B) and 5-week-old (C,D) NeflCreER/+;iDTR+/– mice that were treated with tamoxifen on P1–P5, followed by either vehicle (A,C) or DT (B,D) treatment. Quantitative analysis shows significant differences in click (E,E1) and pure tone (16 kHz) (F,F1) between the DT and vehicle groups in the P7, P14, and P21 treatment groups in the measurements at both 4 (E,F) and 5 weeks old (E1,F1). ∗∗p < 0.01 (ANOVA, n = 6 mice per group).


In pure tone ABR, responses to the 16-kHz stimulation were analyzed (Figures 3F,F1). In the P7 group, the thresholds of the vehicle and DT groups were 29.2 ± 4.9 and 88.3 ± 2.6 dB SPL at 4 weeks old and were 34.2 ± 5.8 and > 90 dB SPL at 5 weeks old, respectively. For the P14 group, these thresholds became 32.5 ± 8.2 and 83.3 ± 5.2 dB SPL at 4 weeks old and 38.3 ± 13.3 and > 90 dB SPL at 5 weeks old, respectively. For the P21 group, the threshold values were 32.5 ± 7.6 and 82.5 ± 9.6 dB SPL at 4 weeks old and were 35.0 ± 5.5 and 86.3 ± 4.8 dB SPL at 5 weeks old, respectively. In the statistical analysis, two-way ANOVA and post-hoc tests were performed with the two factors: treatment type (vehicle and DT) and treatment age (P7, P14, and P21; n = 6 mice per group). In the test at 4 weeks old, the overall effects of treatment type and treatment age were not statistically significant [F(2, 30) = 2.500, p = 0.0990]. The effect of treatment age was also statistically insignificant [F(2, 30) = 0.2880, p = 0.7518]. However, the effect of treatment type (vehicle vs. DT) was statistically significant [F(1, 30) = 407.2, p < 0.0001]. In the post-hoc test of the vehicle and DT groups, significant differences were observed in the P7, P14, and P21 groups (p < 0.0001 for the three groups). In the test at 5 weeks old, the overall effects of treatment type and age were not statistically significant [F(2, 30) = 0.3387, p = 0.7154]. The effect of treatment age was statistically insignificant [F(2, 30) = 0.6290, p = 0.5400]. However, the effect of treatment type was statistically significant [F(1, 30) = 594.6, p < 0.0001]. In the post-hoc comparison of the vehicle and DT groups, the P7, P14, and P21 groups showed significant differences (p < 0.0001).



Neuronal Protein Expression Changes

Immunofluorescence using anti-Nefl and anti-TUJ1 antibodies was conducted to study the morphology and protein expressions of SGNs for the NeflCreER/+;iDTR+/– offspring at the end of the experiment. It was observed that SGNs expressed neuronal proteins Nefl and TUJ1 in the P7, P14, and P21 groups (Figures 4A–C). In the quantitative study, the number of Nefl-expressing cells was consistent in vehicle-treated groups, whereas it decreased in the P7, P14, and P21 groups treated with DT (Figure 4D). In vehicle-treated mice, the average numbers of Nefl-expressing cells per 104 μm2 were 30.6 ± 5.0, 31.1 ± 4.3, and 31.4 ± 5.0 for the P7, P14, and P21 groups, respectively. In DT-treated groups, the average numbers of Nefl-expressing cells per 104 μm2 were 12.9 ± 3.0, 19.0 ± 3.1, and 17.9 ± 2.8 for the P7, P14, and P21 groups, respectively. In the statistical analysis, two-way ANOVA and post-hoc tests were performed with two factors: treatment type (vehicle and DT) and treatment age (P7, P14, and P21; n = 6 mice per group). The overall and the treatment age effects were not statistically significant [F(2, 30) = 3.065, p = 0.0916, and F(2, 30) = 1.677, p = 0.2355, respectively]. However, the effect of treatment type (vehicle vs. DT) was statistically significant [F(1, 30) = 80.64, p = 0.0003]. In the post-hoc comparison of the vehicle and DT groups, significant differences were observed (p = 0.0002, 0.0042, and 0.0018 for the P7, P14, and P21 groups, respectively) (Figure 4).
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FIGURE 4. Spiral ganglion neuron (SGN) study of NeflCreER/+;iDTR+/– mice. NeflCreER/+;iDTR+/– mice were treated with tamoxifen, followed by diphtheria toxin (DT) or vehicle treatment on P7 (A), P14 (B), and P21 (C). Nefl and TUJ1 immunofluorescence was used to identify SGNs. In the quantitative study (D), significantly decreased numbers of Nefl-expressing SGNs were observed in the DT treatment groups, including the P7, P14, and P21 groups. ∗∗p < 0.01 (ANOVA, n = 6 mice per group). Scale, 100 μm in cochlear overview and 25 μm in SGN highlight.




Hair Cell Function and Protein Expression Study

To evaluate the hair cell function of the NeflCreER/+;iDTR+/– offspring, DPOAE was performed. The DPOAE thresholds were determined in the P14 and P21 groups at 4 weeks old (Figure 5A). In the statistical analysis using two-way ANOVA, the overall and individual effects of treatment type (vehicle vs. DT) and treatment age (P14 vs. P21; n = 6 mice per group) at 16-kHz stimulation were not statistically significant (p > 0.05): p = 0.9108, 0.6062, and 0.1360 for the overall, treatment type, and treatment age effects, respectively (Figure 5A1). In the analysis of the 24-kHz stimulation, these numbers became p = 0.2640, 0.1601, and 0.9175, respectively (Figure 5A2). These data suggest that the DPOAE thresholds were not significantly different between the DT and vehicle groups.
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FIGURE 5. Hair cell protein expression and distortion product otoacoustic emission (DPOAE) study. Representative DPOAE waveforms of NeflCreER/+;iDTR+/– mice treated with either diphtheria toxin (DT) or vehicle are shown in (A). In the quantitative study, DPOAE measurements at 4 weeks old did not show a significant difference between the DT and vehicle treatments at 16 (A1) or 24 kHz (A2) in the P14 or P21 groups (two-way ANOVA: p > 0.05, n = 6 mice/group). In the surface preparation of NeflCreER/+;iDTR+/– mice treated with either DT or vehicle on P14, the numbers of myosin VIIa-expressing cells are statistically insignificant (B,B1; ANOVA: p > 0.05, n = 5 mice/group). n.s. statistically insignificant. Scale, 25 μm in (B).


In the hair cell protein expression study, anti-myosin VIIa antibodies were used to identify hair cells using the basilar membrane surface preparation for the P14 group (Figure 5B). In the quantification study, the average numbers of inner hair cells were 11.9 ± 0.96 and 11.1 ± 1.5 per 100 μm for the vehicle and DT groups, whereas the numbers for outer hair cells were 35.4 ± 2.87 and 33.4 ± 4.42, respectively (Figure 5B1). Statistical analysis showed no significant difference between the vehicle and DT groups (ANOVA, n = 5 mice per group): the p-values were 0.9138 and 0.4626 for inner and outer hair cells, respectively.

These data show that hair cell number and function were not statistically different between the DT and vehicle groups, suggesting no hair cell damage was observed in this animal model.



DISCUSSION

In this study, it was found that NeflCreER/CreER mice exhibited Cre activity during the postnatal period from P1 to P28. When bred with iDTR mouse, the offspring NeflCreER/+;iDTR+/– were responsive to DT treatment and demonstrated damage specific to SGNs in the cochlea on P7–P21, which was indicated by the functional ABR test and SGN cell counts. DPOAE and cell counting suggest that hair cells were not affected following DT treatment. These data indicate that the SGNs of NeflCreER/+;iDTR+/– mice could be specifically damaged by DT treatment in the cochlea.

Nefl encodes Nefl, which is expressed in developing and mature neurons, including SGNs (Torkos et al., 2008; Sun et al., 2018). A previous study has shown that the NeflCreER/+ mouse strain shows neuronal-specific Cre activity in the central nervous system (Rotolo et al., 2008). However, the auditory system Cre activity of this mouse strain has not been determined. In this study, NeflCreER/CreER mice were crossed with a reporter mouse strain, the Ai9 mouse, to obtain NeflCreER/+;Ai9+/– offspring in order to determine the Cre activity in the auditory system. Tamoxifen was administered to the offspring via feeding from dams that had been gavaged with tamoxifen. It was found that tamoxifen-treated NeflCreER/+;Ai9+/– pups showed robust Ai9 tdTomato fluorescence in the SGN area and the nerve projections, whereas vehicle-treated NeflCreER/+;Ai9+/– pups did not show Ai9 fluorescence. The Ai9 fluorescence totally overlapped with Nefl immunofluorescence. Additionally, tamoxifen-treated mice showed Cre activity during the postnatal period, from P1 to P28. These data are consistent with previous reports of Cre activity in central nervous system neurons (Rotolo et al., 2008). Importantly, the Cre activity is robustly inducible for at least 28 days after birth, which is useful for the generation of a postnatal and young adult SGN damage model using the iDTR transgenic mouse model.

It is known that the hearing onset of mouse is around postnatal days 12–14 (Ehret, 1976; Kamiya et al., 2001; Romand, 2003) and SGN development and subtype characterization progress during the postnatal period up to P28 (Shrestha et al., 2018; Sun et al., 2018). A previous study has reported on an SGN damage model following DT treatment on P21 (Pan et al., 2017). Whether SGNs respond to damage in the pre-hearing and hearing onset periods remains unclear. To generate a specific SGN damage model, in the present study, homozygous NeflCreER/CreER mice were crossed with iDTR mice, and the heterozygous offspring were exposed to either DT or vehicle on P7, P14, and P21. Nefl and TUJ1 immunostaining was used to evaluate the expressions of the neuronal proteins of SGNs, and Nefl-expressing cells were used to quantitatively examine the number of surviving SGNs. It was found that approximately 58, 39, and 43% SGNs were damaged in the P7, P14, and P21 groups, respectively. In a previous study, roughly 30–40% of SGN loss was observed 7 days post-DT injection in the SGN-damaged Cre-positive group (Pan et al., 2017). In the present study, the SGN loss at 2–3 weeks post-DT treatment in the P14 and P21 groups was similar to that in the previous study using a different Cre mouse strain, the Bhlhb5CreER/+ mouse strain. However, the SGN loss at 4 weeks post-DT treatment in the P7 group was approximately 58%, which was significantly larger than that in the P14 and P21 groups. The difference may be related to the treatment time, and the pre-hearing damage to the SGN on P7 may have caused more severe neuronal degeneration than did post-hearing insults. The follow-up time post-DT treatment may have also contributed to the different damage levels, which may require additional experiments in our future studies. These data suggest that DT treatment on P7 at the pre-hearing stage may cause a more significant SGN loss.

In the functional assays, click and pure tone ABR tests were performed to evaluate the function of the auditory system at 4 and 5 weeks old. Compared to vehicle-treated groups, significant click ABR threshold shifts (>50–60 dB SPL) were observed in DT-treated animals in the P7, P14, and P21 groups. In the pure tone ABR test at 16 kHz, the threshold shifts between the DT- and vehicle-treated animals were around 50–55 dB SPL in the P7, P14, and P21 groups. These results were different from those of a previous study, in which the ABR thresholds largely overlapped in the presence and absence of Cre activity following DT treatment using Bhlhb5CreER/+;iDTR mice. The reason for this discrepancy is unclear. One possibility might be attributed to the neuronal gene that mediates the Cre activity. The Bhlhb5 gene was used to mediate Cre activity in the previous report, whereas the Nefl gene was selected for the current study. Nefl is robustly expressed along the nerve projections of bipolar SGNs, and Cre-mediated iDTR-positive nerve projections may have been significantly damaged in response to DT treatment, which may have caused SGN–hair cell disconnection and subsequent hearing threshold changes. Further research may be required to understand the ABR threshold shifts in this mouse strain. In the meantime, these functional data show that significant hearing function changes can be achieved following DT treatment using the NeflCreER/CreER mouse strain, which may serve as a useful animal model for SGN degeneration study.

Hair cell protein expression and DPOAE tests were used to evaluate whether hair cells are affected in the NeflCreER/+;iDTR+/– mouse strain in this study. It was found that the DPOAE thresholds were statistically insignificant between the DT and vehicle groups, suggesting that the outer hair cell function is not compromised following DT treatment. In hair cell protein expression and hair cell counting using basilar membrane surface preparation, both inner and outer hair cells expressed the hair cell protein myosin VIIa in the DT and vehicle groups. In cell counting, no significant difference was identified between the vehicle and DT groups, suggesting that hair cell loss was not observed. These functional, protein expression, and morphology data suggest that hair cells were not affected post-DT treatment in the NeflCreER/+;iDTR+/– mouse model.

In summary, inducible Nefl-CreER-mediated Cre activity was identified in NeflCreER/+;Ai9+/– mouse SGNs for at least 28 days after birth. When crossed with an iDTR mouse strain, the offspring NeflCreER/+;iDTR+/– showed SGN loss following a single dose of DT injection. Compared to vehicle-treated mice, both SGN number and ABR thresholds were significantly changed in DT-injected NeflCreER/+;iDTR+/– mice. The inner and outer hair cell numbers and the DPOAE thresholds were not significantly changed between the DT- and vehicle-treated groups. These data suggest that DT treatment can specifically target SGNs of the postnatal NeflCreER/+;iDTR+/– mouse model in the cochlea.

There are some limitations to this SGN damage model. The present study focused on SGN evaluation, whereas damage to other types of neurons, such as the central auditory neurons, has not been determined. Additionally, this report focused on SGN damage assays before, around, and after hearing onset, while SGN damage of mature mice has not been identified. These limitations should be addressed in future independent experiments. Taken together, this report identified a mouse model with inducible damage specific to the neuronal lineage in the cochlea, which can be used to further characterize primary SGN degeneration without interfering with hair cells. The mouse model reported in this study may prove to be a powerful mammalian model to investigate the development of postnatal SGNs, degeneration of SGNs, prevention of SGN damage, and regeneration of SGNs, which may provide insights into SGN research in the future.
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Long-Term Release of Dexamethasone With a Polycaprolactone-Coated Electrode Alleviates Fibrosis in Cochlear Implantation
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Cochlear implantation (CI) is the major treatment for severe sensorineural hearing loss. However, the fibrotic tissue forming around the electrodes reduces the treatment effectiveness of CI. Dexamethasone (DEX) is usually applied routinely in perioperative treatment of cochlear implantation (CI), but its diffusion in the inner ear after systemic administration is limited. In the present study, an electrode coated with polycaprolactone (PCL) loaded with dexamethasone was developed with a simple preparation process to maintain the stability of the electrode itself. The DEX-loaded PCL coating has good biocompatibility and does not change the smoothness, flexibility, or compliance of the implant electrode. Stable and effective DEX concentrations were maintained for more than 9 months. Compared with the pristine electrode, decreasing intracochlear fibrosis, protection of hair cells and spiral ganglion cells, and better residual hearing were observed 5 weeks after PCL-DEX electrode implantation. The PCL-DEX electrode has great potential in preventing hearing loss and fibrosis by regulating macrophages and inhibiting the expression of the fibrosis-related factors IL-1β, TNF-α, IL-4, and TGF-β1. In conclusion, the PCL-DEX electrode coating shows promising application in CI surgery.
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INTRODUCTION

Cochlear implantation (CI) is the main treatment for severe sensorineural hearing loss (Li et al., 2017). This procedure requires the insertion of electrodes into the cochlea, by which electrical signals containing external sound information are delivered to cochlear neurons, enabling hearing restoration in patients with sensorineural deafness. Over 5% of the world’s population—or 466 million people have disabling hearing loss (432 million adults and 34 million children). The long-term efficacy of CI is critical for patients.

However, there are still many problems in CI that need to be improved. Among them, fibrotic tissue forming around the electrodes normally decreases the curative effect of CI. Autopsy pathology studies on human temporal bone specimens of CI recipients found that fibrotic tissue existed in most cochleae (Seyyedi and Nadol, 2014; O’Malley et al., 2017) and fibrous sheaths were usually formed around the electrode in the implanted cochleae (Ishai et al., 2017). A dense fibrotic sheath increases the impedance of the electrode array, resulting in unstable electrical signals and increasing power consumption (Clark et al., 1995; Sanderson et al., 2019). A tracking of 85 cases showed that various degrees of hearing loss occurred in 38% of patients 5 years after CI surgery (Rowe et al., 2016; Foggia et al., 2019). The progressive loss of CI restored hearing was not significantly related to electrode type or the insertion method (via round window or cochlear fenestration) but was related to the changes in electrical impedance, which was probably induced by fibrosis around the electrode array (Clark et al., 1995).

Moreover, severe fibrosis in the cochlea causes trauma to the fine structure in the cochlea and blocks the sound vibration conducting to the cochlear basilar membrane (Choi and Oghalai, 2005). Fibrosis in the cochlea is one of the main reasons for the loss of residual hearing after CI, affecting the availability of an acoustic-electricity combined stimulation model in the rehabilitation of CI. In addition, fibrosis in the cochlea makes it difficult and risky to reimplant the electrode in the cochlea (Côté et al., 2007). In many second implantation operation cases, fibrosis in the scala tympani impedes the insertion of electrode arrays and even causes surgical failure. Therefore, a strategy reducing the formation of fibrosis is urgently needed to improve the long-term effect of CI (Eshraghi et al., 2020).

Clinically, glucocorticoids, such as DEX, are applied systemically or locally to reduce the inflammation and foreign body response of CI. However, due to the lack of stable and efficient delivery of drugs in the cochlea or significant side effects of long-term systemic treatment, the current clinical treatment effects vary and are not obvious, limiting the usage of glucocorticoid treatment (Cortés Fuentes et al., 2020).

In many previous studies, multiple bioactive materials and coatings have been applied to preserve the neural function and reduce the inflammation and fibrosis (Liu et al., 2018; Shang et al., 2018; Guo J. H. et al., 2020; Guo et al., 2021; Han et al., 2020; Xia et al., 2020; Zhao et al., 2020; Yang et al., 2021). In the present study, we proposed a drug-loaded electrodes for CI. We employed polycaprolactone (PCL), a polymer that has been approved for clinical use, for long-term release of loaded DEX by coating on CI electrodes (Gaharwar et al., 2014; Zhou et al., 2018). Our data showed that the PCL-DEX coating significantly attenuated inflammation and the formation of fibrosis after CI in rats, preventing the progressive loss of residual hearing induced by fibrosis in the cochlea. Our study suggests that polycaprolactone is a promising material for the long-term release of loaded drugs into the cochlea by coating implants in CI.



MATERIALS AND METHODS


Electrode Coating

Silicone dummies (MEDEL, Innsbruck, Austria) 10 mm in length were used for preparing coating electrodes for cochlear implantation, with marker at 3 and 6 mm, measuring 0.2 mm in diameter at the tip and 0.3 mm at a position 6 mm from the tip. The polycaprolactone (PCL) pellets (AiKe, China) and dexamethasone powder (DEX, purity ≥ 98%) (Meryer, Shanghai, China) were mixed in different ratios (95:5, 90:10, and 80:20). The mixture was then dissolved in dichloromethane [10% (w/w)] (Aladdin, China) at RT (room temperature, 27°C). Then the PCL-DEX copolymer was coated on the tip of silicone dummy by dipping the dummy (∼10 mm) into the mixture for 10 s for one time (Luo et al., 2021). The coated electrodes were dried at RT for 24-h for further characterization. The coating thickness was measured by an optic microscope. The loading capacity was determined as following:
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Scanning Electron Microscopy

The coated electrodes were sputter-coated with thin layers of gold, and the surface morphologies of the coated electrodes were examined by SEM (Ultra55, Zeiss, Germany).



Tensile Testing

To determine effects of PCL coating on the flexibility of the coated electrodes, tensile testing was performed by an electronic universal testing machine (BL-GRW005 K, Zwick/Roell, Germany). The electrode/dummy length was set as 70 mm, and the crosshead speed was 1 mm/min. The displacement-pressure curves were recorded and mean values were calculated.



Dexamethasone Release Measurement

Silicone dummy (35 mm long with an 8 mm diameter) coated with PCL-DEX copolymer was soaked in 3.8 mL artificial perilymph (1.3 CaCl2, 1.8 MgCl2, 5.4 KCl, 137 NaCl, 5 glucose, 5 HEPES, in mmol/L) at 37°C, allowing the DEX released from the copolymer. Aliquots (540 μL) of artificial perilymph were taken out to measure the DEX concentration from 1 h to 270 days. After each measurement, the same volume of fresh artificial perilymph was replenished. DEX mass and concentration in artificial perilymph were determined using a high- performance fluid chromatography (HPLC) (Agilent 1260, United States) at 275 nm.



Cell Culture and Viability Assays

L929-T-25mice fibroblasts cells and House Ear Institute-Organ of Corti 1 (HEI-OC1) cells were used to examine the biocompatibility of the PCL-DEX copolymer. The 35 mm petri dishes were pre-coated with PCL. Cells were cultured in 35 mm Petri dishes with/without PCL-DEX coating in a CO2 incubator. L929 cells were cultured in RPMI-1640 complemented with 10% FBS (Gibco, United States), 5% CO2 at 37°C. HEI-OC1 cells were cultured in DMEM medium (Gibco, United States) complemented with 10% FBS, 10% CO2 at 33°C. After 48 h, the cell densities were calculated under an optic microscope.

For cell viability assays, L929 cells or OC1 cells were seeded into 96-well plate at 5 × 103 cells per well for 24 h. For preparation of leached solution, 0.1 wt% DEX and 1 cm long electrodes coated with PCL, PCL- 5%DEX, PCL- 20%DEX were, respectively, immersed in culture media for 24 h. The leached solution were collected and sterile filtered using a filter of 0.22 μm pore. The culture medium was replaced with leached solution or normal fresh culture medium. 24 h later, a CCK-8 kit (Beyotime, Shanghai, China) was used to examine the cell viability by following the standard protocol.



Animal Surgery

CIs were performed monaurallyin normal hearing SD rats aged 5–7 weeks. Rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (45 mg/kg). Additional doses were given as needed. A retroauricular incision was made, and the nearby muscles and skin were separated to expose the bulla. The bulla was opened under a microscope using a delicate drill. The round-window membrane was then incised with a bent forceps. The electrode was gently inserted through the incision into the scala tympani, to a depth of 3 mm. In DEX group, 0.1 mL of DEX (5 mg/mL) was injected into the cochlea in the scala tympani after insertion of pristine electrodes. In sham group, no electrode was implanted and all other surgical operations remained consistent with the implanted groups. The round window was patched with a small piece of muscle in case of sustained leaking of perilymph. Mobility and integrity of the ear drum and ossicular chain was monitored by microscopic examination during all stages of the surgery. After the surgery, wounds were carefully sutured and animals were sent back to their home cages.



Auditory Brainstem Response

Auditory brainstem response was examined to evaluate hearing function as described in our previous study (Hang et al., 2016). In brief, anesthetized rat (pentobarbital sodium, 45 mg/kg, i. p.) was placed on a vibration isolation table in an electromagnetically and acoustically shielded room. Three subcutaneous needle electrodes were placed on the vertex (recording) of skull, the loose skin behind the tested ears (reference) and the opposite ears (ground). 5 ms tone bursts with different frequency (2, 4, 8, 16, 24, and 32 kHz) and intensity were generated by the software SigGenRP and delivered by a speaker placed 15 cm away from the ear at a rate if 10/s. The ABR waveforms were amplified, recorded, averaged, and stored by a software BioSigRZ (Tucker-Davis Technology, Alachua, FL, United States). During recording, the contralateral ear (non-operated) was plugged with a silicon putty earplug (Mack’s, United States). The amplified evoked responses with 256 sweeps were averaged in real time. The ABR thresholds were defined as the highest sound level at which no response was detectable. After recovery from the anesthesia, animal was sent back to its home cage.



Histology and Immunostaining

After the last ABR recording, the animal was scarified and the cochlea was dissected. The cochlea was fixed by 4% paraformaldehyde at 4°C overnight and decalcified for 10 days. The organs of Corti (OC) were isolated and cut evenly into three pieces for immunostaining. To quantify the fibrosis size, the cochlea was sectioned serially in the axial plane at a thickness of 20 μm. Usually, 50–100 slides containing fibrosis were collected and photoed under a Nikon optical microscope. The outline of the fibrous tissue and the scala tympani were tracked by the software Image-Pro Plus. The whole volume of fibrous tissue and scala tympani were calculated by these slides, and the percentage of fibrous tissue in scala tympani was determined. Sections from the modiolar plane were stained with an H&E kit (Beyotime, Shanghai, China) using standard protocols.

Representative sections and OCs were used for immunofluorescence staining. Samples were permeabilized by 0.3% Triton X-100 in PBS (Sigma, United States) and blocked with 10% normal goat serum (Sigma, United States) for 1 h at RT. Sections or tissues were incubated with primary antibodies α-SMA (1:1,000, Sigma, United States), type I collagen (1:1,000, Sigma, United States), Map2 (1:1,000, Protein Tech, Chicago, IL, United States), Myosin 7a (1:1,000, Protein Tech, Chicago, IL, United States), and CD68 (1:1,000, Sigma, United States). After the primary antibodies were completely washed out with PBS, samples were incubated with Alexa Fluor 568-conjugated or Alexa Fluor 488-conjugated secondary antibody (BBI Life Science, China) for 2 h at RT. The fluorescence images were acquired using a confocal laser scanning microscopy (Nikon, Japan) at 20× magnification.



Western Blotting and ELISA Measurement

The protein extracted from the whole cochlea was used for western blotting. 30 μg protein sample was separated by SDS–PAGE gels and transferred to polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, United States). After blocking with 5 % non-fat milk in TBS-T (Beyotime, Shanghai, China) for 2 h at RT, the membrane was incubated with the primary antibodies α-SMA (Sigma, United States), type I collagen (Sigma, United States), TGF-β1 (Abcam, England), or TNF-α (Abcam, England) overnight at 4°C. The PVDF membrane was washed and incubated with secondary antibodies conjugated to the HRP (BBI Life Sciences, Shanghai, China) for 2 h. Protein bands were detected with a chemiluminescence detection system (Image 600, GE Healthcare, Chicago, IL, United States). Protein grayscale was analyzed with software Image Quant TL (GE Healthcare, Chicago, IL, United States).

The levels of IL-1β and IL-4 released in cochleae after electrode implantation were measured using an ELISA kits (Abcam, United States). The perilymph and tissue lysate were collected from the cochlea. For each group, data was calculated as percentage compared to the level in the control groups.



Data Analysis

The data analysis was performed using SPSS 22.0 (IBM, United States). The quantitative analyses were independently performed by two of the authors in a blind manner to ensure the consistency across all data. Student’s t-test was performed for the comparison of two groups and comparisons among multiple groups were analyzed by analysis of variance (ANOVA) followed by multiple comparison tests for post hoc analysis. Significance was defined as p < 0.05. GraphPad Prism 7 (GraphPad Software, SanDiego, CA, United States) was used for was used for statistical analyses and graphical display.




RESULTS

To evaluate the postimplantation effects on the hearing of the implanted ear, silicone dummies were implanted into the rat cochlea, and the ABRs were measured from the implanted ear before and after implantation. As shown in Figure 1A, compared with the ABRs before implantation (pre., gray dashed line and open circles), no significant ABR threshold shift was observed at any sound frequency in the sham group (sham, black line and open circles) 1 week after the operation (p > 0.05, ANOVA). The ABR thresholds remained unchanged in the sham group from week one to week eight (p > 0.05, ANOVA). For the silicone electrode implantation group (implant, black lines and filled circles), the ABR thresholds at all sound frequencies were significantly elevated from the first week after implantation (vs. sham group, p < 0.001, ANOVA), indicating the impairment in hearing of pristine electrode insertion. However, the time course of ABR threshold changes was diverse for different sound frequencies. For tones of 2 and 4 kHz, the ABR thresholds increased progressively with implantation time and reached the maximal threshold shift at week 3 after implantation (Figure 1B). The ABRs for 2 and 4 kHz tones were responded to by the apical portion of the cochlea; therefore, these threshold shifts indicate progressive functional impairment of the apical cochlea by implantation. However, the cochlear implant resulted in severe hearing loss for 16 and 32 kHz tones with a mean ABR threshold shift > 35 dB from the first week after implantation (Figure 1B), implying a possible impairment at the high-frequency end of the cochlea by implant. In the following experiments, the ABR threshold at 2 kHz was chosen to evaluate the chronic effects of electrode implantation.
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FIGURE 1. Hearing loss is associated with fibrosis after CI. (A) The effects of electrode implantation on the ABR thresholds at different implantation times. The ABR threshold-frequency curves of the implant (filled circles) and sham groups (open circles) were plotted in the same panel from week 1 to week 8. For the implant group, n = 18, 20, 21, 18, 21, 7, 5, and 11 for weeks 1 to 8, respectively. For the sham group, n = 6 for each week. The ABR thresholds before implantation (Pre-Op, gray open circles, n = 6) are plotted in the panel of week 1. The data are presented as the mean ± SE. For some data points, the arrows indicate the thresholds above the limit of measurement (90 dB SPL). (B) ABR threshold shifts at 2, 4, 16, and 32 kHz versus the sham group at different implantation times. Data are presented as the mean and SE. *p < 0.05; **p < 0.01; ***p < 0.001. n = 18, 20, 21, 18, 21, and 23 for weeks 1, 2, 3, 4, 5, and > 6, respectively. (C) Optical microscope image of a representative H&E-stained cross section of a rat cochlea implanted with electrode for 5 weeks. “*” indicates the trajectory of the electrode insertion. Scale bar = 500 μm. The percentage of fibrous tissue in scala tympani was determined as fibrosis ratio. (D,E) The pooled data show the proliferative tissue volume (D) and the ABR threshold shifts at 2 kHz (E) distributed over the implantation time. (F) The relationship between ABR threshold shifts and proliferative tissue volume. The line indicates the linear correlation coefficient.


The cochlear implant causes a foreign body response with associated fibrosis. As shown by a representative cochlear cross section in Figure 1C, significant fibrous tissue was found around the electrode 5 weeks after implantation. By measuring the volume of fibrous tissue and scala tympani of each implantation, we calculated the percentage of scala tympani occupied by the fibrosis to evaluate the extent of fibrosis. Pooled data showed that fibrosis varied greatly in different individuals, and only a weak correlation was found between the size of fibrosis and the implantation time (r = 0.441, p = 0.0352, Figure 1D). Moreover, no correlation was observed between the ABR threshold shifts (at 2 kHz) and the implantation time (r = 0.398, p = 0.0599, Figure 1E). These results suggest that the implantation time may not be the key factor causing fibrosis and hearing loss. Further analysis showed that this ABR threshold shift increased with the size of fibrosis (r = 0.839, p < 0.0001, Figure 1F), and their strong relationship indicates that fibrosis is the major pathogenetic factor in the hearing loss observed after cochlear implantation.

The tissue responses to silicone dummies were assessed by immunostaining of α-SMA, type I collagen, and TGF-β1 in proliferative tissue. α-SMA and type I collagen are markers of myofibroblasts and major components of the extracellular matrix in fibrotic tissue, respectively. As shown in the representative images, robustα-SMA immunoreactivity was observed in the proliferative tissue surrounding the implant, and strong type I collagen expression was distributed throughout the proliferative tissue (Figure 2A). Moreover, immunoreactivity of TGF-β1, which regulates the proliferation and differentiation of myofibroblasts and promotes the secretion of extracellular matrix, was also found in proliferative tissue surrounding the implant and in generation of fibrosis (Figure 2B). These results confirmed that proliferative tissue is the typical fibrous tissue in our experiments.
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FIGURE 2. Confocal images of the proliferative tissue after electrode insertion in the cochlea. (A) Representative immunostaining images showing the proliferative tissue in the tympanic scala 5 weeks after implantation. α-SMA (red) and type I collagen (green) were evident in the proliferative tissue (magnified view, right panel). Scale bar = 500 and 50 μm for the left and right panels, respectively. (B) Left panel: representative immunostaining images showing the expression of TGF-β1 (red) in the proliferative tissue 5 weeks after implantation. Scale bar = 50 μm. Right panel: the enlarged plot of the white box in the left panel. Scale bar = 50 μm. “*” indicates the trajectory of the electrode insertion.


Currently, the therapeutic method to treat fibrosis after cochlear implantation in clinical practice is administration of dexamethasone. However, side effects of systemic administration limit long-term application. The synthesized PCL-DEX was designed to achieve sustained drug release and maintain protective DEX concentrations as the coating of the electrode implanted into the cochlea along with the electrode (Figure 3A). The thickness of the coating was also determined to be 48.66 ± 0.35 μm by optical microscopy (Figure 3B).
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FIGURE 3. Cochlear implant PCL-coated electrodes and their physical properties. (A) Schematic showing the PCL-DEX coating process of the cochlear implant electrode. (B) Top panels show diagrams of the electrode and its coating. Bottom photographs show the tips of uncoated (pristine) and PCL-DEX-coated electrodes. (C) Scanning electron microscopic images show the surface of electrodes coated with PCL, PCL-5%DEX, PCL-10%DEX, and PCL-20% DEX (MW = 36 k). Scale bar = 100, 20, 10, and 5 μm for 50×, 100×, 500×, and 1,000× magnifications, respectively. (D) Color coded lines show the pressure produced by the pristine and coated electrodes at different bend displacements.


In the present study, 5, 10, and 20% DEX were used to prepare the PCL-DEX electrodes. The microstructure of the PCL (MW = 36 k) coating surface was examined by SEM. As shown by the SEM images in Figure 3C, a smooth appearance was observed in PCL coating surfaces with and without DEX loaded. High magnification images revealed the fine texture of the surfaces, and pore-like apertures were observed. DEX was contained in these apertures and released when PCL was degraded slowly in the cochlea. Abundant apertures with homogenic and small sizes are instrumental in the steady and sustained release of DEX.

Good mechanical flexibility is required when PCL-coated electrodes are inserted into the cochlear coil. Tensile displacement was applied to determine the flexibility of PCL-coated electrodes with two different PCL molecular weights (MW = 36 and 60 k). At the maximal bending displacement, no cracking in the PCL coating was observed for any electrode tested. The flexibility of all PCL-DEX electrodes was acceptable for cochlear implantation compared to pristine electrodes (Figure 3D). These images suggest that the PCL-DEX electrode prepared with 20% DEX may achieve sufficient and steady DEX release. These results indicate that the physical features of PCL-DEX-coated electrodes meet the requirement of cochlear implantation.

The release properties of the PCL-DEX electrodes were further evaluated by soaking PCL-DEX electrodes in artificial perilymph to test the DEX concentration by HPLC. DEX was released very quickly and reached a stable concentration within 1 day. The stable concentration was maintained for 270 days (Figures 4A,B). DEX was released in a slow rate. Slow and sustained release of DEX can lead to enhanced potency (Figure 4C). To evaluate the DEX loading capacity in PCL-DEX electrodes, the cumulative amount of DEX released and the percentages in total DEX loading were counted. The PCL-20%DEX (MW36k) electrode had the most cumulative amount of DEX (1.05 mg ± 0.02 mg) released in 270 days and the lowest percentage (19.4 ± 0.42%) in total DEX carried by PCL carried by PCL (Figures 4C,D). And for PCL-20%DEX electrode, stable and effective DEX concentrations (0.073 ± 0.002 mg/mL) had been maintained for more than 9 months. Combining clinical needs, the PCL-20%DEX electrodes were chosen for implantation (Figure 4D). This result indicated that the drug loading content was sufficiently adequate to achieve sustained and effective release. DEX was completely encapsulated in the PCL coating, which slowly released DEX for approximately 270 days at relatively stable concentrations.
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FIGURE 4. The release of DEX. (A,B) The concentration of dexamethasone released by PCL-DEX-coated electrodes in artificial perilymph fluids each day in the short term [(A) within 30 days] and long term [(B) 30–270 days]. Color-coded lines indicate the electrodes coated with different molecular weights of PCL (MW36k or 60k) containing DEX from 5 to 20%. (C) Cumulative mass of DEX released by different PCL-DEX-coated electrodes in 3.6 ml of artificial perilymph fluids. DEX mass was measured from day 0 to 270. (D) The percentage of total DEX loaded in PCL released from day 0 to day 270 for different PCL-DEX formulas. The color code fits (A–D). The data are presented as the mean ± SE. n = 10 for each group. (E) Cell density of HEI-OC1 cells and L929 cells cultured in PCL-coated and noncoated (control) plates. The data are presented as the mean ± SE. ns: no significant difference, p > 0.05, n = 10 for each group. (F) The cell viability of HEI-OC1 and L929 cells cultured in normal medium (control) and leach solution of PCL, PCL-5%DEX, PCL-10%DEX, and PCL-20% DEX and 0.1%DEX. The data are presented as the mean ± SE. n = 13 for OC1 cells and n = 23 for L929 cells.


HEI-OC1 cell line, which derived from the conditionally immortalized mouse auditory cells, were commonly used cell line in many previous reports (He et al., 2017, 2021; Li et al., 2018; Zhang et al., 2019, 2021). Here HEI-OC1 cells and L929 cells were cultured on the PCL-coated surface to confirm the biocompatibility of our coating. No significant difference in the cell density was observed on the PCL surface compared to that of the normal culture dish for either cell type (Figure 4E, p > 0.05, Student’s t-test). The effects of PCL loaded with different DEM concentrations on cell viability were then examined by using the CCK-8 assay. Compared with the cells cultured in normal culture medium, no significant difference in cell viability was found for either cell type cultured in the soaking solution of PCL, PCL-5% DEX, PCL-20% DEX, and culture medium containing 0.1% DEX (Figure 4F, p > 0.05, one-way ANOVA). Together with the physical feature data, these results indicate that our PCL-DEX coating is safe and suitable for cochlear implantation. The formula of 20% DEX loaded with 36 k MW PCL (denoted as PCL-DEX hereafter) was selected for the following in vivo experiments.

Fibrosis was examined in the cochleae at week five after the implantation of a bare silicone electrode (pristine), silicone electrode coated with PCL-DEX, or silicone electrode coated with PCL only. Meanwhile, in a group of bare silicone electrode implantations, one dose of local DEX was applied at insertion to mimic the clinical treatment. As shown by the representative cross sections in Figure 5A, in the pristine, PCL, and DEX groups, large fibrotic tissue around the implants compared to the control and sham groups was observed, and little fibrosis was found in the PCL-DEX group. The quantified data showed that the volume of fibrotic tissue was significantly decreased for PCL-DEX-coated implants (Figure 5B). This coating presented average reductions of 96, 93, and 95% in fibrosis compared with the uncoated, PCL-coated, and one-dose DEX treatment groups, respectively (p < 0.001, p = 0.0057, p < 0.001, respectively, one-way ANOVA). The hearing of the implanted ear was protected by the PCL-DEX coating, as demonstrated by a significantly smaller ABR threshold shift than that of the uncoated, PCL-coated, and one-dose DEX treatment groups (Figure 5C, p < 0.001, p = 0.0011, p < 0.001, respectively, one-way ANOVA). The expression of α-SMA and type I collagen, markers of fibrotic tissue, was measured in the cochleae to further confirm the inhibition of fibrosis by PCL-DEX coating. Significantly lowerα-SMA (Figure 5D, p = 0.0013, one-way ANOVA) and type I collagen (Figure 5E, p < 0.001, one-way ANOVA) expression was observed in the PCL-DEX-coated implants than in the uncoated implants, while the expression was the same in the local DEX treatment group (p > 0.05 for both expression levels, one-way ANOVA).
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FIGURE 5. PCL-DEX electrode alleviates fibrosis after CI. (A) Optical microscopy images show representative H&E-stained cross sections of the cochlea before (control) and 5 weeks after different implantation procedures. “Sham” for cochlea 5 weeks after sham surgery. “Pristine” for pristine electrode implant. “DEX” for pristine electrode implantation with one dose of DEX applied via a round window. “PCL” for implantation with a PCL-coated electrode containing no DEX. “PCL-DEX” for implantation with a PCL-coated electrode containing 20% DEX. Scale bar = 500 μm for all panels. (B) The fibrosis ratio 5 weeks after different implant procedures. (C) The ABR threshold shift at 2 kHz 5 weeks after different implantation procedures. The data in panels (B,C) are presented as the mean ± SE. ns: no significant difference, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001, Student’s t-test. n = 5 for each group. (D) The effects of different implant treatments on the expression of fibroblastic proliferation-related proteins in the cochlea. (D) Representative immune bands (upper panel) and normalized expression level (lower panel) of α-SMA in the cochlea before (control) and 5 weeks after different implant procedures. (E) Representative immune bands (upper panel) and normalized expression level (lower panel) of type I collagen in the cochlea before (control) and 5 weeks after different implant procedures. “Pristine” for pristine electrode implant. “PCL-DEX” for implantation with a PCL-coated electrode containing 20% DEX. “DEX” for pristine electrode implantation with one dose of DEX applied via a round window. The experiment was repeated three times in each group. All datapoints are presented as the mean ± SD. ns: no significant difference, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.


The protective effects of the PCL-DEX coating may benefit from less progressive impairment-induced cell loss in hair cells (HCs) and spiral ganglion neurons (SGNs) (Zhou et al., 2020). As shown in Figure 6A, compared with the controls, significant loss of HCs was observed along the whole cochlea at week 5 after the implantation of pristine electrodes (p < 0.001 for all three positions, one-way ANOVA). The cell loss at apical segments of the cochlea, at which the electrode did not directly reach, indicates a progressive impairment of HCs in addition to the possible direct trauma of the basal cochlea by implant insertion. This loss of HCs was significantly reduced by the implantation of the PCL-DEX-coated electrode (Figure 6A, p < 0.001 for all three positions, one-way ANOVA). The protective effect of the PCL-DEX coating was also observed for SGNs. The densities of SGNs at the middle and basal cochlea were decreased at week 5 after the implantation of pristine electrodes (Figure 6B, p < 0.001 for both positions, one-way ANOVA). Such loss of SGNs was alleviated by the PCL-DEX-coated electrode (for both positions p < 0.001 vs. pristine, one-way ANOVA), and no significant loss of SGNs was found compared with the controls (p > 0.05 vs. controls, one-way ANOVA). These results are consistent with our functional measurements of ABR recordings.


[image: image]

FIGURE 6. The effects of different implant treatments on HCs and SGNs. (A) Representative immunofluorescence staining for myosin 7a (red) as a marker for HC (left panel) and HC density (right panel) at the basal, middle, and apical turns from cross sections of the cochlea before (control) and 5 weeks after implantation with pristine and PCL-DEX electrodes. Scale bar = 20 μm. (B) Representative immunofluorescence staining for MAP2 (red) as a marker for SGN (left panel) and SGN density (right panel) at the basal, middle, and apical turns from cross sections of the cochlea before (control) and 5 weeks after implantation with pristine and PCL-DEX electrodes. Scale bar = 30 μm. The data are presented as the mean ± SE. ns: no significant difference, p > 0.05, n = 3 for each group. **p < 0.01; ***p < 0.001.


It is of great significance to reveal the possible mechanisms of how the PCL-DEX-coated implant protected SGNs and HCs, reduced fibrotic tissue, and restored hearing. The role of inflammation in the foreign body response resulting in fibrosis and cell death has been well recognized. In the present study, inflammation-related factors were examined to determine the effects of PCL-DEX-coated implants. The western blotting in Figure 7A shows that the expression of TGF-β1 was increased by pristine implants with/without local DEX treatment, indicating an increase in the foreign body response in the cochlea (for both implants, p < 0.001 vs. controls, one-way ANOVA). This TGF-β1 increase was significantly reduced by the PCL-DEX coating (p < 0.001 vs. pristine and DEX only, one-way ANOVA). TNF-α and IL-1β, two factors in the early inflammation phase, were measured in cochleae by western blotting and ELISA (Figures 7B,C). Compared with the controls, the expression of both factors was increased by the implantation of pristine electrodes (p < 0.001 and p < 0.05, respectively, one-way ANOVA). The PCL-DEX coating reduced the increase in these factors (p < 0.01 and p < 0.05, respectively, one-way ANOVA), while local DEX treatment exhibited a weak influence only on IL-1β (p < 0.05, one-way ANOVA). IL-4, a factor in the later inflammation phase, was examined 3 days after implantation (Figure 7D). Similar to the effects on TNF-α and IL-1β, the PCL-DEX coating reduced the expression of IL-4 induced by the implant (p < 0.05 vs. pristine, one-way ANOVA), and the reduction was more significant than local DEX treatment (p < 0.05, one-way ANOVA).


[image: image]

FIGURE 7. The effects of different implant treatments on the expression of inflammatory factors in the cochlea. (A) Representative immune bands (upper panel) and normalized expression level (lower panel) of TGF-β1 in the contralateral cochlea (control) and 7 days after different implant procedures. n = 4 for each group. (B) Representative immune bands (upper panel) and normalized expression level (lower panel) of TNF-α in the contralateral cochlea (control) and 1 day after different implant procedures. n = 4 for each group. (C) ELISA shows the normalized expression of IL-1β in cochlear lysates 1 day after different implant procedures. n = 4 for each group. (D) ELISA shows the normalized expression of IL-4 in cochlear lysates 7 days after different implant procedures. n = 5 for each group. “Pristine” for pristine electrode implant. “PCL-DEX” for implantation with a PCL-coated (MW = 36 k) electrode containing 20% DEX. “DEX” for pristine electrode implantation with one dose of DEX applied via a round window. The experiment was repeated at least three times in each group. All data points are presented as the mean ± SD. ns: no significant difference, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001, Student’s t-test.


For the foreign body response, macrophages play a key role in inflammation and the formation of fibrotic tissue. As shown in the cochlear cross section 5 weeks postimplantation of the uncoated electrode, CD68-marked macrophages were found in the fibrotic tissue around the pristine implant (Figure 8A). However, in the intact contralateral cochlea, no macrophages were observed in the OC, stria vascularis (SV), and spiral ligament (SL) regions (Figure 8B). To investigate how macrophages invade the cochlea after cochlear implantation, we examined the distribution of macrophages in the cochlea. CD68 staining 1 week postimplantation showed that macrophages first appeared in the SL regions in the uncoated electrode-implanted cochlea (Figures 8C1,C2), while macrophages were rarely observed in the PCL-DEX-implanted cochlea (Figures 8C3,C4). At 5 weeks postimplantation of the uncoated implant, macrophages were observed in fibrotic tissue, while macrophages were also found in the SV, OC, and SL regions (Figures 8D1,D2). The PCL-DEX-coated implant showed much less fibrotic tissue in the scala tympani. Moreover, very few macrophages were observed in the SV, OC, and SL regions compared to the uncoated implant (Figures 8D3,D4). These data indicate that the PCL-DEX coating resulted in fewer activated macrophages recruited to the cochlea after implantation.
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FIGURE 8. Confocal images of macrophages expressed in the cochlea. (A) Representative immunostaining images showing the proliferative tissue in the tympanic scala 5 weeks after implantation. CD68 (red) and type I collagen (green) were evident in the proliferative tissue, especially on the surface of the electrode (magnified view, right panel). Scale bar = 100 and 20 μm for the left and right panels, respectively. (B) Representative immunostaining images showing the spiral ligament in the control cochlea. SL, spiral ligament; SV, stria vascularis; OC, organ of Corti. (C) Representative immunostaining images showing the spiral ligament of the basal turn in the cochlea implanted with pristine or PCL-DEX electrodes for 1 week (C1,C3) and 5 weeks (D1,D3). (C2,C4,D2,D4) are magnified views of panels (C1,C3,D1,D3), respectively, and solid white arrows indicate macrophages positive for CD68 (red). Scale bar = 100 μm.




DISCUSSION

In mammal’s inner ear, sound wave is transformed into electrical signals by cochlear hair cells (Guo et al., 2019; Liu W. et al., 2019; Qi et al., 2019, 2020; Tan et al., 2019; He et al., 2020; Zhang et al., 2020; Chen et al., 2021) and then these signals are transduced to auditory cortex by spiral ganglion neurons (Guo et al., 2016, 2021; Fang et al., 2019; Liu Y. et al., 2019; Zhao et al., 2019; Guo R. et al., 2020; Liu et al., 2021). Cochlear implantation can perfectly replace the function of hair cells, and thus is the major treatment for severe sensorineural hearing loss (Guo J. H. et al., 2020). However, fibrotic tissue after cochlear implantation (O’Malley et al., 2017) may lead to residual hearing loss (Reiss et al., 2015) in patients. In the present study, hearing impairment and fibrosis after CI were also observed in our animal models (Figures 1A–C). Our results (Figure 2) together with related studies have indicated that fibrotic tissue is composed of myofibroblasts and extracellular matrix (for example, type I collagen) (Jia et al., 2016). Since individual differences exist, the level of fibrosis but not implantation time plays a key role in the prognosis after CI. The greater the fibrotic volume in the cochlea, the worse the residual hearing loss (Figures 1D–F). Consistent with the present study, individual differences in humans during fibrotic progression after CI have been found, and no significant correlation between level of fibrosis and implantation time was found (Ishai et al., 2017). These clinical problems are expected to be solved with long-term release of dexamethasone with a PCL-coated electrode. Corresponding to the location of the implant that is vulnerable to direct mechanical damage from the electrodes, hearing thresholds at high frequencies did not vary significantly with changes in the level of fibrosis. However, hearing thresholds at low frequency (2 kHz) vary as a function of the level of fibrosis, where the apical turn of the cochlea far away from the implant. Two reasons may involve in the hearing loss. First, fibrosis after CI may attenuate the vibration of perilymph. Secondly, the release of profibrotic factors and inflammation producers during the progression of fibrosis causes damage to hair cells and SGNs (Figure 6). In the present study, dexamethasone was selected to alleviate fibrosis in cochlear implantation. Long-term release of dexamethasone with a PCL-coated electrode alleviated fibrosis and improved hearing function after CI compared with the uncoated electrode (Figure 5). Hair cells and spiral ganglion cells were well preserved by the PCL-DEX electrode (Figure 6).

Polycaprolactone is an attractive biomedical polymer with slow biodegradability, good biocompatibility, good drug permeability, and relatively low production cost (Wei et al., 2009). PCL has been used in basic research and approved for some clinical use, including wound healing, tissue regeneration, and drug control delivery systems (Liang et al., 2020). Although it has not been applied to intracochlear administration, PCL did not affect the survival of cells and or the microenvironment in the cochlea (Figures 4E,F). Moreover, abundant apertures that were homogenic and small in size were instrumental in the steady and sustained release of DEX (Figure 3C), that was supported by our in vitro data (Figure 4). Clinically, glucocorticoids are administered systemically or locally to treat fibrosis following implantation (Stathopoulos et al., 2014). Due to individual differences and other reasons, the current clinical efficacy varies and is not significant. Systemic and local dexamethasone delivery cannot be continued for a long time because of side effects and technical difficulties. After discontinuation of DEX administration, fibrosis progresses and the effectiveness of cochlear implantation decreases, suggesting that sustained interventions should be carried out (Mamelle et al., 2017). Since fibrotic reactions continuously develop, fibrosis will further develop after discontinuation of DEX (Liu et al., 2015). PCL was reported to achieve controlled release with a relatively low release rate (Song et al., 2014). Our PCL-DEX electrodes controlled drug delivery system managed to release DEX at a stable and effective concentration for a much longer time. The effectiveness of our PCL-DEX electrode lies in the fact that it can reach all cochlear locations that electrodes reach, and it can persist longer for dexamethasone to work (Figures 4A–D). Implied by our experimental evidence, the PCL-DEX electrode had better efficacy than a single dose of DEX (Figure 5).

Drug elution from the cochlear implant has been explored previously using a mini-osmotic pump or drug loaded in a gel surrounding the implant (Mamelle et al., 2017; Xu et al., 2018). Other reported drug delivery systems are not able to achieve long-term continuous administration or maintain a therapeutic level of drug concentration for a long time. Some reported drug delivery systems in the cochlea lasted only approximately 3 weeks after surgery. In our study, the PCL-DEX-coated electrode has the advantage of high drug loading efficiency compared with other methods, such as capsuling drugs or drug pumping (Richardson et al., 2009). Additionally, when DEX was carried by PCL into the scala tympani, the DEX was released directly into the cochlea, and DEX release lasted longer, resulting in a decrease in fibrosis. Our findings support the hypothesis that coated implant in the cochlea enables sustained release of the drug reduces fibrosis caused by postoperative implantation trauma. In addition, the PCL coating can also carry drugs other than DEX to target fibrosis in the cochlea (Puga et al., 2012; Zhao et al., 2012).

This treatment also allows us to further explore the mechanism of inhibiting fibrosis better and find more precise therapeutic targets, enabling more specific and accurate treatment. In the early stage after CI, the expression of TNF-α and IL-1β increased in the cochlea (Yamahara et al., 2018). In the advanced stage of fibrosis, the expression of IL-4 and TGF-β1 increased and the TGF-β1was observed in the fibrous tissue around the electrode implanted (Figures 2, 7). Fibrosis-associated mechanisms have been elucidated in various organs, such as the liver, kidney, lung, heart, and skin, but they need to be further investigated in the cochlea. IL-1β, TNF-α, and IL-4 are critical proinflammatory contributors to the pathogenesis of inflammation and fibrosis (Weiskirchen et al., 2019). Significant increases in expression were observed for inflammatory genes after cochlear implantation (Zhang et al., 2015; Eshraghi et al., 2019). TGF-β1 plays a leading role in the process of fibrosis in cochlear implantation by stimulating myofibroblast differentiation and collagen synthesis and deposition (Bas et al., 2020). The PCL-DEX electrode reduced the expression of TNF-α, IL-1β, IL-4, and TGF-β1 (Figure 7) and thus reduced myofibroblast infiltration and decreased collagen deposition (Figure 5). The PCL-DEX electrode achieved a therapeutic effect by blocking the TGF-β1 signaling pathway.

Local macrophage is a main source of TGF-β1 during fibrosis (Chung et al., 2018; Tang et al., 2019). Macrophages and foreign body giant cells (FBGCs) were found in a previous pathologic study of the temporal bone after cochlear implantation (Bas et al., 2020). Previous studies have shown that the activation of myofibroblasts and the production of extracellular matrix induced by the production of TGF-β1 by macrophages are key links in the process of fibrosis in other organs (Wynn and Ramalingam, 2012). After uncoated electrode implantation, macrophages migrate to the surface of the electrode (Bellamri et al., 2019). Foreign body reactions can lead to the degradation of CI biomaterials. It is presumed that these biomaterials are subject to mediators of degradation released by macrophages and FBGCs and undergo phagocytosis in an attempt to clear the debris (Liu et al., 2018; Yan et al., 2018; Wu et al., 2020). FBGCs were seen at the interface between the electrode and the fibrous capsule (Figure 8A). Correspondingly, the number of macrophages increased after uncoated electrode implantation. PCL-DEX electrodes carried more DEX and had a longer DEX release time than other approaches (Lehner et al., 2019), and the number of macrophages decreased after PCL-DEX electrode implantation (Figure 8). Together, these data suggest that PCL-DEX electrodes reduce fibrosis by inhibiting the proliferation of macrophage cells, the secretion of fibrosis-related factors, and inhibiting the proliferation of myofibroblasts into the scala tympani. Therefore, the coating of PCL-DEX is beneficial to improve the long-term effect after cochlear implantation.
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Endolymphatic Hydrops is a Marker of Synaptopathy Following Traumatic Noise Exposure
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After acoustic trauma, there can be loss of synaptic connections between inner hair cells and auditory neurons in the cochlea, which may lead to hearing abnormalities including speech-in-noise difficulties, tinnitus, and hyperacusis. We have previously studied mice with blast-induced cochlear synaptopathy and found that they also developed a build-up of endolymph, termed endolymphatic hydrops. In this study, we used optical coherence tomography to measure endolymph volume in live CBA/CaJ mice exposed to various noise intensities. We quantified the number of synaptic ribbons and postsynaptic densities under the inner hair cells 1 week after noise exposure to determine if they correlated with acute changes in endolymph volume measured in the hours after the noise exposure. After 2 h of noise at an intensity of 95 dB SPL or below, both endolymph volume and synaptic counts remained normal. After exposure to 2 h of 100 dB SPL noise, mice developed endolymphatic hydrops and had reduced synaptic counts in the basal and middle regions of the cochlea. Furthermore, round-window application of hypertonic saline reduced the degree of endolymphatic hydrops that developed after 100 dB SPL noise exposure and partially prevented the reduction in synaptic counts in the cochlear base. Taken together, these results indicate that endolymphatic hydrops correlates with noise-induced cochlear synaptopathy, suggesting that these two pathologic findings have a common mechanistic basis.
Keywords: hidden hearing loss, acoustic trauma, ribbon synapse, cochlear synaptopathy, endolymphatic hydrops
INTRODUCTION
Acoustic trauma is the most common preventable cause of hearing loss, and it has been suggested that 12% or more of the world population is at risk for noise-induced loss of hearing (Alberti et al., 1979; Le et al., 2017). Research in mice, guinea pigs, and rhesus macaques has shown that even moderate noise exposure levels previously thought to cause only temporary threshold shifts can result in immediate and irreversible loss of the synaptic connections between inner hair cells (IHCs) and cochlear nerve fibers (Kujawa and Liberman, 2009; Jensen et al., 2015; Kujawa and Liberman, 2015; Liberman et al., 2015; Valero et al., 2017). As most of the nerve fibers affected by this change have high thresholds and low spontaneous rates of firing, the loss of ribbon synapses does not elevate behavioral auditory thresholds or auditory brainstem response (ABR) thresholds until it becomes extreme. This phenomenon has thus been called hidden hearing loss, since it would not be detected on traditional hearing tests (Liberman et al., 2016). While some studies suggest that cochlear synaptopathy is not common in humans (Prendergast et al., 2017; Guest et al., 2019a; Guest et al., 2019b), other studies argue that it contributes to a variety of hearing abnormalities including speech-in-noise difficulties, tinnitus and hyperacusis (Felder and Schrott-Fischer, 1995; Roberts et al., 2010; Hickox and Liberman, 2014; Viana et al., 2015; Liberman and Kujawa, 2017).
Noise-induced damage to auditory nerve dendrites is caused by excess release of glutamate, the neurotransmitter responsible for afferent signaling between hair cells and auditory neurons (Spoendlin, 1971; Robertson, 1983; Choi and Rothman, 1990; Pujol et al., 1993; Puel et al., 1998; Kim et al., 2019a). We have previously studied mice exposed to blast pressure waves and found widespread cochlear synaptopathy 1 week after the blast (Kim et al., 2018a). Using optical coherence tomography (OCT) to image the mouse cochlea non-invasively right after the blast, we also identified a build-up of fluid within the scala media, known as endolymphatic hydrops. Interestingly, treating the endolymphatic hydrops with hypertonic saline also reduced cochlear synaptopathy. Thus, although these data do not prove that endolymphatic hydrops causes cochlear synaptopathy, they suggest that they may be related.
Here, we sought to better assess this relationship by using a non-blast noise exposure protocol that permitted us to better titrate the level of the acoustic trauma. We examined the relationship between noise intensity, endolymph volume, and synapse loss, and found that endolymphatic hydrops correlates with the loss of IHC ribbons and postsynaptic densities (PSDs). Moreover, we showed that noise-induced endolymphatic hydrops and loss of cochlear synapses could be mitigated through the round window application of hypertonic saline, further suggesting that these two processes have a common mechanistic basis.
MATERIALS AND METHODS
Animals
All experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at the University of Southern California. We used a total of 59 CBA/CaJ mice that were 4- to 6-weeks old. Anesthesia consisted of a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg).
Noise Exposure
Our noise exposure protocol has been previously published (Liu et al., 2011; Xia et al., 2013). Briefly, awake mice were placed inside a plastic cage with custom-built subdivisions made from chicken wire, such that each animal had its own area to freely move about. This allowed exposure of up to four mice simultaneously. The cage was fitted with a roof also made from chicken wire and placed inside a wooden box with speakers built into the lid. White noise that was bandpass filtered between 8 and 16 kHz was delivered to the mice for 2 h. The noise intensity was monitored using a ¼″ Brüel & Kjaer microphone and was consistent throughout the cage and over the course of the 2 h exposure within the range of ±2 decibel (dB) sound pressure level (SPL). Mice designated as controls were placed in the exact same experimental environment as the noise-exposed mice for 2 h but without noise delivered through the speakers.
In Vivo OCT Imaging
After noise or sham exposure, 21 of the 59 mice underwent cochlear imaging to measure endolymph volume, as previously described (Kim et al., 2018a). Anesthetized mice were positioned on a heating pad to maintain a core body temperature of 37°C, and additional doses of anesthesia were administered throughout the experiment to maintain sedation. The skull was exposed and glued to a head-holder with dental cement. A ventrolateral approach was used to surgically access the left middle ear bulla, which was opened carefully by microdissection to access the apical turn of the cochlea without disturbing the otic capsule. Our custom-built OCT system has been previously described (Dewey et al., 2019). Two-dimensional imaging of the cochlear duct was performed by repeatedly scanning the optical beam to collect cross-sectional images in the x and z dimensions. To quantify endolymph volume, we collected a volume stack of cross-sectional images of the cochlea, moving the y position in 2 μm steps over a 300-μm length of the basement membrane (150 cross-sections per mouse). The orientation of the mouse cochlea from our surgical approach and angle of the OCT scanning laser allowed us to image a limited portion of the apical turn centered at the 9 kHz location, which we know from previous studies in which we measured vibratory tuning curves at this cochlear position (Gao et al., 2014; Lee et al., 2015; Lee et al., 2016; Dewey et al., 2018; Dewey et al., 2019). We were able to collect images along an approximately 300-μm length of the cochlear duct at this location, and then used Imaris software (Bitplane, Concord, MA) to render 3D images from this volume stack. We removed 75-μm segments on both ends of the volume stack to select an identical 150-μm segment of the scala media from each sample, as we have previously reported (Kim et al., 2018a). The volume of this 150-μm long chamber was measured though a built-in feature within Imaris using a calculated voxel size based on the scanning parameters of the laser. A cochleogram showing the location of the 300-μm region where OCT was used to image the cochlea, and the 150-μm subsection of this region where endolymph volume of the scala media was measured, is included in Supplementary Figure S1.
Immunofluorescence and Cochlear Dissection
Thirty-eight of the 59 mice were assessed for cochlear synaptopathy. Following noise or sham exposure, these mice were returned to the animal facility for routine care. Our methods of immunofluorescence have been previously reported (Kim et al., 2018a). One week after noise or sham exposure, the mice were euthanized with isofluorane and both cochleae were extracted. We opened a fenestra in the apex and perfused 4% paraformaldehyde through the round window. Following this, we immersed the cochlea in 4% paraformaldehyde solution at room temperature for 30 min. After washing with PBS, the cochlea was decalcified by immersing in a 0.5 M EDTA solution (pH 8) for 6 h at room temperature, and again washed in PBS.
The sensory epithelium was then dissected into apical, middle, and basal sections in a manner similar to the whole mount dissection technique reported by Montgomery and Cox (2016). The average lengths and variances of these segments were measured and converted into percentages of the total cochlear length. These percentages were correlated with their respective tonotopic frequencies based on the cochlear place-frequency maps described by Müller et al. (2005) and Viberg and Canlon (2004). The apical and middle segments each measured 1.9 ± 0.1 mm (mean ± standard error), and the basal segment measured 1.8 ± 0.05 mm. Approximately 10 ± 5% of the cochlea, corresponding to the hook region, was damaged due to limitations of the dissection and not included in our analysis. Assuming the CBA/CaJ cochlea ranges from 5 kHz at the apex to 80 kHz at the base (Viberg and Canlon, 2004; Müller et al., 2005), then the apical segment corresponds to the frequency range of 5 − 11.5 ± 0.5 kHz, the middle segment corresponds to the frequency range of 11.5 ± 0.5 − 26 ± 2 kHz, and the base segment corresponds to the frequency range of 26 ± 2 − 60 ± 8 kHz. The average tonotopic frequencies and percentages of total cochlear length from the base associated with the apical, middle and base segments are shown in the cochleogram in Supplementary Figure S1.
Dissected cochlear tissues were incubated in blocking solution (5% donkey serum, 0.1% Triton X-100, and 1.0% BSA in PBS) for 1 h at room temperature. Samples were incubated with primary antibodies diluted in the same blocking solution for 2 days at 4°C followed by a 2 h incubation at 37°C. The primary antibody solution contained mouse anti-CtBP2 IgG (1:200; 612044 (Lot: 8172904), BD Biosciences) and rabbit anti-Homer IgG (1:800; 160003 (Lot: 1–43), Synaptic Systems). After washing in PBST (0.1% Triton X-100 in PBS) the tissues were incubated with a secondary antibody solution diluted in 0.1% Triton X-100 and 0.1% BSA in PBS for 1 h at room temperature. The secondary antibodies were donkey anti-mouse IgG conjugated with Alexa Fluor 488 (1:500; A21202, Invitrogen) and donkey anti-rabbit IgG conjugated with Alexa Fluor 546 (1:500; A10040, Invitrogen). Alexa Fluor 647-conjugated phalloidin (1:200; A22287, Invitrogen) was added with the secondary antibody solution. After washing in PBS, the tissues were mounted on glass slides using Fluoromount-G with DAPI (00-4959-52, Invitrogen). Slides were kept overnight at 4°C before imaging with an upright confocal microscope (Zeiss LSM 800) using a 63X objective (1.4 N.A.) to generate z-stacks.
Identification and Co-Localization of synaptic Ribbons and Postsynaptic Densities
The number of IHCs, outer hair cells (OHCs), CtBP2-labeled synaptic ribbons, and Homer-labeled PSDs were counted using custom image processing software written in MATLAB (R2021a, The MathWorks Inc., Natick, MA). The number of IHCs and OHCs were counted manually by visual inspection of hair cell nuclei in each z-stack. Automated counts of ribbons and PSDs were then performed (Supplementary Figure S2). First, the background was developed by running the images through a 1.4 μm median filter to remove all objects at or below the size of ribbons and PSDs. The original images were passed through a 0.35 μ median filter to eliminate speckle noise, and the background was subtracted from these images to isolate the ribbon- and PSD-sized objects. Ribbons and PSDs were identified by picking only those objects that were more intense than a threshold level selected by eye. The program then grouped these objects by X, Y, and Z coordinates, with each group signifying a single ribbon or density. Structures which were shorter than 0.48 µm were deemed not tall enough to be ribbons or PSDs and were removed by the program. Co-localization of ribbons and PSDs was performed using the X, Y, and Z coordinates of these structures, such that nearby structures within 2 μm of each other were identified as a pair. Ribbons that were not paired with a corresponding PSD were determined to be orphan ribbons. All counts were verified and adjusted based on visual inspection by two blinded investigators acting independently. If there were any discrepancies between the final counts of the two independent reviewers, these were resolved by the senior author after independent, blinded review.
Application of Solutions to the Round Window Membrane
Of the 24 mice undergoing in vivo OCT imaging after noise or sham exposure, in 6 mice we surgically opened the middle ear bulla under anesthesia as described above and applied either hypertonic saline (6,000 mOsm/kg) or normotonic saline (307 mOsm/kg) to fill the bulla and cover the round window membrane. The solution was drawn up using a rolled Kimwipe and re-applied every 15 min in order to maintain the desired osmolality. The solution was also withdrawn and re-applied every time an image or volume stack was captured using OCT.
Thirteen of the 38 mice that were to be used for immunolabeling experiments were anesthetized immediately following noise or sham exposure and underwent round-window application of either hypertonic or normotonic saline. We pierced a small hole in the tympanic membrane under microscopic guidance and filled the middle ear space with the test solution through the perforation until fluid appeared in the ear canal. Only left ears were treated. Mice were maintained under anesthesia for 5.5 h from the time of intratympanic injection while lying with the left ear up to keep the test solution in contact with the round window membrane. Additional test solution was instilled into the ear every 15 min in order to maintain the desired osmolality.
Normotonic saline (307 mOsm/kg) was composed of 150 mM NaCl and 20 mM HEPES. Hypertonic saline (6,000 mOsm/kg) was composed of 2,990 mM NaCl and 20 mM HEPES. For both solutions, the pH was adjusted to 7.4 using a benchtop pH meter and either 1 M NaOH or 1 M HCl. The osmolality of normotonic saline was verified using a freezing pressure osmometer (3,320, Advanced Instruments). The osmolality of the hypertonic solution could only be predicted based on its constituents, as its osmolality exceeded the upper threshold of the osmometer (2000 mOsm/kg).
Statistical Analysis
Statistical analysis and data plotting was performed using GraphPad Prism (version 8.0.2, GraphPad Software Inc., La Jolla, CA). All data sets were tested for the presence of a normal distribution using the Shapiro-Wilk test for normality. Changes in endolymph volume across time between different noise intensities and treatment conditions were compared using repeated measures two-way ANOVA with the Geisser-Greenhouse correction and post-hoc Tukey multiple comparisons test. Ribbons, PSDs, and orphan ribbon counts in the base, middle and apex of the cochlea were compared between different noise intensities and treatment conditions using two-way ANOVA with post-hoc Tukey multiple comparisons test. Sum of squares calculations were performed as part of the two-way ANOVA to correct for imbalances caused by unequal sample sizes among groups (Landsheer and van den Wittenboer, 2015; Glantz et al., 2016; GraphPad Statistics Guide, 2021). All tests were two tailed, and a p value of <0.05 was considered statistically significant. In cases where the p values calculated from two-way ANOVA were statistically significant, only the p values for single-pair comparisons from the post-hoc Tukey multiple comparisons test are reported. All means are presented with standard errors and sample sizes. The results of all statistical tests performed in this study are provided in Supplementary Tables S1–9.
RESULTS
100 dB SPL 2-h Noise Exposure Produces Endolymphatic Hydrops
First, we titrated the level of acoustic trauma to determine the threshold for developing endolymphatic hydrops. We subjected cohorts of mice to 2 h of sham exposure (control, no noise) or noise exposure at an intensity of 80, 90, 95, or 100 dB SPL and serially imaged the apical turn of the cochlea in vivo using OCT. Reissner’s membrane (RM), the basilar membrane (BM), and the tectorial membrane (TM) could all be resolved in the resulting cross-sectional image of the cochlea (Figures 1A,B). We anesthetized mice 2 h after the noise exposure was completed and used ∼1 h to dissect and prepare the mouse. We then imaged the apical turn of the cochlea from 3–7 h after the noise exposure. Thus, the total anesthetic time was limited to 5 h.
[image: Figure 1]FIGURE 1 | Endolymphatic hydrops develops after 2 h of 100 decibel (dB) sound pressure level (SPL) noise exposure. (A) Diagram of the mouse cochlea indicating the location where optical coherence tomography (OCT) was performed within the apical turn. Locations of Reissner’s membrane (RM), basilar membrane (BM), tectorial membrane (TM), scala vestibuli (SV), scala media (SM) and scala tympani (ST) are shown. (B) OCT images from a representative control mouse demonstrate normal endolymph volume and no change in the position of RM over time. Locations of the same structures from panel (A) are shown in the first panel. (C) OCT images from a mouse exposed to 95 dB SPL noise also demonstrate normal endolymph volume and no bulging of RM over time. (D) Endolymphatic hydrops is apparent at 3 h following 100 dB SPL noise exposure and progressively grows over the next 4 h. White arrow heads indicate the bowed position of RM. (E) Quantification of endolymph volume measured over time in mice exposed to 80, 90, 95, and 100 dB SPL as well as control mice that were not exposed to noise. Endolymph volume increased over time in mice exposed to 100 dB SPL and was significantly greater than control mice at 5 and 7 h following noise exposure. Endolymph volumes in mice exposed to lower noise intensity levels were not significantly different than in control mice. Endolymph volume represents the volume of the scala media over a segment of basement membrane that is 150 μm in length. Sample sizes are expressed in number of mice. Error bars indicate standard error. *p < 0.05, ***p < 0.001.
In unexposed control mice and those exposed to noise intensity levels of 80, 90, or 95 dB SPL, there were no changes in the position of RM over time (Figures 1B,C, Supplementary Movie S1). In contrast, mice exposed to 100 dB SPL noise had progressive bulging of RM over time consistent with an increase in endolymph volume, termed endolymphatic hydrops (Figure 1D, Supplementary Movie S2).
We then quantified endolymph volume in these cohorts of mice (Figure 1E). Endolymph volume increased by 24.6 ± 7.8% between 3 and 7 h after noise exposure in mice exposed to 100 dB SPL, while no such increase was observed in unexposed control mice or those exposed to 80, 90, or 95 dB SPL noise. Furthermore, endolymph volume was significantly greater in mice exposed to 100 dB SPL compared with unexposed control mice at 5 h (6.8 ± 0.3 nL, n = 3 vs. 4.7 ± 0.04 nL, n = 3, p = 0.0496) and 7 h (7.6 ± 0.1 nL, n = 3 vs. 4.6 ± 0.1 nL, n = 3, p = 0.0006) following noise exposure. By contrast, there were no significant differences in endolymph volume between control mice and those exposed to noise intensities lower than 100 dB SPL at any time point (Supplementary Table S1).
100 dB SPL 2-h Noise Exposure Induces Inner Hair Cell Cochlear Synaptopathy
To assess for cochlear synaptopathy, we counted the number of ribbons, PSDs, and percentage of orphan ribbons per IHC 7 days after noise exposure. This was done by immunolabeling for CtBP2, a marker for the presynaptic hair cell ribbon, Homer, a PSD scaffold protein, and DAPI, a counterstain for nuclear DNA (Figure 2). On gross visual inspection, control mice had a similar number of ribbons and PSDs per IHC when compared to mice exposed to 95 dB SPL throughout the cochlea (Figures 2A,B), while a reduction in the number of these structures was seen in the middle and basal turns of the cochlea in mice exposed to 100 dB SPL (Figure 2C).
[image: Figure 2]FIGURE 2 | Sound intensity affects degree of inner hair cell (IHC) synapse loss following 2 h noise exposure. (A–C) Representative sections from the organ of Corti of mice 7 days after noise or sham exposure (control) displaying 4 IHC nuclei and associated ribbons as well as postsynaptic densities (PSDs). Immunolabeling was performed to visualize IHC ribbons (CtBP2, green), PSDs (Homer, red) and nuclei (DAPI, blue). Control mice (A) had a similar number of ribbons and PSDs when compared to mice exposed to 95 decibel (dB) sound pressure level (SPL) (B). (C) A reduction in the number of ribbons and PSDs can be seen in the middle and basal cochlear regions of mice exposed to 100 dB SPL. (D) Quantification of ribbons per IHC. Mice exposed to 100 dB SPL noise had reduced numbers of ribbons per IHC in the middle and base of the cochlea when compared with control, unexposed mice. There were no significant differences in ribbons per IHC between control mice and those exposed to 80, 90, or 95 dB SPL in any region of the cochlea. (E) Quantification of PSDs per IHC. Mice exposed to 100 dB SPL had reduced numbers of PSDs per IHC in the middle and base of the cochlea when compared with control, unexposed mice. There were no significant differences in PSDs per IHC between control mice and those exposed to 80, 90, or 95 dB SPL in any region of the cochlea. (F) Comparison of the percentage of orphan ribbons (without an associated PSD) per IHC between mice exposed to different noise intensities. There were no significant differences in the percentage of orphan ribbons per IHC between control mice and those exposed to 80, 90, 95 or 100 dB SPL in any region of the cochlea. Data points represent means and error bars indicate standard error. Sample sizes are displayed under each data point and expressed in number of mice. All ribbon, PSD, and percentage of orphan ribbon counts per IHC represent averages of both the right and left ears when available. ns = not significant, ***p < 0.001, ****p < 0.0001.
Next, we quantified the synaptic ribbons, PSDs, and percentage of orphan ribbons per IHC (Figures 2D–F). In the middle of the cochlea, the number of ribbons and PSDs per IHC in mice exposed to 100 dB SPL noise were 11.9 ± 1.2, n = 5 and 12.9 ± 1.0, n = 5, respectively, compared with 18.4 ± 0.6 ribbons, n = 7 and 19.0 ± 0.7 PSDs, n = 7 in unexposed control mice (p < 0.0001 for both ribbons and PSDs per IHC). By contrast, there were no significant differences in the numbers of ribbons or PSDs per IHC between control mice and those exposed to lower noise intensity levels (Supplementary Tables S2, 3). In the base of the cochlea, there were also significant reductions in the number of ribbons (9.2 ± 0.7, n = 5) and PSDs (9.1 ± 0.1, n = 5) per IHC in mice exposed to 100 dB SPL compared with control mice (14.6 ± 0.5 ribbons, n = 7 and 14.8 ± 0.6 PSDs, n = 6; p < 0.0001 for ribbons and p = 0.0002 for PSDs per IHC). Ribbons and PSDs per IHC in the base of the cochlea did not differ significantly between control mice and those exposed to lower noise intensities. In the cochlear apex, there were no significant differences in ribbons or PSDs per IHC between mice exposed to any noise intensity level and controls. Figure 3 displays the inverse relationship between endolymph volume and ribbon synapses in the middle and base of the cochlea as noise intensity increases. Of note, the percentage of orphan ribbons per IHC did not significantly differ between unexposed control mice and those exposed to any noise intensity level, including 100 dB SPL, in any region of the cochlea (Supplementary Table S4).
[image: Figure 3]FIGURE 3 | Correlation between synapse loss and endolymphatic hydrops as a function of noise intensity. (A) The numbers of synaptic ribbons and postsynaptic densities (PSDs) per inner hair cell (IHC) in the apex, middle and base of the cochlea do not progressively decrease between 0 (control) and 95 decibel (dB) sound pressure level (SPL) noise exposure. Between 95 and 100 dB SPL noise exposure, ribbons and PSDs per IHC decrease in the middle and base of the cochlea more sharply than in the apex. (B) Endolymph volume is relatively stable between 0 and 95 dB SPL at 3 and 7 h after noise exposure. Between 95 and 100 dB SPL noise exposure, endolymph volume increases; this increase is sharpest 7 h after noise exposure. Data points represent means and error bars indicate standard error. All ribbon and PSD counts per IHC represent averages of both the right and left ears when available. Endolymph volume represents the volume of the scala media over a segment of basement membrane that is 150 μm in length.
100 dB SPL Noise Exposure Does Not Cause Synaptopathy in Outer Hair Cells
We also counted synaptic ribbons in OHCs 7 days after noise exposure (Figure 4). There were no significant differences in ribbons per OHC between mice exposed to any noise intensity level and unexposed control mice in the apex, middle or base of the cochlea (Supplementary Table S5). PSDs were not assessed in OHC, since prior studies have shown that approximately half of Homer-immunolabeled PSDs in the OHC region are not associated with ribbons and would therefore not correlate with the presence of noise-induced synaptopathy (Martinez-Monedero et al., 2016).
[image: Figure 4]FIGURE 4 | 2 h noise exposure has no effect on outer hair cell (OHC) ribbons. (A–C) Representative sections from the organ of Corti of mice 7 days after noise or sham exposure (control) displaying 3 rows of 4 OHC nuclei and associated ribbons. Immunolabeling was performed to visualize OHC ribbons (CtBP2, green) as well as nuclei (DAPI, blue). Control mice (A), mice exposed to 95 decibel (dB) sound pressure level SPL (B), and mice exposed to 100 dB SPL (C) had similar numbers of ribbons per OHC. (D) Quantification of ribbons per OHC. There were no significant differences in the number of ribbons per OHC between mice exposed to 80, 90, 95, 100 dB SPL and control mice in any region of the cochlea. Data points represent means and error bars indicate standard error. Sample sizes are displayed under each data point and expressed in number of mice. All ribbon counts per OHC represent averages of both the right and left ears when available. ns = not significant.
Round Window Application of Hypertonic Saline Reduces Endolymphatic Hydrops
We have previously shown that round window application of a hypertonic solution reduces endolymph volume, whereas hypotonic solutions increase it (Kim et al., 2018a). Here, we tested whether the application of hypertonic saline reduces endolymph volume following 100 dB SPL 2-h noise exposure.
Control mice that were not exposed to noise demonstrated no bowing of RM over time (Figure 5A), whereas mice exposed to 100 dB SPL without round window solution application developed posttraumatic endolymphatic hydrops with outward bowing of RM (Figure 5B). Round window application of normotonic saline (307 mOsm/kg) had no impact on endolymphatic hydrops when compared with untreated mice (Figure 5C), while noise-exposed mice treated with hypertonic saline (6,000 mOsm/kg) showed a reduction of endolymphatic hydrops with decreased outward bowing of RM toward the scala vestibuli when compared with noise-exposed mice that were untreated or those treated with normotonic saline (Figure 5D).
[image: Figure 5]FIGURE 5 | Osmotic treatment partially reduces the degree of endolymphatic hydrops that develops after 2 h of 100 decibel (dB) sound pressure level (SPL) noise exposure. (A) Control mice that were not exposed to noise had no change in endolymph volume over time and demonstrated no bowing of Reissner’s membrane (RM). (B) Noise-exposed mice without round window solution application (no treatment) developed posttraumatic endolymphatic hydrops with outward bowing of RM. White arrow heads indicate the bowed position of RM. (C) Round window application of normotonic saline (307 mOsm/kg) had no impact on endolymphatic hydrops. (D) Noise-exposed mice treated with hypertonic saline (6,000 mOsm/kg) showed a reduction of endolymphatic hydrops with decreased bowing of RM toward the scala vestibuli when compared with noise-exposed mice that were untreated or those treated with normotonic saline. (E) Quantification of endolymph volume over time in mice exposed to 100 dB SPL noise after undergoing round window application of hypertonic saline, normotonic saline, or no treatment, as well as unexposed control mice. Endolymph volume in noise-exposed mice treated with hypertonic saline was reduced compared with untreated mice and elevated compared with unexposed control mice at 7 h following the end of noise exposure. Endolymph volume in noise-exposed mice treated with normotonic saline was not significantly different than in noise-exposed untreated mice at any time point. Endolymph volume represents the volume of the scala media over a segment of basement membrane that is 150 μm in length. Sample sizes are expressed in number of mice. Error bars indicate standard error. ns = not significant, *p < 0.05, **p < 0.01.
Quantification of endolymph volume for each treatment condition was then performed (Figure 5E). Endolymph volume increased by 13.0 ± 4.4% between 3 and 7 h after noise exposure in mice treated with hypertonic saline after exposure to 100 dB SPL. Mice treated with hypertonic saline had significantly reduced endolymph volume 7 h after 100 dB SPL noise exposure (6.0 ± 0.1 nL, n = 3) when compared with untreated mice (7.6 ± 0.1 nL, n = 3, p = 0.0047), although no difference was observed at 3 and 5 h (Supplementary Table S6). The volume of endolymph in noise-exposed mice treated with hypertonic saline was still significantly elevated compared with unexposed control mice at the 5 h (5.6 ± 0.1 nL, n = 3 vs. 4.7 ± 0.04 nL, n = 3, p = 0.01) and 7 h (6.0 ± 0.1 nL, n = 3 vs. 4.6 ± 0.1 nL, n = 3, p = 0.0057) time points. Endolymph volume was not significantly different at any time point following 100 dB SPL noise exposure between untreated mice and those treated with normotonic saline.
Round Window Application of Hypertonic Saline in Noise-Exposed Ears Reduces Inner Hair Cell Synapse Loss in the Cochlear Base
Given that hypertonic saline ameliorates endolymphatic hydrops, we next sought to determine if it has any effect on noise-induced cochlear synaptopathy. We applied this solution to the left ears of mice through an intratympanic injection immediately following 100 dB SPL noise exposure. The untreated right ear served as one control, left ears treated with normotonic saline after noise exposure comprised another control group, and a final set of controls consisted of mice that were not exposed to noise. We counted the number of synaptic ribbons and PSDs per IHC 7 days after noise exposure as before. We did not count OHC ribbons or PSDs since we already showed that this noise exposure protocol did not alter the number of OHC synapses.
On visual inspection, it appeared that in the apical and middle regions of the cochlea there were no differences in the numbers of ribbons and PSDs per IHC between noise-exposed, untreated ears and those treated with normotonic or hypertonic saline (Figures 6A–C). More cochlear synapses per IHC were present in the cochlear base of noise-exposed ears treated with hypertonic saline compared with untreated ears and those treated with normotonic saline. The overall numbers of cochlear synapses were similar between noise-exposed and control ears in the apex but reduced in the middle and base of the cochlea in noise-exposed ears when compared with control ears.
[image: Figure 6]FIGURE 6 | Osmotic treatment partially rescues synapse loss after 2 h of 100 decibel (dB) sound pressure level (SPL) noise exposure. (A–C) Representative sections from the organ of Corti of mice 7 days after 100 dB SPL noise exposure displaying 4 inner hair cell (IHC) nuclei and associated ribbons as well as postsynaptic densities (PSDs). Immunolabeling was performed to visualize IHC ribbons (CtBP2, green), PSDs (Homer, red) and nuclei (DAPI, blue). Right ears received no treatment (A), while left ears received either normotonic saline (307 mOsm/kg) (B) or hypertonic saline (6,000 mOsm/kg) application to the middle ear after noise exposure (C). More ribbons and PSDs per IHC are present in the cochlear base of ears treated with hypertonic saline (6,000 mOsm/kg) compared with ears treated with normotonic saline (307 mOsm/kg) and untreated ears (no treatment). (D) Quantification of ribbons per IHC. Mouse ears treated with hypertonic saline had increased numbers of ribbons per IHC when compared with untreated ears in the base of the cochlea. There were no significant differences between untreated ears and those treated with hypertonic saline in the apex or middle of the cochlea. There were also no significant differences between untreated ears and those treated with normotonic saline in any region of the cochlea. (E) Quantification of PSDs per IHC. Mouse ears treated with hypertonic saline had increased numbers of PSDs per IHC when compared with untreated ears in the base of the cochlea. There were no significant differences between untreated ears and those treated with hypertonic saline in the apex or middle of the cochlea. There were also no significant differences between untreated ears and those treated with normotonic saline in any region of the cochlea. (F) Comparison of the percentage of orphan ribbons (without an associated PSD) per IHC between different treatment groups. There were no significant differences in the percentage of orphan ribbons per IHC between mice treated with hypertonic saline, normotonic saline, untreated mice and control, unexposed mice in any region of the cochlea. Data points represent means and error bars indicate standard error. Sample sizes are displayed under each data point and expressed in number of mice. ns = not significant, *p < 0.05, ****p < 0.0001.
Quantification of these structures was then performed as before (Figures 6D–F). Compared with control ears, there were significant reductions in the numbers of ribbons and PSDs per IHC in the middle of the cochlea among all groups exposed to 100 dB SPL noise (Supplementary Tables S7, 8). There were no significant differences in ribbons or PSDs per IHC in the middle of the cochlea when noise-exposed ears treated with hypertonic saline (10.3 ± 0.6 ribbons, n = 10 and 12.0 ± 0.7 PSDs, n = 10) were compared with untreated ears (10.6 ± 0.4 ribbons, n = 12 and 12.8 ± 0.6 PSDs, n = 12; p = 0.9692 for ribbons and p = 0.8661 for PSDs per IHC). There were also no significant differences in the numbers of ribbons and PSDs per IHC between untreated ears and those treated with normotonic saline (10.5 ± 1.4 ribbons, n = 3 and 12.1 ± 0.8 PSDs, n = 3; p = 0.9991 for ribbons and p = 0.9594 for PSDs per IHC) in the middle of the cochlea. In the base of the cochlea, there were significant reductions in the number of ribbons per IHC among all groups exposed to 100 dB SPL noise when compared with control ears. PSDs per IHC were only significantly reduced in untreated ears (8.9 ± 0.5, n = 13) and those treated with normotonic saline (8.5 ± 0.4, n = 3) when compared with controls (14.8 ± 0.6, n = 6; p < 0.0001 for comparison with untreated ears and p = 0.001 for comparison with ears treated with normotonic saline), while PSDs per IHC in ears treated with hypertonic saline after noise exposure (11.9 ± 0.2, n = 7) were not significantly different than controls (p = 0.1001). Most notably, noise-exposed ears treated with hypertonic saline had a significantly greater number of ribbons (11.6 ± 0.3, n = 8) and PSDs per IHC (11.9 ± 0.2, n = 7) in the base compared with untreated ears (9.0 ± 0.4 ribbons, n = 13 and 8.9 ± 0.5 PSDs, n = 13; p = 0.0132 for ribbons and p = 0.0315 for PSDs per IHC). Compared with controls, ears which were treated with hypertonic saline after exposure to 100 dB SPL nose had a 20.5 ± 3.5% reduction in ribbons and 19.8 ± 3.9% reduction in PSDs per IHC in the base of the cochlea. By comparison, ears that did not undergo treatment after 100 dB SPL noise exposure had a 38.7 ± 4.4% reduction in ribbons and 39.8 ± 5.8% reduction in PSDs per IHC compared with controls. There were no significant differences in the numbers of ribbons and PSDs between ears treated with normotonic saline and untreated ears in the base of the cochlea. In the apex, ribbon and PSD per IHC counts did not significantly differ between control ears and those exposed to 100 dB SPL, including untreated ears and those treated with hypertonic or normotonic saline. Additionally, the percentage of orphan ribbons per IHC did not significantly differ between any of the experimental groups in the apex, middle or base of the cochlea (Supplementary Table S9).
DISCUSSION
Endolymphatic Hydrops and Inner Hair Cell Synaptopathy Occur at Similar Noise Intensity Thresholds
Herein, we demonstrate that a threshold level of traumatic noise exposure exists. Above this threshold, both endolymphatic hydrops and cochlear synaptopathy develop. Below this threshold, neither develops. This finding suggests that endolymphatic hydrops and cochlear synaptopathy may derive through a common mechanism. Furthermore, it argues that endolymphatic hydrops may develop via an “all-or-none” mechanism following prolonged noise exposure. One potential mechanism is that a large amount of noise-induced stereociliary damage may be necessary before the ability of stereociliary mechanoelectrical transduction (MET) channels to uptake potassium becomes less than the secretion of potassium into the endolymph by the stria vascularis (Wangemann, 2002; Zdebik et al., 2009; Salt and Plontke, 2010). Once this point is reached, potassium buildup occurs, leading to osmotic influx of water into the endolymph and the development of endolymphatic hydrops (Kim et al., 2018a).
In support of this mechanism, we have previously shown that TectaC1509G/C1509G mutant mice, in which the tectorial membrane is elevated off the cochlear epithelium, have increased endolymph volume compared with CBA/CaJ mice and do not develop excess endolymphatic hydrops in response to blast exposure (Xia et al., 2010; Kim et al., 2018a). We postulated that this is because the lack of static displacement of OHC stereociliary bundles by the tectorial membrane reduces potassium uptake through MET channels, increasing endolymph volume in these mice. After blast exposure, the tectorial membrane does not shear OHC stereocilia because it is detached from the organ of Corti, so endolymph volume does not increase further. It is possible that similar findings would also be observed in TMC1 mutant mice, or any other mouse mutant that has impaired MET channel currents (Kawashima et al., 2011; Fettiplace, 2016; Beurg et al., 2019).
Using our noise exposure protocol, we found that the threshold for the formation of endolymphatic hydrops, between 95–100 dB SPL, mirrors the threshold for noise-induced cochlear synaptopathy in CBA/CaJ mice. The sharp demarcation between synaptopathic and non-synaptopathic noise intensities is supported by a study from Jensen et al. (2015), which showed that 6-week old mice exposed to 2 h of 94 dB SPL noise developed a temporary threshold shift (TTS) without a corresponding loss of IHC ribbons, while those exposed to 97 dB SPL developed TTS and synaptopathy throughout the basal half of the cochlea. Hickox and Liberman (2014) similarly found that in 16–18 week old CBA/CaJ mice, a 100 dB SPL noise exposure reliably produced cochlear synaptopathy, whereas a 94 dB SPL stimulus did not, despite the fact that both produced a TTS of 40 dB SPL. While the reason for the sharp cutoff between synaptopathic and non-synaptopathic noise intensities is still unknown, our results argue that the development of endolymphatic hydrops plays a role, since both endolymphatic hydrops and cochlear synaptopathy have similar thresholds. Importantly, while our results demonstrate that endolymphatic hydrops is associated with cochlear synaptopathy following noise exposure, no conclusion about a causative relationship between endolymphatic hydrops and loss of synapses can be made based on the experiments performed in this study. Still, these results indicate that endolymphatic hydrops may be used as a surrogate marker for the loss of IHC ribbon synapses following prolonged noise exposure just as it does after blast trauma (Kim et al., 2018a).
Endolymphatic Hydrops is not Correlated with Changes in the Number of Inner Hair Cell Orphan Ribbons or Outer Hair Cell Ribbons
Of note, we found no change in the percentage of IHC orphan ribbons 1 week after traumatic noise exposure. This finding is consistent with the results of prior studies, which have shown that while the number of orphans may increase and remain increased in number for at least 24 hours after noise trauma, most IHC ribbons are once again paired with postsynaptic elements by 1 week post-exposure in both CBA/CaJ (Liberman et al., 2015; Suzuki et al., 2016) and C57BL/6J mice (Kim et al., 2019a). The number of orphan ribbons in our study was larger than has been reported in prior studies on noise-exposed CBA/CaJ mice, which is likely due to the less robust labelling of Homer when compared with CtBP2 in our experiments (Liberman et al., 2015; Suzuki et al., 2016). Our results also indicated that there was no significant change in the number of ribbons per OHC 1 week after noise exposure, a finding supported by similar results observed by Zhao et al. (2021). Although we did not investigate the localization of ribbons relative to the nucleus of OHCs, a recent study noted an increase in ribbons at the OHC synaptic pole after traumatic noise exposure, despite finding no change in the total number of ribbons per OHC after noise (Wood et al., 2021). Thus, while our previous work showed that blast exposure results in the loss of OHC ribbons, it appears that cochlear trauma from noise exposure of approximately 100 dB SPL is not sufficient to cause a reduction in OHC ribbon numbers (Kim et al., 2018a; Wood et al., 2021; Zhao et al., 2021).
Round Window Application of Hypertonic Saline Decreases Endolymphatic Hydrops and Partially Prevents the Loss of Inner Hair Cell Synapses After Traumatic Noise Exposure
Round window application of hypertonic saline decreased the degree of endolymphatic hydrops that developed following prolonged noise exposure when compared with untreated mice. The mechanism behind this effect is based on the principle of osmotic stabilization, which we have previously shown to be effective in reducing endolymphatic hydrops following blast exposure (Kim et al., 2018a). The hypertonic saline creates an osmotic gradient across the round window membrane, which drives water efflux from the perilymph. This efflux then creates a second osmotic gradient between perilymph and endolymph across RM, leading to water efflux from the scala media and a reduction in endolymph volume (Goycoolea, 2001; Duan and Zhi-qiang, 2009; Kim et al., 2018a). Importantly, endolymphatic hydrops still developed following round window application of hypertonic saline in our study, but to a lesser degree than in untreated mice. This may be because the rate of efflux driven by hypertonic saline and resorption of potassium by the damaged apical transduction channels is not sufficient to completely overcome the secretion of potassium by the stria vascularis and corresponding influx of water into the endolymph.
Nonetheless, we found that hypertonic saline treatment was able to partially rescue the loss of ribbons and PSDs in the base of the cochlea. This further supports the notion that endolymphatic hydrops may be a reliable surrogate marker for noise-induced synaptopathy since a reduction in endolymphatic hydrops was associated with a corresponding increase in cochlear synapses. The reason that hypertonic saline rescued synaptic loss in the base of the cochlea may be either through the reduction of endolymphatic hydrops, reduction of auditory dendrite terminal bouton swelling, or both. If endolymphatic hydrops contributes to synaptopathy by overstimulating IHCs and leading to glutamate excitotoxicity, then reducing the severity of endolymphatic hydrops would reduce the loss of ribbons (Kim et al., 2018a). Alternatively, the hypertonic solution may reduce postsynaptic terminal bouton swelling independent of its effect on endolymphatic hydrops. Glutamate excitotoxicity results in swelling of auditory nerve postsynaptic boutons by activating ligand-gated ion channels, causing a toxic entry of ions and water into the terminal bouton (Mayer and Westbrook, 1987; Choi and Rothman, 1990; Pujol and Puel, 1999; Kim et al., 2019a; Hu et al., 2020). Morphological studies have demonstrated that swelling, disorganization and damage of type I postsynaptic nerve terminals in the region of their synaptic contact with IHCs follows noise exposure, and this likely precedes synaptic breakdown and a corresponding loss of ribbons within IHCs (Spoendlin, 1971; Robertson, 1983; Puel et al., 1998). Therefore, the osmotic gradient established between postsynaptic boutons and the surrounding perilymph through round window application of hypertonic saline may be capable of reducing the toxic swelling of synaptic boutons following glutamate excitotoxicity, thus preventing destruction of the synapse and protecting IHC ribbons (Kim et al., 2018a). Therefore, endolymphatic hydrops and synaptopathy may occur by separate mechanisms, yet both appear to be activated at similar sound intensity thresholds between 95 and 100 dB SPL and affected by changes in perilymph osmolarity.
In the absence of noise exposure, the correlation between endolymphatic hydrops and synaptopathy is less clear. While we have previously shown that lowering perilymph osmolarity through round-window application of hypotonic saline causes the development of endolymphatic hydrops and a loss of synapses throughout the cochlea of CBA/CaJ mice (Kim et al., 2018a), Valenzuela et al. found that endolymphatic sac ablation in guinea pigs, which has been shown to cause histologically measurable endolymphatic hydrops by 30 postoperative days (Lee et al., 2020), did not result in a corresponding loss of cochlear synapses (Valenzuela et al., 2020). Unlike our prior study (Kim et al., 2018a), Valenzuela et al. did not visualize endolymphatic hydrops directly in live animals. Nonetheless, the lack of a clear relationship between endolymphatic hydrops and cochlear synaptopathy in the absence of noise exposure suggests that endolymphatic hydrops may only be a reliable surrogate marker for cochlear synaptopathy after noise trauma, although further research on this topic is needed.
In the Cochlear Apex, Endolymphatic Hydrops and Inner Hair Cell Synaptopathy did not Correlate
Differences in IHC sensitivity to acoustic trauma or scala media distensibility throughout the cochlea may explain the discrepancy between the location of endolymphatic hydrops and the pattern of noise-induced cochlear synaptopathy identified in our study. Based on the orientation of the mouse cochlea and the angle of the OCT scanning laser, only the apical turn of the cochlea could be imaged, corresponding to the 9 kHz location on the cochlear tonotopic map. While endolymphatic hydrops was observed in the apex of the cochlea in response to 100 dB SPL noise exposure, loss of IHC synapses occurred throughout the middle and base of the cochlea and spared the apical region. This pattern of noise-induced synapse loss is well established and may be due to the increased sensitivity of IHCs in the basal half of the cochlea to acoustic trauma, possibly due to decreased levels of glutathione and increased susceptibility to reactive oxygen species (Sha et al., 2001; Hickox and Liberman, 2014; Liberman et al., 2015; Kim et al., 2019a). Alternatively, the discrepancy between the locations of endolymphatic hydrops and synaptopathy may be due to differences in the distensibility of the scala media between the apex, middle and base of the cochlea. The cochlear apex is the most distensible segment of the cochlea, partially driven by the reduced stiffness and widening of the basilar membrane in this segment (Kimura and Schuknecht, 1965; Lichtenhan et al., 2017). The greater distensibility of the apical sensory structures may make them less susceptible to pressure build-up from increased endolymph volume, thus protecting IHC synapses in this location from overstimulation, glutamate excitotoxicity and synaptopathy.
Applications to Acoustic Trauma in Humans
That endolymphatic hydrops is a marker of synaptopathy following traumatic noise exposure could lead to potential novel techniques for detecting noise-induced cochlear synaptopathy in humans. In animals, cochlear synaptopathy can be diagnosed via the suprathreshold amplitude of wave 1 of the ABR (Bramhall et al., 2018). In humans, however, intersubject variability in ABR amplitude due to small signal-to-noise ratios and variability in head size, tissue conductivity, and electrode resistance limit the diagnostic utility of this technique (Nikiforidis et al., 1993; Liberman et al., 2016). The ratio of summating potential to action potential and the middle ear reflex have recently been suggested to be more reliable metrics for cochlear synaptopathy than ABR amplitudes in humans (Liberman et al., 2016; Wojtczak et al., 2017; Valero et al., 2018). Here, we showed that noise exposures with intensities sufficient to produce cochlear synaptopathy also result in endolymphatic hydrops which can be detected using OCT. Although the use of OCT for cochlear imaging is currently not performed in humans, an OCT device that images the cochlea through the ear canal may allow translation of this technology to humans (Monroy et al., 2017; Kim et al., 2018b; Kim et al., 2019b; Burwood et al., 2019; Lui et al., 2021).
A second application of our results is that hypertonic saline may be used to partially rescue IHC ribbon loss in the base of the cochlea following traumatic noise exposure. Intratympanic injections are relatively simple procedures that can be performed in the office, and round window delivery of medications is routinely performed for other otologic conditions, including the use of intratympanic steroids for sudden sensorineural hearing loss (Patel et al., 2019). While other treatment modalities have been suggested for the treatment of cochlear synaptopathy following acoustic trauma, including intratympanic application of neutrophin 3 for regeneration of cochlear synapses and inhibition of AMP-activated protein kinase, a mediator of cochlear synaptopathy, using siRNA-silencing techniques and administration of competitive inhibitors, these therapies are likely to require substantial time and research to prove their efficacy (Hill et al., 2016; Suzuki et al., 2016; Hu et al., 2020). An advantage of hypertonic saline is that it is commonly used in the nasal passageways to treat sinus disease. The middle ear, being an extension of the sinuses, is likely to be considered a safe space to apply hypertonic saline. Our results suggest that osmotic treatment could be investigated as a therapy for acute noise exposure, such as after being exposed to a gunshot, firecracker, or airbag deployment. It is important to note, however, that the absence of auditory metrics in our study should limit its interpretations to only the assessment of physical damage to the cochlea.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at the University of Southern California.
AUTHOR CONTRIBUTIONS
IB: Conducted experiments, analyzed data, created figures and videos, wrote manuscript; PQ: Designed study, conducted experiments, analyzed data, edited figures, videos and manuscript; KO: Designed software, analyzed data, created figures, wrote manuscript; JW: Established materials and methods, conducted experiments, edited figures, videos and manuscript; CL: Conducted experiments, analyzed data, edited figures, videos and manuscript; FM-E: Designed software, established materials and methods, edited figures, videos and manuscript; BA: Designed study, designed software, established materials and methods, edited figures, videos and manuscript; JO: Designed study, designed software, established materials and methods, analyzed data, edited figures, videos, and manuscript. All authors have read and contributed to the article and approved the final submitted manuscript.
FUNDING
This work was supported by the National Institute on Deafness and Other Communication Disorders (NIDCD) grants DC017741, DC014450, and DC013774, and the Keck School of Medicine Dean’s Research Scholarship Program.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank Thomas Maierhofer for his assistance with the statistical analyses performed in this study.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.747870/full#supplementary-material
Supplementary Movie S1 | Time-lapse series of optical coherence tomography cross-sectional images demonstrating no change in the position of Reissner’s membrane over time following exposure to 95 decibel sound pressure level noise. Time since the end of noise exposure is displayed in the bottom right corner.
Supplementary Movie S2 | Time-lapse series of optical coherence tomography cross-sectional images demonstrating progressive bowing of Reissner’s membrane over time (endolymphatic hydrops) following exposure to 100 decibel sound pressure level noise. Time since the end of noise exposure is displayed in the bottom right corner.
Supplementary Figure S1 | Cochleogram showing the average frequency ranges and percentages of total cochlear length from the base associated with the apical, middle and base segments, as well as the location where optical coherence tomography (OCT) was performed. Red dots indicate 10% intervals along the length of the cochlea, with 0% corresponding to the basal-most cochlear location. The base segment corresponds to the frequency range of 60 ± 8 − 26 ± 2 kHz (10.0% to 39.0% of total cochlear length), the middle segment corresponds to the frequency range of 26 ± 2 − 11.5 ± 0.5 kHz (39.0% to 69.3% of total cochlear length), and the apical segment corresponds to the frequency range of 11.5 ± 0.5 − 5 kHz (69.3% to 100.0% of total cochlear length). The hook region, corresponding to the frequency range of 80 − 60 ± 8 kHz (0.0 to 10.0% of total cochlear length), was not analyzed as it is easily injured during dissection. The 300-μm region where OCT was performed to image the cochlea, centered around the 9 kHz location, is marked (75.7%-80.3% of total cochlear length). Also shown is the 150-μm subsection of this region where endolymph volume of the scala media was measured.
Supplementary Figure S2 | Automatic method for detecting, mapping, and counting ribbons and postsynaptic densities (PSDs). (A) Image of inner hair cells (IHCs) with CtBP2-labeled ribbons shown in green and Homer-labeled PSDs in red. Magnified image of a co-localized ribbon and PSD is shown in the bottom left corner. (B) From the CtBP2-labeled image, a 2D median filter of ±1.4 μm removes most of the smaller features of the image and just leaves the background. (C) A median filter of ±0.35 μm is used to smooth out the original data and reduce speckle noise. (D) Structures the size of ribbons are isolated by subtracting (B) from (C). (F) Ribbons are identified by selecting only those structures with an intensity above a set threshold and with a height in the z-direction >0.48 μm (ribbons marked by blue circles). This same process is repeated for the Homer-labeled image to count PSDs.
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Caffeine is being increasingly used in daily life, such as in drinks, cosmetics, and medicine. Caffeine is known as a mild stimulant of the central nervous system, which is also closely related to neurologic disease. However, it is unknown whether caffeine causes hearing loss, and there is great interest in determining the effect of caffeine in cochlear hair cells. First, we explored the difference in auditory brainstem response (ABR), organ of Corti, stria vascularis, and spiral ganglion neurons between the control and caffeine-treated groups of C57BL/6 mice. RNA sequencing was conducted to profile mRNA expression differences in the cochlea of control and caffeine-treated mice. A CCK-8 assay was used to evaluate the approximate concentration of caffeine. Flow cytometry, TUNEL assay, immunocytochemistry, qRT-PCR, and Western blotting were performed to detect the effects of SGK1 in HEI-OC1 cells and basilar membranes. In vivo research showed that 120 mg/ kg caffeine injection caused hearing loss by damaging the organ of Corti, stria vascularis, and spiral ganglion neurons. RNA-seq results suggested that SGK1 might play a vital role in ototoxicity. To confirm our observations in vitro, we used the HEI-OC1 cell line, a cochlear hair cell-like cell line, to investigate the role of caffeine in hearing loss. The results of flow cytometry, TUNEL assay, immunocytochemistry, qRT-PCR, and Western blotting showed that caffeine caused autophagy and apoptosis via SGK1 pathway. We verified the interaction between SGK1 and HIF-1α by co-IP. To confirm the role of SGK1 and HIF-1α, GSK650394 was used as an inhibitor of SGK1 and CoCl2 was used as an inducer of HIF-1α. Western blot analysis suggested that GSK650394 and CoCl2 relieved the caffeine-induced apoptosis and autophagy. Together, these results indicated that caffeine induces autophagy and apoptosis in auditory hair cells via the SGK1/HIF-1α pathway, suggesting that caffeine may cause hearing loss. Additionally, our findings provided new insights into ototoxic drugs, demonstrating that SGK1 and its downstream pathways may be potential therapeutic targets for hearing research at the molecular level.
Keywords: apoptosis, caffeine, autophagy, SGK1, auditory hair cells
INTRODUCTION
According to the WHO’s report on hearing, more than 1.5 billion people now suffer from hearing loss worldwide, and nearly 2.5 billion people will be living with different degrees of hearing loss by 2050. Societal changes have made hearing loss more common owing to excessive exposure to loud noise and ototoxic drugs being more common (Brown et al., 2018). Hearing loss is closely associated with decreased quality of life, especially by impacting speech and language development in children and causing social problems for adults (Lasak et al., 2014). The clinical treatment of hearing loss depends on the cause and type of hearing loss. Medical therapy, surgery, amplification, or hearing implants have been used to improve the threshold (Lee and Bance, 2019). However, the effect of these clinical treatments is limited. There are still a substantial number of people suffering from cureless hearing loss. Thus, it is urgent to identify an effective method to prevent or improve hearing loss.
For all the reasons leading to hearing loss, ototoxic drugs are regarded as the major preventable factors (Liu W. et al., 2019; Gao S. et al., 2019; Guo et al., 2019; Zhang et al., 2019; Zhong et al., 2020; Fu et al., 2021b). Some general therapeutic drugs, such as antineoplastic drugs and aminoglycosides, directly kill inner ear cells, ultimately leading to serious hearing loss (He et al., 2015; Liu et al., 2016; Zhang et al., 2017; Li et al., 2018). Different drugs may damage different parts of the cochlea. Previous studies have confirmed that cisplatin damages hair cells, spiral neurons, supporting cells, and vascular veins (Gao D. et al., 2019). Additionally, aminoglycoside antibiotics can cause vestibulotoxicity, characterized by vertigo and dizziness, and cochleotoxicity. Thus, preventative treatment and mechanisms of ototoxic drugs have become one of the hot topics in hearing research.
Caffeine, as one of the most widely used drugs worldwide, is well known as a major component of common drinks, and it has an incitant effect on the nervous system, stimulating the cerebral cortex and relieving fatigue (Carolyn Brice, 2001; Mielgo-Ayuso et al., 2019). Paul et al. (2019) had found that caffeine intake protects against Parkinson’s disease. Moreover, some studies have shown that long-term coffee consumption is linked to a lower risk of type 2 diabetes (Salazar-Martinez et al., 2004; van Dam et al., 2020). In contrast, a large dose of caffeine causes a negative impact on the human body. Excessive caffeine intake can cause obvious arrhythmias, palpitations, and other cardiovascular diseases (Hartley et al., 2004; Zulli et al., 2016). Caffeine has also been demonstrated to stimulate hypersecretion of stomach glands and increase in stomach acid, leading to the formation of gastric ulcers (Kwiecien and Konturek, 2003; Liszt et al., 2017). A previous study has indicated that caffeine may have a detrimental effect on hearing recovery after a single event of acoustic trauma (Mujica-Mota et al., 2014). In contrast, some researchers have found that coffee consumption is associated with a lower risk of disabling hearing impairment in men (Machado-Fragua et al., 2021). Hearing loss is one of the major symptoms in Ménière’s disease. Restriction of salt, caffeine, and alcohol intake is recommended to patients with Ménière’s disease as a first-line treatment (Hussain et al., 2018). Caffeine may result in a reduction in the blood supply to the inner ear, which may worsen the symptoms of patients. Overall, it is not clear whether caffeine has a direct effect on hearing cells; thus, exploring the regulatory mechanism of caffeine may provide new insights into the protection of hearing loss.
Autophagy, a dynamic mechanism of cellular defense and self-protection, is an effective mechanism that promotes cell survival by removing impaired proteins and nonfunctional organelles (Mizushima et al., 2001). Autophagy have been reported in many previous studies to protect the cochlear hair cells (He et al., 2017; He et al., 2020; Zhou et al., 2020; He et al., 2021) and spiral ganglion neurons (Liu et al., 2021). Apoptosis is the most well-known form of programmed cell death in the inner ear cochlea (Sun et al., 2014; Yan et al., 2018; He et al., 2019; Ding et al., 2020; Fu et al., 2021a; Cheng et al., 2021) and is responsible for removing aging, damaged, or mutated cells. Apoptosis and autophagy are functionally interrelated. Caffeine has been revealed to induce apoptosis and mitochondrial dysfunction in the neonatal rat brain (Kasala et al., 2020). Moreover, caffeine is regarded as a potent stimulator of hepatic autophagic flux in mice (Sinha et al., 2014). Endoplasmic reticulum stress has been found to mediate autophagy, which enhances caffeine-induced apoptosis in hepatic stellate cells (Li et al., 2017). However, it remains unknown whether caffeine regulates autophagy and apoptosis in hair cells.
In the present study, we explored the effect of caffeine on HEI-OC1 cells and cochlear hair cells as well as the underlying mechanism to better understand caffeine ototoxicity in hearing.
MATERIALS AND METHODS
Animals
Twenty-seven C57BL/6 mice (weight 20 g each, 2 months, male) were purchased from the Model Animal Research Center of Nanjing University, China. The animal research was completed with the approval of the Ethics Board of the first affiliated hospital of USTC (2021-N(A)-019). These mice were kept in a specific pathogen-free environment, where humidity was maintained in the range of 50%–60% and temperature was at 25°C. These mice were randomly decided into four groups: group I received daily normal saline injection of 0.2 ml as control (n = 8); group II received daily caffeine (Sigma-Aldrich, St. Louis, MO, USA) injection of 120 mg/ kg for 7 days (n = 8); group III received daily caffeine injection of 120 mg/kg for 14 days (n = 8); group IV received daily caffeine injection of 20 mg/ kg for 14 days (n = 3). These were sacrificed by overdose of ketamine after Auditory Brainstem Response (ABR) tests.
Twenty-four Sprague-Dawley (SD) rats [postnatal day 3 (P3)] were purchased from the Model Animal Research Center of Nanjing University, China. These SD rats were sacrificed by overdose of ketamine. Cochlear basilar membranes were cultured in Neurobasal medium (Gibco, Grand Island, NY, USA) after being gently isolated from SD rats. The 24 SD rats were equally allocated to two experiments. In one, 12 neonatal SD rats were divided into four groups: no caffeine treated as control group (n = 3); 1 mM caffeine group (n = 3); 5 mM caffeine group (n = 3); and 10 mM caffeine group (n = 3). In the other, 12 neonatal SD rats were divided into four groups, as shown in Figure 6C: no caffeine treated as control group (n = 3); 10 μM GSK650394 group (n = 3); 10 mM caffeine group (n = 3); and 10 μM GSK650394 + 10 mM caffeine group (n = 3).
Cell culture and drug treatment
The House Ear Institute-Organ of Corti 1 (HEI-OC1) cell line has been extensively used in many previous reports (Guan et al., 2016; He et al., 2016; Yu et al., 2017) and was a gift from professor Hao Xiong in the Sun Yat-sen University (Xiong et al., 2019). HEI-OC1 cells were cultured under permissive conditions (33°C, 10% CO2) in DMEM (Servicebio, Wuhan, China) supplemented with 10% fetal bovine serum (Gibco, Sydney, Australia). Caffeine was added to the culture medium at a concentration of 1, 5, 10, and 20 mM. In order to confirm the role of SGK1 (serum and glucocorticoid-induced protein kinase 1) in HEI-OC1 cells after caffeine treatment, GSK650394, a SGK1 inhibitor, was used (Peng et al., 2012): no caffeine treated as control group; 10 μM GSK650394 group; 10 mM caffeine group; and 10 μM GSK650394 + 10 mM caffeine group. In order to confirm the role of HIF-1α (hypoxia inducible factor-1) in HEI-OC1 cells, we divided HEI-OC1 cells into four groups (Figure 5F): no caffeine treated as control group; 100 μM CoCl2 group; 10 mM caffeine group; and 100 μM CoCl2 + 10 mM caffeine group (Zhao et al., 2020). In order to verify whether autophagy leads to apoptosis, we divided HEI-OC1 cells into four groups (Supplementary Figure S3): no caffeine treated as control group; 5 mM 3-MA group; 10 mM caffeine group; and 5 mM 3-MA + 10 mM caffeine group.
Auditory brainstem response
Tests were performed under general anesthesia induced through injection of 100 mg/kg ketamine. ABR tests were conducted using a Tucker-Davis Technology System hardware and software (Alachua, NY, USA). C57BL/6 mice were subcutaneously inserted with subdermal needle electrodes at the vertex, below the left ear (reference), and on the right ear (ground) after being anesthetized. ABR tests were measured at frequencies of 8, 16, and 32 kHz. In order to obtain the average response to 1,024 stimuli, the stimulus sound was decreased from 90 to 10 dB SPL, whose intensity was reduced by 10 dB at intervals near the threshold. As soon as the electrophysiological response to the stimulus sound disappeared, we measured the minimum stimulus sound that evoked a response as the hearing threshold of the mouse tested at this frequency.
Immunofluorescence
Basilar membranes and cells were isolated and fixed in 4% paraformaldehyde. Basilar membranes were divided into three segments (apex, middle, and base) and mounted on glass slides. Then, they were incubated in 0.5% Triton X-100 for 20 min at room temperature. After incubation in 10% goat serum for blocking nonspecific antibody binding for 30 min at room temperature, the samples were incubated with the primary antibody (information in Table1) overnight at 4°C. After washing three times (5 min each), the tissues were incubated with the secondary antibody (Jackson, West Grove, PA, USA, 1:100) at room temperature for 1 h. Basilar membranes needed to be incubated with phalloidin (Yeasen, Shanghai, China, 1:100) containing fluorescein isothiocyanate at room temperature for another 1 h. The nuclei were stained by DAPI (Biosharp, Shanghai, China) for 5 min. Images were captured by using Zeiss LSM800.
TABLE 1 | Primers in this study.
[image: Table 1]Immunohistochemistry
The sections were dewaxed and deparaffinized in xylene and rehydrated in graded alcohol solutions. Then, the sections were heated for 30 min in Tris–EDTA buffer by microwave oven. Subsequently, the slides were stained with hematoxylin and eosin (HE) or primary antibodies for SGK1 (information in Table 1) and their respective secondary antibodies. Before dehydration and mounting, the sections were counter-stained with hematoxylin. Images were performed with an Olympus microscope camera (Tokyo, Japan). The stria vascularis thickness of cochlea was measured by Olympus cellSens Standard software (Olympus life science, Tokyo, Japan).
RNA-Seq
Total RNA was extracted using TRIzol reagent kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using RNase free agarose gel electrophoresis. After total RNA was extracted, mRNA was enriched by Oligo (dT) beads, while prokaryotic mRNA was enriched by removing rRNA by Ribo-Zero™ Magnetic Kit (Epicentre, Madison, WI, USA). Then the enriched mRNA was fragmented into short fragments using fragmentation buffer and reverse transcripted into cDNA with random primers. Second-strand cDNA were synthesized by DNA polymerase I, RNase H, dNTP, and buffer. Then the cDNA fragments were purified with the QIAquick PCR extraction kit (Qiagen, Venlo, Netherlands), end repaired, poly(A) added, and ligated to Illumina sequencing adapters. The ligation products were size selected by agarose gel electrophoresis, PCR amplified, and sequenced using Illumina HiSeq 2500 by Gene Denovo Biotechnology Co. (Guangzhou, China).
CCK-8
Cell viability was detected using CCK-8 kits (Topscience, Shanghai, China) according to the manufacturer’s protocols. Briefly, 5,000 cells were plated into a 96-well flat-bottom plate and incubated overnight under permissive conditions. After drug treatment in 100 µl culture medium, 10 µl CCK-8 was added for 1 h at 37°C. The optical density (OD) values were measured at 450 nm by an ELISA reader (Thermo Multiskan Mk3, Waltham, MA, USA). The blank underwent the same procedure, but without cell seeding, whereas the negative control was just treated without drugs. The relative viability was calculated as (OD experiment–OD blank)/(OD control–OD blank) × 100%.
Flow cytometry
HEI-OC1 cells (5 × 103 cells/well) were seeded into six-well plates overnight. Cells were collected after being digested with trypsin. An Annexin FITC/PI Apoptosis Detection Kit (Yeasen, Shanghai, China) was used to examine the rate of apoptosis. Data analysis was performed by using NovoCyte (Agilent, Santa Clara, CA, USA).
TUNEL assay
The experiment was conducted with the One Step TUNEL Apoptosis Assay Kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions. After being fixed in 4% paraformaldehyde for 20 min, HEI-OC1 cells were then incubated in 0.5% Triton X-100 for 5 min. Next, samples were labeled with 50 μl TUNEL reaction mixture and incubated at room temperature for 1 h in the dark. After washing, slides were immediately examined under a Leica microscope (DMi8). The percentage of apoptotic cells was calculated as (TUNEL-positive cells/total cells) × 100%. All assays were performed in triplicate.
Electron microscopy
HEI-OC1 cells were fixed in TEM fixative (Servicebio, Wuhan, China) for 24 h and then fixed at 4°C for preservation and transportation. The 1% agarose solution was prepared by heating and dissolving in advance. Before agarose solidification, the precipitation was suspended with forceps and wrapped in the agarose. Agarose blocks with samples avoid light post fixed with 1% OsO4 (Ted Pella Inc., CA, USA) for 2 h at room temperature. An ethanol dehydration process (series of 30%, 50%, 70%, 80%, 95% and two changes of 100% ethanol) followed by a 20-min immersion in acetone was performed before the final EPON resin. The resin blocks were cut to 60–80 nm thin on an ultramicrotome (Leica, Germany), and the tissues were fished out onto 150 mesh cuprum grids with formvar film. Two percent of uranium acetate was saturated with alcohol solution to avoid light staining for 8 min, then 2.6% lead citrate to avoid CO2 staining for 8 min. The cuprum grids are observed under TEM (Hitachi, HT7800), and images were taken.
Quantitative real-time polymerase chain reaction analysis
Total RNA was isolated from cells by using TRIzol reagent (Takara Bio, Tokyo, Japan). On the basis of the instructions of the reverse transcriptase kit (Takara, Tokyo, Japan), cDNA was synthesized using 2 μg of the total RNA in TProfessional Thermocycler (Biometra, Berlin, Germany). Then, cDNA samples were subjected to qRT-PCR for 40 cycles by using TB Green™ Premix Ex Taq™ II (Takara, Tokyo, Japan) in Roche LightCycler 96 (Roche, Basel, Switzerland). Primers (Table 1) were designed with the approval of the Sango Biotech Co. Ltd. (Shanghai, China). GAPDH was used as an internal control. The results were calculated using the comparative cycle threshold (ΔΔCt) method.
Western blot analysis
First, total protein was extracted from HEI-OC1 cells and basilar membrane by using RIPA buffer (Beyotime, Shanghai, China). Almost 10 μg of crude protein was denatured and electrophoresed on 12.5% SDS-PAGE gels. Proteins were transferred onto PVDF membranes by electro-blotting after electrophoretic separation, followed by blocking for 15 min at room temperature in Protein Free Rapid Blocking Buffer (Epizyme, Shanghai, China). The blots were incubated with SGK1, HIF-1α, P62, Bcl-2, Bax, Cleaved-Caspase3, and LC3B (information in Table 2) primary antibodies at 4°C overnight. After washing with PBS-T, membranes were hybridized with an appropriate secondary antibody (Abmart, Shanghai, China) at room temperature for 1 h. Lastly, images of the Western blot bands were performed with chemi Capture (Clinx, Shanghai, China) and the intensity in each group was measured with ImageJ. GAPDH was used as an internal control.
TABLE 2 | Antibodies in this study.
[image: Table 2]Statistical analysis
Data are shown as the mean ± SD, and all experiments were repeated at least three times. Statistical analysis was conducted using GraphPad Prism 6. Two-tailed, unpaired Student’s t-tests were used to determine statistical significance when comparing two groups, and one-way ANOVA followed by a Dunnett multiple-comparison test was used when comparing more than two groups. A value of p < 0.05 was considered statistically significant.
RESULTS
Caffeine destroys cochlear hair cells, stria vascularis, and spiral ganglion neurons in C57BL/6 mice
Two-month-old C57BL/6 mice were intraperitoneally injected with caffeine 120 mg/kg/day caffeine for 7 and 14 days, while mice in the control group were treated with normal saline. After 7 and 14 days of injection, auditory threshold shifts in the caffeine group significantly increased at 8, 16, and 32 kHz (Figure 1A). However, compared to the control group, auditory threshold shifts were not significantly difference after 20 mg/kg caffeine injection (Supplementary Figure S1). These results suggested that the effect of caffeine on hearing might be dose-dependent. To explore the position of caffeine damage, basilar membranes were stained with TRITC-phalloidin (Figure 1B), and paraffin sections of cochlea were stained with HE (Figure 1D). According to these results, caffeine caused disorder of the Corti organ and the loss of spiral ganglion neurons and hair cells (Figures 1C,E). Moreover, we also found that caffeine did not lead to significant stria vascularis damage.
[image: Figure 1]FIGURE 1 | Caffeine destroys cochlear hair cells, stria vascularis, and spiral ganglion neurons in C57BL/6 mice. (A) ABR threshold shifts measured in C57BL/6 mice treated with 120 mg/kg caffeine for 7 or 14 days. The control mice were treated with the same volume of normal saline. Data are presented as individual points and means ± SD, **p < 0.01. (B) Images of middle membrane stained with phalloidin (red). DAPI (blue) was used to stain the nuclei. Scale bar: 100 μm. (C) Hair cell counts in C57BL/6 mice treated with 120 mg/kg caffeine at 7 and 14 days and control mice treated with normal saline. N = 3 in each group. Data are presented as individual points and means ± SD, **p < 0.01. (D) Images of Corti organ, spiral ganglion neuron, and stria vascularis stained with HE. Scale bar: 100 μm. (E) Spiral ganglion neuron counts at the middle cochlear turn in each group. N = 3 in each group. Data are presented as individual points and means ± SD, **p < 0.01, *p < 0.05.
Caffeine induces autophagy and apoptosis and increases the expression of SGK1 in the cochlea of C57BL/6 mice
To identify the mechanism of caffeine on hearing loss, cochlear tissues from the control and caffeine-treated C57BL/6 mice were collected for RNA sequencing, and a volcano plot (Figure 2A) was constructed to show all the molecules detected. Transcriptome analysis showed 1,300 upregulated and 508 downregulated mRNAs in caffeine-treated mice compared to the control group (Figure 2B). Heat maps (Figure 2C) were generated using the differentially expressed mRNAs. Bubble showed enrichments of various functional categories (Figure 2D). The expression change of SGK1, the most differentially expressed gene, was further confirmed by qRT-PCR (Figure 2E), which was consistent with the RNA-seq analysis. Additionally, the protein expression of SGK1, Cleaved-Caspase3, and LC3B was evaluated by Western blot analysis. The results showed that the expression of SGK1, Cleaved-Caspase3, and LC3B II/I markedly increased in the cochlea after caffeine injection (Figures 2F,G). To evaluate the major expression location of SGK1, we investigated the expression levels of SGK1 in C57BL/6 mouse cochlea through immunohistochemical staining. SGK1 was mainly expressed in the Corti organ, stria vascularis, and spiral ganglia (Figure 2H), which indicated that the expression of SGK1 increased in the cochlea after caffeine injection, suggesting that caffeine may induce autophagy and apoptosis in the cochlea.
[image: Figure 2]FIGURE 2 | Differentially expressed mRNA in the cochlea of C57BL/6 mice with 120 mg/kg caffeine and control. (A) Volcano plot showing the differentially expressed mRNAs in caffeine (120 mg/kg/day, continuous injection for 14 days) treatment and control group (normal saline, continuous injection for 14 days). (B) The number of differentially expressed mRNAs. (C) Heat map showing hierarchical clustering of differentially expressed mRNAs. Red indicates high relative expression, and green represents low relative expression. (D) Functional enrichment of differentially expressed mRNAs. (E) Different mRNA levels of SGK1 in the caffeine and control groups were confirmed by qRT-PCR. Data are shown as means ± SD, **p < 0.01. (F–G) Western blot analysis the expression of SGK1, Cleaved-Caspase3, LC3B, and GAPDH in cochlea. Data are shown as means ± SD, **p < 0.01, *p < 0.05. (H) Immunohistochemistry (IHC) for SGK1 in the organ of Corti, spiral ganglion neuron, and stria vascularis of C57BL/6 mice. Scale bar, 100 μm.
Caffeine induces apoptosis and autophagy in HEI-OC1 cells
HEI-OC1 cells were used to investigate the effect of caffeine. Cells were treated with different caffeine concentrations (0, 0.1, 1, 5, 10, and 20 mM) for different times (12, 24, 48, and 72 h), and the results showed that caffeine inhibited HEI-OC1 cell viability in a time- and dose-dependent manner. When the concentration was greater than 1 mM, the inhibitory effect of caffeine on HEI-OC1 cells was markedly increased (Figure 3A). Moreover, the cell viability inhibition of HEI-OC1 at 10 mM was similar to that of 20 mM when treated for 72 h. Based on these results, treatments with 0, 1, 5, and 10 mM caffeine for 24 h were selected as the conditions in subsequent experiments. Dead cells were labeled by PI, and the cells undergoing apoptosis were labeled by Annexin V (Figures 3B,C). The rate of apoptosis in HEI-OC1 cells treated with 1 mM (14.25 ± 0.55%), 5 mM (36.38 ± 2.30%), and 10 mM (49.40 ± 3.34%) caffeine was significantly higher than that in the control group (1.20 ± 0.57%). HEI-OC1 cells in each group were examined by TUNEL assays in order to confirm the apoptosis effect. The percentage of TUNEL-positive cells was positively correlated with the concentration of caffeine (Figures 3D,E). Transmission electron microscope imaging showed that the caffeine-treated cells had more autophagic vacuoles (double membrane-bound autophagosomes) than the control cells, indicating that autophagy levels increase after caffeine treatment (Figures 3F,G). Taken together, these results suggested that caffeine induces apoptosis and autophagy in HEI-OC1 cells.
[image: Figure 3]FIGURE 3 | Caffeine induced autophagy and apoptosis in HEI-OC1. (A) CCK-8 kit was used to measure cell viability in HEI-OC1 cells after different incubation times with varying concentrations of caffeine (from 0 to 20 mM). (B–C) The percent of apoptosis after 24 h of caffeine treatment with different concentrations was measured by flow cytometry. Data are shown as means ± SD, **p < 0.01. (D–E) TUNEL (red) and DAPI (blue) double staining showing the apoptotic HEI-OC-1 cells after different treatments. Scale bar: 100 μm. Data are shown as means ± SD, **p < 0.01. (F–G) Electron microscope analysis for evaluating autophagy in HEI-OC1 cells. Scale bar: 1 μm. Data are shown as means ± SD, **p < 0.01.
Caffeine induces apoptosis and autophagy via SGK1/HIF-1α pathway in HEI-OC1 cells
We next investigated the role of SGK1 in HEI-OC1 cells by detecting the expression of SGK1 and p62 in HEI-OC1 cells by immunofluorescence. As the concentration of caffeine increased, the fluorescence intensity of SGK1 increased and the fluorescence intensity of p62 decreased, which suggested that the expression of SGK1 and p62 had a consistent trend (Figure 4A). Furthermore, we analyzed the mRNA and protein levels of apoptotic and autophagic markers to explore the involved signaling pathway. After caffeine treatment, qRT-PCR (Figures 4B,C) and Western blot analyses (Figures 5A,B) showed that the expressions of SGK1, LC3B, and caspase3 significantly increased, while the expressions of p62 and the Bcl-2/Bax ratio decreased. Thus, these findings suggested that caffeine may induce apoptosis, induce autophagy, and increase the expression of SGK1. Next, we verified the interaction between SGK1 and HIF-1α by co-IP (Figure 5C). GSK650394 is a known SGK1 inhibitor. To further confirm the role of SGK1, we generated a control group, a GSK650394-treated group, a caffeine-treated group, and a GSK650394 + caffeine-treated group. Compared to caffeine treatment alone, Western blot analyses demonstrated that GSK650394 + caffeine treatment increased the expression of HIF-1α and p62 as well as the Bcl-2/Bax ratio but inhibited the expression of SGK1, Cleaved-Caspase3, and LC3B II/I (Figures 5D,E). Next, we took advantage of CoCl2, an inducer of HIF-1α, to explore the role of HIF-1α in HEI-OC1 cells after caffeine treatment. The Western blot data showed that CoCl2 increased the expression of p62 and the Bcl-2/Bax ratio after caffeine treatment, while it inhibited the expression of SGK1, Cleaved-Caspase3, and LC3B II/I (Figures 5F,G). Additionally, we also found that CoCl2 did not mediate the expression of SGK1 (Supplementary Figure S2), indicating that HIF-1α might be a downstream signaling molecule of SGK1. To explore the relationship between autophagy and apoptosis, 3-methyladenine (3-MA) was used as an autophagy inhibitor. After treatment with 3-MA and caffeine, the expression of Cleaved-Caspase3 decreased and the ratio of Bcl-2/Bax increased, suggesting that autophagy may lead to apoptosis when HEI-OC1 cells are treated with caffeine (Supplementary Figure S3).
[image: Figure 4]FIGURE 4 | Caffeine affected the expression of SGK1, autophagy, and apoptosis-related genes. (A) Immunofluorescence of p62 (red) and SGK1 (green) in HEI-OC1 cells after 24 h of caffeine treatment with different concentrations (0, 1, 5, 10 mM). DAPI (blue) was used to stain the nuclei. Scale bar: 100 μm. (B) qRT-PCR was used to analyze the mRNA expression of SGK1, p62, LC3B, and Caspase3 in HEI-OC1 cell lines after 24 h caffeine treatment with different concentrations (0, 1, 5, 10 mM), and GAPDH was used as the internal control. Experiments were repeated three times, and data are shown as the means ± SD, **p < 0.01. (C) Bcl-2/Bax ratio of mRNA expression in HEI-OC1 cells. Data are shown as means ± SD, **p < 0.01.
[image: Figure 5]FIGURE 5 | Caffeine induced autophagy and apoptosis via the SGK1/HIF-1α signaling pathway. (A) Western blotting showed changes of SGK1, p62, LC3B, Bcl-2, Bax, and Cleaved-Caspase3 in HEI-OC1 cell lines after a 24-h caffeine treatment with different concentrations, and GAPDH was used as the internal control. (B) Quantification of the Western blot in SGK1, p62, LC3B, Bcl-2, Bax, and Cleaved-Caspase3. Experiments were repeated three times, and data are shown as the mean ± SD, **p < 0.01. (C) Co-immunoprecipitation (Co-IP) analysis of SGK1 and HIF-1α protein interaction. (D) Western blot assay was employed to investigate the expressions of HIF-1α, SGK1, P62, LC3B, and Cleaved-Caspase3 in HEI-OC1 cells after 24 h treatment with or without caffeine and GSK650394. GAPDH was used as the internal control. (E) Quantification of the Western blot in HIF-1α, SGK1, P62, LC3B, Bcl-2, Bax, and Cleaved-Caspase3. Experiments were repeated three times. Data are shown as means ± SD, **p < 0.01, *p < 0.05. (F) Western blot assay was employed to investigate the expression of HIF-1α, P62, LC3B, and Cleaved-Caspase3 in HEI-OC1 cells after a 24-h treatment with or without caffeine and CoCl2. GAPDH was used as the internal control. (G) Quantification of the Western blot in (F). Experiments were repeated three times. Data are shown as means ± SD, **p < 0.01, *p < 0.05.
Caffeine activates SGK1 to destroy hair cells and nerve fibers in P3 SD rats
Cultured neonatal rat basilar membrane in vitro is an important hearing research model. Cochlear basilar membranes were gently isolated from P3 SD rats and used for experiments after 24 h in culture. After treatment with different concentrations of caffeine, hair cells were labeled with TRITC–phalloidin and labeled auditory nerve fibers were labeled with the 488-TUBB3 antibody. Microscopic analysis showed that caffeine caused disorder and loss of hair cells, especially inner hair cells (Figures 6A,B). However, we also found that caffeine caused disorder of auditory nerve fibers. Additionally, we confirmed the role of SGK1 in the basilar membrane of neonatal SD rats (Figure 6C). GSK650394 effectively protected hair cells from caffeine damage. These results indicated that inhibition of SGK1 might be a potential target for protecting hair cell loss, especially inner hair cells (Figure 6D).
[image: Figure 6]FIGURE 6 | Caffeine activates SGK1 to destroy hair cells and nerve fibers in P3 SD rats. (A–B) The basilar membranes of SD newborn mouse were stained with fluorescent phalloidin (red) and TUBB3 (green). DAPI (blue) was used to stain the nuclei. Scale bar: 100 μm. Data are shown as means ± SD, **p < 0.01, *p < 0.05. (C–D) The middle turn of basilar membranes was stained with fluorescent phalloidin (green) and SGK1 (red). DAPI (blue) was used to stain the nuclei. Scale bar: 100 μm. Data are shown as means ± SD, **p < 0.01, *p < 0.05.
DISCUSSION
Absorption of caffeine is nearly complete within 45 min after ingestion, with caffeine blood levels peaking after 15 min to 2 h (Nehlig, 2018). The half-life of caffeine in humans ranges from 2 to 12 h, mainly due to interindividual differences in absorption and metabolism (Benowitz, 1990). Caffeine metabolism is greatly reduced during pregnancy, particularly in the third trimester, when the half-life can be as long as 15 h (van Dam et al., 2020). In addition, caffeine penetrates throughout the body and crosses the blood–brain barrier. Thus, caffeine is closely related to neurologic disease. Previous studies have found that caffeine might reduce the risk of Parkinson’s disease and contribute to insomnia (Lara, 2010; Qi and Li, 2014). Hair cells function to transform the sound wave into electric signals (Wang Y. et al., 2017; Liu et al., 2019b; Qi et al., 2019; Fuping Qian and Chai, 2020; Jieyu Qi, 2020; Lv et al., 2021) and are the most critical cells in the inner ear. Once damaged, hair cells have only very limited regeneration ability in mammals (Wang T. et al., 2015; Cheng et al., 2019; Tan et al., 2019; Zhang et al., 2020a; Zhang et al., 2020b; Chen et al., 2021). In the present study, we explored the effect of caffeine on hair cell damage and hearing loss. We first selected 20 and 120 mg/kg as the concentrations for two experimental groups (Mujica-Mota et al., 2014). The threshold shifts of mice treated with 20 mg/kg caffeine were not different from those of the control group (Supplementary Figure S1). However, the threshold shifts of mice in the 120-mg/kg caffeine group were higher than those of the control group. We also focused on the effect of caffeine duration on hearing. The 14-day injection caused more damage to hair cells than the 7-day injection, which indicated that hearing loss caused by caffeine was time-dependent. Western blot analyses of the cochlea verified that caffeine could induce autophagy and apoptosis in C57BL/6 mice. We also treated HEI-OC1 cells with different concentrations of caffeine (0, 0.1, 1, 5, 10, and 20 mM) for various time points (12, 24, 48, and 72 h). While treatment with 0.1 mM caffeine had no effect, treatments with caffeine concentrations greater than 1 mM caffeine significantly inhibited cell viability. In addition, 20 mM caffeine had little difference from 10 mM caffeine. Thus, we selected caffeine concentrations of 0, 1, 5, and 10 mM for 24 h for the conditions of the subsequent experiments. We cultured basilar membranes to investigate the effect of different concentrations of caffeine, and we evaluated several genes related to autophagy and apoptosis by RT-PCR and Western blot analyses. The results indicated that caffeine mainly destroyed inner hair cells. A recent study has found that coffee consumption is associated with a lower risk of disabling hearing impairment in men but not in women (Machado-Fragua et al., 2021). Moreover, previous studies have found that caffeine has definite neuroprotection in neurologic disease (Bagga and Patel, 2016; Xu et al., 2016). These differences may be due to differences in caffeine concentration and intake methods. Another review has indicated that the effect of caffeine occurs almost solely at the level of the central nervous system, suggesting that the effect of caffeine on the auditory and vestibular systems should be examined in future studies in a dose-dependent manner (Ghahraman et al., 2021). Our research revealed that the harmful effect of caffeine on cochlear hair cells was dose-dependent. Caffeine at 120 mg/kg increased auditory threshold shifts and caused hair cell loss in C57BL/6 mice, while 20 mg/kg caffeine did not cause hearing loss. Furthermore, we hypothesized that a caffeine concentration less than 1 mM may play a protective role in HEI-OC1 cells against apoptosis. It will be more difficult to find a certain protective concentration of caffeine against hearing loss, due to the large range of concentrations and diversity of hearing loss. In future studies, we will explore the possible protective effects of caffeine in the auditory system and central nervous system.
In the present research, we found that caffeine could activate the expression of SGK1 in C57BL/6 mice. SGK1 is a member of the AGC subfamily of protein kinases, a subfamily that includes proteins A, G, and C. As a ubiquitously expressed protein, SGK1 is involved in a wide variety of physiological processes and contributes to a variety of pathological conditions (Liu et al., 2017). There is a wide range of stimuli that regulate SGK expression, including dehydration, saline consumption, neuronal excitotoxicity, and DNA damage (You et al., 2004; Tang et al., 2011). In addition, SGK1 has been found to act as a switch for autophagy modulation and apoptosis in many diseases (Liu et al., 2017; Maestro et al., 2020). In our study, we utilized RNA-seq to identify different genes, and we confirmed that the expression of SGK1 increased in the cochlea after caffeine treatment both in vitro and in vivo. GSK650394 has been demonstrated in vitro and in vivo to be a specific inhibitor of SGK1, which mediates autophagy and apoptosis (Shanmugam et al., 2007; Sherk et al., 2008; Liu et al., 2017). We utilized GSK650394 and verified that caffeine induced autophagy and apoptosis by activating SGK1. Furthermore, we verified that GSK650394 protected hair cells against caffeine damage in neonatal SD rats. Thus, these findings suggested that GSK650394 might be a potential hearing protection drug, but additional experiments in different species are required in the future. According to experiments in vitro, we demonstrated that caffeine induced autophagy and apoptosis via the SGK1/HIF-1α pathway in hair cells.
HIF-1 is composed of HIF-1α and HIF-1β subunits, which are well known as oxygen-sensitive transcription factors. HIF-1α degradation is inhibited under hypoxic conditions, which facilitates the transcription of numerous genes involved in cellular adaptation to oxygen deprivation (Semenza, 2007). Importantly, a previous study has shown that the SGK1/HIF-1α signaling pathway plays a vital role in protecting renal cells from apoptosis by promoting autophagy, indicating that HIF-1α transcriptional activity is regulated by SGK1 (Xie et al., 2018). In addition, hypoxic conditions confer a great benefit to expanding cochlear stem/progenitor cells by stimulating HIF-1α (Chen et al., 2011). We verified the interaction between SGK1 and HIF-1α by co-IP. CoCl2 is known as a chemical-specific inducer of HIF-1α via simulating hypoxia (Wang M. et al., 2017; Mikami et al., 2017; Rana et al., 2019). Our results showed that GSK650394 could increase the expression of HIF-1α, while CoCl2 did not mediate the expression of SGK1. We speculated that HIF-1α might be a downstream signaling molecule of SGK1. Western blot data revealed that CoCl2 reduced the expression of Cleaved-Caspase3 and LC3B II/I after treatment with 10 mM caffeine, while CoCl2 increased the expression of p62 and the Bcl-2/Bax ratio. These results indicated that CoCl2 relieves caffeine-induced autophagy and apoptosis caused by caffeine, suggesting that HIF-1α might play an important role in mediating autophagy and apoptosis induced by caffeine.
In most normal situations, the autophagic process protects cells from apoptosis. However, cells convert to apoptosis if autophagy depletes their proteins and organelles in the case of overstimulation (Maiuri et al., 2007). As a result, apoptosis and autophagy share similar pathways at the molecular level. Many previous studies have suggested that SGK1 inhibits autophagy-dependent apoptosis (Conza et al., 2017; Liu et al., 2017; Zuleger et al., 2018). However, we found that caffeine induced autophagy and apoptosis via the SGK1/HIF-1α pathway in our study. These differences may be due to SGK1 playing different roles in different organisms or different diseases. Furthermore, we utilized 3-MA to explore the relationship between autophagy and apoptosis. 3-MA, which is a specific autophagy inhibitor (Wang S. et al., 2015; Shi et al., 2020; Sugawara et al., 2020), could reduce apoptosis caused by caffeine (Supplementary Figure S3). These results indicated that autophagy may lead to apoptosis when HEI-OC1 cells are treated with caffeine. In this study, we mainly confirmed the role of SGK1 in the process of autophagy and apoptosis caused by caffeine in vitro. For future research, we will explore the role of SGK1 in the cochlea by using knockout mice.
In summary, the present study showed that caffeine induces autophagy and apoptosis in auditory hair cells via the SGK1/HIF-1a pathway. Our findings provided new insights into ototoxic drugs and suggested potential therapeutic targets for the amelioration of caffeine-induced ototoxicity.
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Mitochondrial oxidative stress is involved in hair cell damage caused by noise-induced hearing loss (NIHL). Sirtuin-3 (SIRT3) plays an important role in hair cell survival by regulating mitochondrial function; however, the role of SIRT3 in NIHL is unknown. In this study, we used 3-TYP to inhibit SIRT3 and found that this inhibition aggravated oxidative damage in the hair cells of mice with NIHL. Moreover, 3-TYP reduced the enzymatic activity and deacetylation levels of superoxide dismutase 2 (SOD2). Subsequently, we administered adeno-associated virus-SIRT3 to the posterior semicircular canals and found that SIRT3 overexpression significantly attenuated hair cell injury and that this protective effect of SIRT3 could be blocked by 2-methoxyestradiol, a SOD2 inhibitor. These findings suggest that insufficient SIRT3/SOD2 signaling leads to mitochondrial oxidative damage resulting in hair cell injury in NIHL. Thus, ameliorating noise-induced mitochondrial redox imbalance by intervening in the SIRT3/SOD2 signaling pathway may be a new therapeutic target for hair cell injury.
Keywords: SIRT3, SOD2, noise-induced hearing loss, viral transduction, oxidative stress
INTRODUCTION
Noise is a worldwide public health problem and an important risk factor for sensorineural hearing loss (SNHL). Oxidative stress-induced hair cell damage plays an important role in its development (Zhang et al., 2019). Noise exposure (NE) causes oxidative stress, elevates reactive oxygen species (ROS) levels, and causes hair cell damage, which further contributes to hearing loss (Delmaghani et al., 2015). Although several studies in the past decades have focused on countering noise-induced hair cell damage by interfering with ROS, there are no clinically relevant intervention targets to date. Therefore, key targets in the pathogenesis of noise-induced hearing loss (NIHL) should be explored.
Mitochondrial abnormalities caused by ROS accumulation play an important role in the pathogenesis of NIHL (Ding et al., 2020; Zhong et al., 2020). ROS are mainly produced in the mitochondrial oxidative respiratory chain; therefore, mitochondrial dysfunction can lead to cellular ROS accumulation (Gao et al., 2019; Zhao et al., 2019). Thus, mitochondrial dysfunction supposedly causes most oxidative damage (Tian et al., 2013). Sirtuin-3 (SIRT3), a member of the Sirtuin family, is a nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase that is localized in the mitochondria (Onyango et al., 2002); it is the major mitochondrial deacetylase (Lombard et al., 2007) and a key factor regulating autophagy pathways. Autophagy and apoptosis are often simultaneously triggered by similar stimuli, such as oxidative stress, in both hair cells and spiral ganglion neurons (SGNs) (He et al., 2021; Liu et al., 2021). As the main site of cellular energy metabolism, mitochondria have various biological functions such as regulating cell proliferation, differentiation, apoptosis and senescence. SIRT3 regulates mitochondrial energy metabolism and biosynthesis; therefore, abnormal SIRT3 expression negatively affects mitochondrial function. Increased SIRT3 expression protects cells from oxidative stress-induced cell death and inhibits apoptosis in age-related SGNs and hair cells (Someya et al., 2010). Furthermore, SIRT3 overexpression reduces axonal degeneration induced by NE, thus making mice resistant to NIHL (Brown et al., 2014).
Superoxide dismutase 2 (SOD2) is a key antioxidant enzyme in mitochondria that reduces ROS production and protects cells from oxidative stress (Sarsour et al., 2014). Acetylation is one of the most important post-translational SOD2 modifications, leading to the downregulation of the SOD2 function (Dikalova et al., 2017). SIRT3 works by deacetylating proteins, particularly lysine of SOD2, to regulate its activity and thus maintain mitochondrial function (Yang et al., 2016).
Given the important role of mitochondrial function in the development of NIHL, we hypothesized that changes in SOD2 deacetylation levels due to SIRT3 activity are involved in the pathogenesis of NIHL. To test this hypothesis, we explored the protective effect of SIRT3 on hair cell injury in NIHL mice and its underlying mechanisms.
MATERIALS AND METHODS
Animals and Treatments
C57BL/6 J male mice were obtained from the Experimental Animal Center of Capital Medical University (Beijing, China). Experiments were performed on mice after abnormal hearing was excluded by audiometric testing. According to the different interventions strategies, mice were randomly divided into the following groups: 27 mice in the control group, 5 in the TTS group, 73 in the PTS group, 37 in the PTS+3-TYP group, 5 in the PTS + corn oil group, 5 in the PTS+2-ME group, 5 in the PTS + saline group, 9 in the PTS + AAV-SIRT3 group, 5 in the PTS + AAV-GFP group, and 5 in the PTS+2-ME + AAV-SIRT3 group. Mice in the PTS group received NE at 6 and 8 weeks old of mice, whereas mice in the TTS group received NE only at 8 weeks old, and both groups underwent auditory brainstem response (ABR) testing at 10 weeks (Figure 1A). For the intervention group mice received 3-TYP, 2-ME or AAV-SIRT3 in addition to NE. Both 3-TYP (MCE Chemicals & Equipment Co., Malta, NY) and 2-methoxyestradiol (2-ME; Selleck Chemicals, Houston, TX) were administered by intraperitoneal injection starting 1 week prior to NE for 7 days 3-TYP was administered at 50 mg/kg/day, and 2-ME was administered at 16 mg/kg/day. The control group mice were injected with equal amounts of either saline or corn oil. AAV-SIRT3 was surgically introduced into the inner ear at 4 weeks in the AAV-SIRT3 intervention group of mice, and an equal amount of empty virus was introduced into the control group mice. The animals were cared for and used in accordance with the Guideline for the Care and Use of Laboratory Animals of the National Institutes of Health. The experimental protocols were approved by the Committee on the Ethics of Animal Experiments of Capital Medical University.
[image: Figure 1]FIGURE 1 | Changes in ABR thresholds and I-wave amplitudes after one or two NEs. (A) Mice underwent NE at 6 and 8 weeks of age or only at 8 weeks of age, and ABR testing was performed at 10 weeks of age. (B) Overlapped ABR waves were recorded in response to 16 kHz 90 dB SPL stimuli in control, TTS and PTS mice. (C) ABR test showing changes in the hearing thresholds of mice in the TTS group before NE and at 24 h and 2 weeks after NE. (D) ABR test showing changes in hearing thresholds of mice in the PTS group before NE and at 24 h and 2 weeks after NE. (E) ABR test showing changes in I-wave amplitude after NE. (n = 10 per group). ABR, auditory brainstem response; NE, noise exposure; TTS, temporary threshold shift; PTS, permanent threshold shift. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Noise Exposure
Animals in the noise group were placed in wire mesh cages inside an anechoic chamber and exposed to 100 dB sound pressure level (SPL) broadband white noise for 2 h. Noise synthesis was performed using Cool Edit Pro software (Adobe Systems, San Jose, CA) and transmitted through XTi4002, CROWN amplifiers (Harman, Elkhart, IN) to two speakers (JBL KP6000, PROFESSIONAL, Harman) for noise release.
ABR Testing
We used the TDT system 3 evoked potential workstation (Tucker-Davis Technologies, Alachua, FL, United States) to record ABR. Prior to initiating the ABR test, mice were anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine. After anesthesia, the recording electrode was inserted in the subcutaneous area at the midpoint of the line connecting the anterior margins of the auricles on both sides of the mouse, the reference electrode was inserted into the subcutaneous area behind the tested ear, and the ground electrode was inserted into the subcutaneous area behind the contralateral ear. The tests were performed using click and tone bursts at frequencies of 4, 8, 16, and 32 kHz with the SigGenRZ software (Tucker-Davis Technologies). Sound intensity was attenuated from 90 to 0 dB in 5 dB intervals, and the responses were analyzed using BioSigRZ software (Tucker-Davis Technologies), digitized, and averaged for each frequency-level combination (1,024 samples/level). The threshold was defined as the lowest stimulus decibel that evoked a significant positive wave in the response trajectory. All ABR tests were performed by the same researchers.
Tissue Preparation
After ABR testing, mice were sacrificed under deep anesthesia, and the cochlea was removed and immersed in 4% paraformaldehyde at 4°C for overnight fixation. Parts of the cochlea were decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for 12 h and subsequently dehydrated in 30% sucrose for 2 h. Afterward, the cochlea was immersed in an optimal cutting temperature compound. Frozen sections of 10 µm thickness were stored at −20°C for immunohistochemistry. Other cochleae were decalcified using 10% EDTA for 2 h; structures such as vascular striae, spiral ligaments and capping membranes were carefully excised under a microscope, and the remaining basilar membranes were divided into the apical, middle, and basal turns for immunofluorescence staining.
Immunostaining
Cochlear sections and spreads were incubated with 5% normal goat serum (ZSGB-BIO, Beijing, China) and 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO) in phosphate-buffered saline (PBS) for 2 h at room temperature. After washing three times with PBS, the samples were incubated with primary antibody solution at 4°C overnight. After multiple washes, the samples were incubated with secondary antibodies at a ratio of 1:300 for 2 h at room temperature and protected from light. The primary antibodies used were anti-myosin-VIIa (1:300, Proteus BioSciences Inc. Ramona, CA), anti-CtBP2 (1:500, BD Biosciences, Franklin Lakes, NJ), anti-GluR2 (1:400, Millipore, Burlington, MA), anti-8-hydroxy-2′-deoxyguanosine (8-OHdG, 1:300, Abcam, Cambridge, United Kingdom), anti-green fluorescent protein (GFP) (1:100, Santa Cruz Biotechnology, Dallas, TX), and anti-4-HNE (1:500; Abcam). The secondary antibodies used were goat anti-mouse IgG1 Alexa Fluor 568, goat anti-mouse IgG2a Alexa Fluor 488, and goat anti-rabbit IgG (H + L) Alexa Fluor 647 (1:300, Invitrogen/Molecular Probes, Eugene, OR). 4, 6-diamidino-2-phe-nylindole (DAPI) was used for the final addition of coverslips. The expression of 8-OHdG and 4HNE was analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc. United States).
Hair Cells and Synapses Counting
Cochlear samples were observed and imaged using a Leica scanning confocal microscope (Leica Camera AG, Hessen, Germany). The basilar membrane was divided into apical, middle, and basal turns to count the hair cells separately. Lost hair cells were examined under a ×63 oil immersion objective lens and their numbers and proportions were statistically analyzed. Ten cochlear samples from each group were used for hair cell counts. Scans were taken at 0.35 μm/layer intervals from the top to the bottom of the inner hair cell (IHC) and subsequently superimposed. In each region, the total number of synapses was evaluated for a total of approximately 10 IHCs, and the average was subsequently calculated. The number of paired and unpaired synapses at the apical, middle, and basal turns were counted.
Viral Constructs and Posterior Semicircular Canal Transduction
Purified adeno-associated virus (AAV) eight vectors with SIRT3 and the GFP gene (AAV8-SIRT3-GFP) and AAV8-GFP vectors were obtained from Vigenebio Biosciences Co. (Jinan, China). The expression of carrier genes was driven by the cytomegalovirus promoter. Viral particles were purified using ion-exchange column chromatography; physical titers were 1.81 × 1012 vg/ml (AAV8-SIRT3-GFP) and 1.19 × 1012vg/mL (AAV8-GFP). The vectors were stored at approximately −80°C. As previously described, the injection was administered through the semicircular canals (canalostomy) (Guo et al., 2018). A 2 µl volume of the virus was injected at a rate of 0.5 μl/min.
Western Blotting (WB)
Cochlear proteins were extracted and protein concentrations were measured using a BCA Protein Quantification Kit (Beyotime, China). Equal amounts of proteins were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and subsequently electrotransferred to polyvinylidene fluoride membranes. After blocking in 5% skim milk at room temperature for 1 h, samples were incubated with anti-SOD2(Cell Signaling Technology), anti-ac-SOD2 (Abcam), anti-C-cas3 (Cell Signaling Technology), anti-Cyt c (Abcam), anti-COX IV (Abcam), and β-actin (Cell Signaling Technology) primary antibodies overnight at 4°C, followed by incubation with the appropriate secondary antibody at room temperature for 1 h. After washing with Tris-buffered saline with Tween, protein bands were observed using chemiluminescent reagents (Applygen Technologies Inc. China).
ROS Detection
The intracellular ROS assay was performed using the Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China). After collecting the cochlear cells, they were resuspended in 100 µL of diluted dichloro-dihydro-fluorescein diacetate and incubated for 20 min at 37°C in a cell culture incubator. Afterward, the cells were washed three times with a serum-free cell culture medium, and chemiluminescence was measured using an EnSpire enzyme marker (PerkinElmer, Waltham, MA).
A mitochondrial membrane potential assay kit with JC-1 (Beyotime, China) was used to analyze mitochondrial ROS production. The cochlea was cut and digested with trypsin, and the cells were collected by centrifugation. Cell pellets were then resuspended in a cell culture medium containing JC-1 staining working solution and incubated at 37°C for 20 min in the dark, washed with cold JC-1 staining buffer and analyzed by flow cytometry (FACS Aria IIu, BD Biosciences) within 1 h.
Measurement of SOD2 Activity
The SOD2 activity assay was performed using the Cu/Zn-SOD and Mn-SOD Assay Kit with WST-8 (Beyotime, China) according to the manufacturer’s instructions. After the cochlear tissue was cut and digested with trypsin, the cells were extracted by centrifugation. Cells were incubated for 1 h at 37°C using Cu/Zn-SOD inhibitor A and for 15 min at 37°C using Cu/Zn-SOD inhibitor B. Consequently, samples were added to a 96-well plate and mixed with the assay solution. Chemiluminescence was measured using an EnSpire enzyme marker (PerkinElmer). SOD2 viability units were calculated using a standard curve.
Determination of NADPH Oxidase Activity
According to the manufacturer’s instructions, NADPH oxidase activity was assayed using a NADP +/NADPH Assay Kit with WST-8 (Beyotime, China). Bilateral cochleae were dissected from eight mice (four per group) and homogenized in NADP +/NADPH extracts. The samples were centrifuged at 12,000 g for 10 min at 4 °C, and the supernatant was subsequently collected. For testing, 200 μl of the sample was aspirated and placed in a water bath at 60°C for 30 min. Afterward, they were centrifuged at 10,000 g for 5 min at 4°C, the supernatant was collected and mixed with G6PDH working solution and color development solution, and incubated for 20 min at 37°C protected from the light. Sample chemiluminescence was measured using an EnSpire enzyme marker (PerkinElmer). NADPH oxidase activity was calculated from the standard curve.
Statistical Analysis
Quantitative values are expressed as mean ± standard error of the mean (SEM) and statistically analyzed using GraphPad Prism software version 8.0 (GraphPad Software Inc., San Diego, CA). The statistical methods selected were two-way analysis of variance or unpaired t-test, as appropriate. For all analyses, values of p < 0.05 were considered statistically significant.
RESULTS
Noise Exposure Causes a Hearing Threshold Shift in Mice
Using the ABR test, we found that the hearing thresholds of mice receiving a single NE increased transiently after NE and then decreased, which were not significantly different from those of the control group mice at 2 weeks after NE, indicating that a single NE caused a hearing temporary threshold shift (TTS) (Figure 1C). The hearing thresholds in mice increased after two NEs, and although they decreased 2 weeks later, there was still a significant difference from the thresholds of the control group mice, indicating that two NEs caused a permanent threshold shift (PTS) in hearing in mice (Figure 1D). The amplitude of ABR wave I in both the PTS and TTS groups was significantly different from that in the control group (Figures 1B,E).
Noise Exposure Leads to Loss of Cochlear Outer Hair Cells and Reduced Inner Hair Cell Synapses
We examined changes in the number of hair cells and synapses after NE. We divided the cochlear Basilar membrane into the apical, middle, and basal turns in the PTS and TTS group mice for this study. Compared with the control group mice, the TTS group mice showed no significant loss of outer hair cells (OHCs) in either the apical, middle or basal turns, whereas the PTS group mice showed significant OHC loss (Figures 2A,B). We analyzed the synapses of the IHCs in two dimensions: paired and orphan synapses. Compared with the control group mice, both the PTS and TTS group mice had decreased number of paired synapses, with the PTS group mice showing a more significant decrease. Both the PTS and TTS groups showed an increased number of unpaired synapses compared to the control group, with a greater increase observed in the PTS group (Figures 2C–E). Regarding both audiology and morphology, the damage in the PTS group was more significant than that in the TTS group; therefore, we chose the PTS group to investigate the mechanism of SIRT3 in NIHL.
[image: Figure 2]FIGURE 2 | Morphological alterations of mice in the PTS and TTS groups. The basilar membrane was divided into apical, middle, and basal turns for separate observation. (A) Immunohistochemical staining showing changes in the number of hair cells (Myosin VII, green; DAPI, blue) in the PTS and TTS groups. (B) Quantification of Myosin VII and DAPI-positive HCs. (C) Immunohistochemical staining showing changes in the number of presynaptic (CtBP2, red) and postsynaptic structures (GluR2, green) in the IHCs of the PTS and TTS groups. (D) Quantification of CtBP2 and GluR2 overlapping fluorescent spots. (E) Quantification of CtBP2 or GluR2 fluorescent spots alone. (n = 10 per group). TTS, temporary threshold shift; PTS, permanent threshold shift; DAPI, 4, 6-diamidino-2-phenylindole; OHC, outer hair cell, IHC, inner hair cell. NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bars: A, 20 μm; C, 5 μm.
Noise Exposure Induces Oxidative Damage in Hair Cells
We analyzed the mitochondrial membrane potential in the inner ear cells of the PTS and control group mice. Compared with the control group mice, the PTS group mice showed decreased JC-1 aggregates and increased JC-1 monomers, indicating that the mitochondrial membrane potential was decreased in these mice (Figures 3A,B). Immunofluorescence staining of frozen sections of mouse cochlea revealed that 8-OH expression was elevated in the PTS group compared to that in the control group (Figures 3C,D). WB analysis on mouse cochleae revealed that Cytochrome c expression was decreased in the mitochondria and increased in the cytoplasm in the PTS group compared with that in the control group (Figures 3E,F). The level of NADPH oxidase activity in the PTS group was significantly higher than that in the control group (Figure 3G).
[image: Figure 3]FIGURE 3 | Changes in mitochondrial membrane potential, ROS, apoptosis levels, and NADPH oxidase activity in the hair cells of mice in the PTS and control groups. (A) Detection of mitochondrial membrane potential in the PTS and control groups using flow cytometry. (B) Ratio of JC-1 aggregates and JC-1 monomers (n = 3 per group). (C) Immunohistochemical staining of frozen sections of the cochlea showing changes in 8-OH expression in the PTS and control groups. (D) Quantification of 8-OH fluorescence intensity (n = 5 per group). (E) WB showing changes in Cytochrome c expression in the mitochondria. (F) WB showing changes in Cytochrome c expression in the cell plasma (n = 6 per group). (G) Levels of NADPH oxidase activity in the different groups (n = 4 per group). ROS, reactive oxygen species; PTS, permanent threshold shift; WB, western blotting. *p < 0.05; ***p < 0.001; ****p < 0.0001. Scale bars: C, 20 μm.
3-TYP Exacerbates Noise-Induced Hair Cell Damage
We used the SIRT3 inhibitor 3-TYP for the intervention, which was administered 1 week before each NE (Figure 4A). The ABR test results showed that the hearing threshold of the PTS+3-TYP group was significantly higher than that of the PTS group (Figure 4B). The OHC survival rate was significantly lower in the PTS+3-TYP group than in the PTS group (Figures 4C,D). The analysis of the number of paired synapses at the level of IHCs revealed no significant changes in the basolateral membrane in the PTS+3-TYP group compared with that in the PTS group, while this number was significantly reduced in the middle and basal turns. The number of unpaired synapses in the PTS+3-TYP and PTS groups was not significantly different in the apical and middle turns, whereas a significantly higher value was observed in the basal rotation (Figures 4E–G).
[image: Figure 4]FIGURE 4 | Effect of SIRT3 inhibitors on hair cells in the PTS group. (A) Schedule of 3-TYP and NE administration to C57BL/6 J mice. (B) ABR findings showing the effect of 3-TYP on the hearing threshold in mice after NE. (C) Immunohistochemical staining showing 3-TYP-induced changes in the number of hair cells (Myosin VII, green; DAPI, blue) after NE. (D) Quantification of Myosin VII and DAPI-positive HCs. (E) Immunohistochemical staining showing the effect of 3-TYP on the number of presynaptic (CtBP2, red) and postsynaptic (GluR2, green) structures after NE. (F) Quantification of CtBP2 and GluR2 overlapping fluorescent spots. (G) Quantification of CtBP2 or GluR2 fluorescent spots alone. (n = 10 per group). PTS, permanent threshold shift; NE, noise exposure; ABR, auditory brainstem response; DAPI, 4, 6-diamidino-2-phenylindole; OHC, outer hair cell, IHC, inner hair cell. NS, not significant; *p < 0.05; ***p < 0.001; ****p < 0.0001. Scale bars: C, 20 μm; E, 5 μm.
3-TYP Increases the Acetylation Level of SOD2 and Aggravates Oxidative Stress and Apoptosis
To explore the effect of 3-TYP on SOD2, we performed WB assays for both Ac-SOD2 and SOD2 in the cochlea and assayed SOD2 activity. We observed that the acetylation level of SOD2 was elevated in the PTS+3-TYP group compared to that in the PTS group (Figure 5A). SOD2 activity was significantly decreased in the PTS+3-TYP group compared with that in the PTS group (Figure 5B). 4-Hydroxynonenal (4HNE) was used to detect cellular oxidative stress levels, and we observed that 4HNE expression in IHCs was significantly higher in the PTS+3-TYP group than in the PTS group (Figures 5C,D). In the cochlea, intracellular ROS levels were significantly higher in the PTS+3-TYP group than in the PTS group (Figure 5E). Caspase 3 and Cytochrome c protein expression levels were significantly higher in the PTS+3-TYP group than in the PTS group (Figures 5F,G).
[image: Figure 5]FIGURE 5 | Effect of 3-TYP on SOD2 acetylation, ROS and apoptosis-related protein levels in the hair cells of mice in the PTS group. (A) Western blotting showing the effect of 3-TYP on SOD2 acetylation levels in mice in the PTS group. The results are expressed as the percentage of the PTS group, which was set to 100% (n = 3 per group). (B) Effect of 3-TYP on SOD2 activity in the cochlear cells of PTS mice (n = 10 per group). (C) Immunohistochemical staining showing changes in 4-HNE fluorescence intensity in IHCs. (D) Quantification of 4-HNE fluorescence intensity (n = 6 per group). (E) Detection of ROS levels in the cochlear cells (n = 10 per group). (F) WB showing changes in caspase 3 and Cytochrome c expression (n = 6 per group). ROS, reactive oxygen species; PTS, permanent threshold shift; IHC, inner hair cell. *p < 0.05; ****p < 0.0001. Scale bars: C, 5 μm.
SIRT3 Overexpression Protects Hair Cells Against Noise Exposure in a SOD2 Dependent Manner
We induced SIRT3 overexpression by introducing AAV-SIRT3 in 4-week-old mice undergoing posterior semicircular canal surgery. The SOD2 inhibitor 2-ME was administered starting 1 week before each NE (Figure 6A). Most IHCs could be transfected with AAV-SIRT3, as observed on confocal microscopy (Figure 6B). WB results showed that SIRT3 expression was significantly higher in the PTS + AAV-SIRT3 group than in the PTS group (Figure 6C). These findings indicate that SIRT3 overexpression by the introduction of AAV-SIRT3 into the posterior semicircular canal is feasible. The ABR results showed no significant difference in hearing thresholds between the PTS and PTS+2-ME groups, and hearing thresholds were significantly lower in the PTS + AAV-SIRT3 group. The thresholds were significantly higher in the PTS+2-ME + AAV-SIRT3 group than in the PTS + AAV-SIRT3 group (Figure 6D). Immunofluorescence CtBP2 staining in the apical, middle, and basal turns revealed no significant difference in the number of synapses in the PTS+2-ME group compared with that in the PTS group, whereas the number of synapses in the PTS + AAV-SIRT3 group was significantly elevated. Compared with the PTS + AAV-SIRT3 group, the number of synapses in the PTS+2-ME + AAV-SIRT3 group was significantly decreased in the apical, middle, and basal turns (Figures 6E,F). The audiological and morphological levels were not significantly different between the PTS + AAV8-GFP and PTS group mice; therefore, these findings are not shown in this figure.
[image: Figure 6]FIGURE 6 | Effect of AAV-SIRT3 and SOD2 inhibitors on the hair cells of mice in the PTS group. (A) Schedule of AAV-SIRT3 and SOD2 inhibitor 2-ME administration to C57BL/6 J mice. (B) Representative confocal images of the cochlear apical turn via the posterior semicircular canal after injecting 2 μL of AAV-SIRT3. (C) WB showing changes in SIRT3 expression after AAV-SIRT3 injection. (n = 4 per group). (D) ABR showing the effects of AAV-SIRT3 and 2-ME on hearing thresholds in PTS mice. (E) Immunohistochemical staining showing the effects of AAV-SIRT3 and 2-ME on the number of presynaptic structures (CtBP2, red) in mice after NE. (F) Quantification of CtBP2 fluorescent spots. (n = 10 per group). AAV, adeno-associated virus; PTS, permanent threshold shift; 2-ME, 2-methoxyestradiol; ABR, auditory brainstem response; NE, noise exposure. NS, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bars: B, 100 μm; E, 5 μm.
DISCUSSION
NIHL is a major occupational risk in industrialized countries and is estimated to affect approximately 5% of the world population (Basner et al., 2014). In the inner ear, the mechanical vibration of a sound wave is transduced into electrical signals by hair cells (Chen et al., 2021), and these electrical signals are transmitted to auditory cortex through the synapses of the SGNs (Guo et al., 2020). Loss of hair cells and SGNs is the main cause of hearing loss (Zhang et al., 2021). It is well documented that oxidative damage is a major cause of hearing loss cochlear and hair cells, which can be easily damaged by various insults, including mutations in deafness genes (Qian et al., 2020), aging (Qi et al., 2019), noise, drugs, infections and injuries (Liu et al., 2019), or lack of regenerative capacity (Chen et al., 2021). NE increases ROS level, which causes hearing loss through oxidative damage to hair cells and neurons (Delmaghani et al., 2015). Mitochondria are the main sites of intracellular ROS production. We found that mitochondrial SIRT3 plays an important role in NIHL by regulating redox imbalance through SOD2 activation.
In C57BL/6 J mice, repetitive noise-induced impairment of cochlear function and altered synaptic morphology have dose-dependent characteristics (Qian et al., 2021). Our previous study found that a single moderate NE caused TTS; however, repeated NE caused PTS (Luo et al., 2020). To select a suitable model for NIHL, we chose 2 h of 100 dB SPL white noise in one and two episodes of NE. One NE caused TTS, and two NEs caused PTS (Figure 1). Previous studies have shown that the main site of noise-induced inner ear damage is the ribbon synapse (Feng et al., 2020). Therefore, in addition to OHC count, we counted IHC ribbon synapses. In agreement with previous studies, we found that hair cell damage was more significant in the PTS group than in the TTS group, both at the audiological and morphological levels; therefore, we chose the PTS group for further study (Figure 2). Oxidative stress plays an important role in NIHL, and genetic variants of oxidative stress affect the susceptibility to noise (White, 2019). We found that, compared with the control group mice, the PTS group mice had significantly reduced mitochondrial membrane potential and significantly increased 8-OH expression, indicating that NE caused intracellular ROS accumulation by affecting mitochondrial function (Figure 3).
Studies have reported that SIRT3 can balance ROS levels by modifying post-translational levels and can activate long-term transcriptional programs to protect cells from oxidative damage (van de Ven et al., 2017). SIRT3 resists the ototoxicity of gentamicin (Han et al., 2020), and its upregulation protects mice against hearing loss caused by high-fat diet and aging (Miwa, 2021). SIRT3 is a major regulator of the mitochondrial oxidative stress response (Giblin et al., 2014). Nicotinamide riboside (NR), as a SIRT3 agonist, has a protective effect on hair cells and synapses in mice after NE by reducing cellular oxidative damage (Han et al., 2020). Further, supplementation with the NAD+ precursor NR to elevate NAD levels can rescue animals from NIHL; however, animals lacking SIRT3 do not benefit from this effect (Brown et al., 2014). This is consistent with our findings. Using 3-TYP to suppress SIRT3, we found that SIRT3 inhibition significantly aggravated the damage to hair cells and worsened hearing loss in mice after NE (Figure 4). Consistent with previous studies, we suggest that SIRT3 plays a protective role against NE-induced hair cell damage.
SOD2, a SOD that is expressed only in the intracellular mitochondrial matrix (Slot et al., 1986), plays a crucial role in resisting oxidative damage caused by mitochondrial superoxide (Jowko et al., 2017). SOD2 serves as the first line of defense against mitochondrial oxidative damage and is the main mitochondrial ROS scavenger (Miao and St, 2009). SOD2 converts SOD to hydrogen peroxide, which is subsequently converted to water by catalase and other peroxidases (Fridovich, 1995). Diet-induced obese mice showed significant hearing loss due to reduced SOD2 levels, resulting in elevated ROS and increased hair cell mortality (Lee et al., 2020). SOD2 upregulation plays a protective role in acute acoustic injury in rats (Zhu et al., 2020). SOD2 is post-translationally regulated in several ways; however, acetylation is the major SOD2 active modification (Zou et al., 2016). The reduced level of lysine acetylation in SOD2 increases its enzymatic activity (Candas and Li, 2014). The 4-HNE level reflects cellular membrane damage due to lipid peroxidation induced by ROS. We found that SIRT3 inhibition resulted in a significant increase in the acetylation level of SOD2, a decrease in SOD2 activity, a significant increase in ROS levels, and an increase in apoptosis (Figure 5).
SIRT3 maintains ROS homeostasis by activating SOD2 through deacetylation and converting harmful superoxide radicals to harmless oxygen or hydrogen peroxide (Shen et al., 2020). In multiple disease models, SIRT3 has been reported to play an important role in antioxidant damage by regulating its downstream molecule, SOD2. In a mouse model of acute kidney injury, SIRT3 reduced Ac-SOD2 and ROS levels and attenuated oxidative damage, thereby resisting apoptosis (Zhang et al., 2021). Activating the Akt-SIRT3-SOD2 signaling pathway ameliorates mitochondrial damage and attenuates brain ischemia-reperfusion injury in diabetic mice (Liu et al., 2021). In this study, we found that SIRT3 overexpression attenuated hearing loss by protecting hair cells, and this protective effect could be blocked by the SOD2 inhibitor 2-ME (Figure 6). Therefore, we conclude that SIRT3 overexpression reduces noise-induced hair cell damage by activating SOD2. Mitochondria, as a major source of ROS, play a key role in regulating cellular functions. It is widely believed that mitochondrial oxidative stress leads to NIHL. Our current work reveals innovative molecular mechanisms by which mitochondrial oxidative stress regulates noise-induced hair cell injury. Thus, the study results provide new potential therapeutic targets with important implications for intervention in the development of NIHL.
However, our study has some limitations. First, mitochondrial redox homeostasis is a complex system, and the linkage of SIRT3/SOD2 signaling with other antioxidant systems requires further investigation. Second, further investigations are warranted to evaluate SIRT3/SOD2-mediated alterations in the mitochondrial function of hair cells and determine the pathogenesis of TTS.
CONCLUSION
This study identified a critical role for the SIRT3/SOD2 signaling pathway in hearing protection by maintaining the redox state of mitochondria in hair cells after NE (Figure 7). Our findings reveal an interaction between SIRT3 and noise-induced oxidative stress in hair cells and suggest a potential therapeutic strategy to improve NIHL by activating SIRT3-mediated SOD2 deacetylation.
[image: Figure 7]FIGURE 7 | Schematic model showing the critical role of mitochondrial oxidative stress in NIHL model hair cells and the protective role of SIRT3/SOD2 signaling. SIRT3 deacetylates and activates SOD2, reducing reactive oxygen species production and thereby ameliorating noise-induced hair cell damage.
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Hearing loss is a total or partial inability to hear. Approximately 5% of people worldwide experience this condition. Hearing capacity is closely related to language, social, and basic emotional development; hearing loss is particularly serious in children. The pathogenesis of childhood hearing loss remains poorly understood. Here, we sought to identify new genes potentially associated with two types of hearing loss in children: congenital deafness and otitis media. We used a network-based method incorporating a random walk with restart algorithm, as well as a protein-protein interaction framework, to identify genes potentially associated with either pathogenesis. A following screening procedure was performed and 18 and 87 genes were identified, which potentially involved in the development of congenital deafness or otitis media, respectively. These findings provide novel biomarkers for clinical screening of childhood deafness; they contribute to a genetic understanding of the pathogenetic mechanisms involved.
Keywords: hearing loss, children, random walk with restart, protein-protein interaction, biomarker
INTRODUCTION
Deafness refers to a total or partial inability to hear, also known as hearing impairment or hearing loss (Olusanya et al., 2019). According to the World Health Organization, approximately 5% of people worldwide exhibit deafness or various extents of hearing impairment (Murray et al., 2019; Olusanya et al., 2019); approximately 10% of these people (34 million) are children (Murray et al., 2019). Although this number does not fully reflect the non-negligible threat imposed by hearing loss on human health, an independent report from the National Institute on Deafness and Other Communication Disorders of the United States revealed that the fight against deafness was urgent (Wass et al., 2019). In the USA, over 15% of all people currently exhibit hearing loss or have previously exhibited hearing loss (Moeller, 2000). Hearing loss is often age-associated; individuals over 60 years of age tend to have hearing impairments (Uchida et al., 2019). However, deafness or hearing loss is even more serious in children, because hearing is closely related to language-learning, social behavior, and basic emotional development (Trudeau et al., 2021). Therefore, an exploration of the pathological factors associated with childhood deafness is critical for child health and of considerable interest to researchers. The clinical pathogenesis of hearing loss in children is either congenital (Korver et al., 2017) or acquired (Pichichero, 2018). Congenital causes have been associated with genetic factors and family histories (Korver et al., 2017). X-linked hearing loss is the most typical form of congenital hearing loss, passed from mothers to their sons (O’brien et al., 2021). Genes PRPS1, POU3F4, SMPX, AIFM1, and COL4A6 have all been associated with X-linked hearing loss (Song et al., 2012). However, otitis media and ototoxicity also trigger childhood hearing loss (Vanneste and Page, 2019). Otitis media is a complex process that involves multiple infections and specific genetic susceptibilities (Vanneste and Page, 2019). Acute otitis media (the most common form of the condition) has been associated with infections by various bacteria including Streptococcus pneumoniae, Hemophilus influenzae, Moraxella catarrhalis, and Staphylococcus aureus (Deniz et al., 2018). Additionally, acute otitis media susceptibility and recurrence have been associated with genetic factors. In 2011, researchers in Helsinki University Central Hospital reported that genetic factors contributed to childhood recurrent acute otitis media in 38.5% of affected patients and chronic otitis media in 22.1% of affected patients, highlighting the substantial contributions of genetic traits to these conditions (Hafrén et al., 2012). Furthermore, genome-wide association studies have shown that particular genes, including FNDC1, are associated with otitis media (Van Ingen et al., 2016), validating the essential roles of genetics in otitis media-induced hearing loss. Notably, drug ototoxicity was not significantly associated with the genetic background (Lanvers-Kaminsky et al., 2017). In summary, both congenital deafness and environmental otitis media (i.e., the two major pathogeneses of childhood hearing loss) feature strong genetic predispositions.
Although major efforts have been made to describe the pathogenesis of childhood hearing loss, the underlying mechanism remains unclear; only a few genes are known or suspected to be associated with the disease. Here, we focused on congenital hearing loss and otitis media-related hearing loss; both are associated with clear genetic predispositions. We used DisGeNet (https://www.disgenet.org/) to generate a list of genes associated with hearing loss (Piñero et al., 2017); we then employed a network-based method to identify novel latent biomarkers and genetic traits predisposing to congenital and otitis media-associated hearing loss. We used a random walk with restart (RWR) algorithm (Kohler et al., 2008; Macropol et al., 2009) by setting genes associated with otitis media or congenital deafness as the seed nodes to a STRING [19] protein-protein interaction (PPI) network to discover new candidate genes. A following screening procedure was conducted to select essential candidates. Eighteen latent congenital genes and 87 otitis media-associated genes were identified; some were associated with either pathogenesis. These may serve as novel biomarkers for clinical deafness screening in children; they will help to identify the pathogenetic mechanisms involved.
MATERIALS AND METHODS
Genes Associated with Hearing Loss in Children
We focused on genes associated with hearing loss in children. The American Speech-Language-Hearing Association (Alsarraf et al., 1998; Dhooge, 2003) defines such hearing loss in children as either acquired or associated with otitis media or congenital deafness. We downloaded the relevant genes from DisGeNet (Piñero et al., 2017) (https://www.disgenet.org/, version 7.0, accessed in April 2021). In total, 175 genes were associated with otitis media, while 72 were associated with congenital deafness and 2 were associated with acquired hearing loss; thus, we did not study acquired hearing loss. The genes associated with congenital deafness and otitis media are listed in Supplementary Tables S1, S2, respectively. We used a network-based method to identify novel candidate genes associated with either pathogenesis.
Network-Based Identification of Novel Genes
PPIs are widely used to explore protein or gene-related problems. Several studies have reported that compared with non-interacting proteins, interacting proteins are more likely to have similar functions (Ng et al., 2010; Hu et al., 2011; Chen et al., 2016a; Cai et al., 2017; Zhao et al., 2019; Gao et al., 2021). Such interactions can be used to identify novel genes that are associated with known disease-related genes. We used the STRING database (https://www.string-db.org/, version 10.0) (Szklarczyk et al., 2015) to construct a PPI network; we then applied the powerful, network RWR algorithm (Kohler et al., 2008; Macropol et al., 2009) to discover novel candidate genes associated with otitis media or congenital deafness. Human PPI information collected in STRING is contained in “9606.protein.links.v10.txt.gz”. Each PPI features two proteins identified by their Ensembl IDs, as well as a confidence score indicating the PPI strength. Each score ranges from 1 to 999 and is derived by considering several types of PPIs. In fact, PPIs in STRING can not only indicate the interactions between proteins but also reflect functional associations of proteins. Thus, they can widely measure protein associations. We used the PPIs to build a network in which all 19,247 proteins served as nodes. Two nodes were considered adjacent if and only if they formed a PPI; thus, each edge was a PPI. We assigned a weight to each edge for indicating the strengths of the PPI, which was defined as the confidence score of the corresponding PPI. The network was termed N.
The RWR algorithm is powerful. It simulates a walker that commences at a node set and then randomly moves in the network. The start nodes are termed seed nodes. The walker delivers probabilities of seed nodes to all other nodes in the network. Given a network and k seed nodes, each seed node is assigned a probability of 1/k; the other nodes are assigned probabilities of zero. These probabilities form a vector termed P0. The vector is repeatedly updated as follows:
[image: image]
where A is the column-wise, normalized adjacency matrix of the network and r is the restarting probability, which was set to 0.8 in this study. Updating stops when [image: image] and [image: image] are sufficiently close; closeness is given by [image: image]. [image: image] is the required outcome of the algorithm. Based on this outcome, each node is assigned a probability transmitted from the seed nodes. A higher node probability is indicative of stronger associations with seed nodes.
We used the RWR program established by Li and Patra (Li and Patra, 2010). Genes associated with congenital deafness or otitis media were fed into the program, which ran on the PPI network N. Nodes with probabilities higher than 10−5 served as raw candidate genes for congenital deafness or otitis media.
Screening Procedure
Some raw candidate genes associated with congenital deafness or otitis media can be identified using a network-based method. However, several false-positives may be included in the results. To eliminate such genes and select only valid candidates, we used a screening procedure that featured three sequential tests.
Permutation Test
The RWR algorithm was executed on the PPI network N to discover raw candidate genes. The structure of N may influence the outcome. Some nodes are readily assigned high probabilities because of their special locations in the network. However, they may have low or no associations with congenital deafness or otitis media. Thus, there is a need to test the statistical significance of the probability that each raw candidate gene is valid. Accordingly, we randomly generated 1,000 gene sets, each of which had the same number of genes associated with congenital deafness or otitis media. For each gene set, such genes were set as the seed nodes of the RWR algorithm. Thus, each candidate gene was assigned a probability in each random gene set. When all 1,000 sets had been tested, each candidate gene had been assigned 1,000 probabilities. By comparing the probability on actual seed nodes to the probabilities on randomly generated sets, the statistical significance of each probability was revealed. We used the Z-score to evaluate significance as follows:
[image: image]
where g is a raw candidate gene identified by the network-based method, [image: image] is the probability on actual seed nodes, and [image: image] and [image: image] are the respective mean and standard deviation of the probabilities on randomly produced sets. We set the selection threshold for candidate genes to 1.96; this is a widely accepted threshold when statistical significance is essential.
Association Test
The second test directly evaluated the associations between candidate genes and congenital deafness or otitis media. For each candidate gene, such associations can be measured by associations between that gene and other genes associated with either condition. Proteins that interact in STRING always exhibit strong associations that can be quantified using confidence scores. For proteins p and q, the confidence score is denoted as [image: image]. For each candidate gene g, we computed the maximum association score (MAS) as follows:
[image: image]
Genes with high MAS values are strongly associated with at least one gene linked to congenital deafness or otitis media. Thus, such genes may also be highly related to either condition. We set the threshold for selection of essential candidate genes to 900; this is the cutoff of the highest STRING confidence score.
Function Test
The last test further filtered candidate genes according to the similarities between their functional terms and the functional terms of genes associated with congenital deafness or otitis media. If the functional terms of a candidate gene are similar to the functional terms of a gene that is validly associated with either condition, that gene may also be linked to one of the conditions. We first used enrichment theory (Carmona-Saez et al., 2007; Huang et al., 2011; Huang et al., 2012; Chen et al., 2016b; Chen et al., 2019) to evaluate the associations between genes and functional terms (GO terms and KEGG pathway terms). Given one gene and one functional term, the gene set containing that gene and genes with which it interacted (in the PPI network of STRING) was constructed; another gene set containing genes annotated by the functional term was built. The associations between the gene and the functional term were calculated as the −log10 of the hypergeometric test p-value of the gene sets constructed above. For any gene g, its associations with all functional terms were computed and collected in a vector denoted [image: image]. The similarity of two genes [image: image] and [image: image] (based on their functional terms) can be evaluated by comparing their vectors as follows:
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In a manner similar to MAS calculation, for each candidate gene g, the maximum function score (MFS) was computed as follows:
[image: image]
Essential genes can be selected by choosing an appropriate MAS threshold.
Functional Enrichment Analyses on Identified Genes
To explore biological functions associated with identified genes, we applied gene ontology (GO) enrichment analyses using R package topGO (https://bioconductor.org/packages/release/bioc/html/topGO.html, v.2.42.0). The threshold of p-value was set to 0.001 for selecting enriched GO terms in three subclasses: biological processes (BP), cellular components (CC) and molecular functions (MF).
RESULTS
We sought genes associated with pediatric congenital deafness or otitis media. We used a network-based method to identify such genes. The entire procedure is illustrated in Figure 1. The numbers of genes remaining after each filtration step are listed in Table 1.
[image: Figure 1]FIGURE 1 | Procedures used to identify new genes that might have roles in the development of childhood congenital deafness or otitis media-mediated hearing loss. Genes associated with either pathogenesis were retrieved from DisGeNE and the STRING protein-protein interaction networks were explored. The genes and networks were fed into a random walk with restart algorithm; we sought to discover new candidate genes. These genes were screened using three tests to select putative genes.
TABLE 1 | Numbers of candidate genes remaining after each filtration step.
[image: Table 1]Congenital Deafness
Genes associated with congenital deafness were fed into the RWR algorithm, which ran on PPI network N. Each node in the network was assigned a probability. The selection threshold for raw candidate genes was set to 10−5; this yielded 5,426 genes (Supplementary Table S3). We then engaged in screening (i.e., filtration) to identify essential genes. First, we used the permutation test to evaluate the statistical significance of probability that each raw candidate gene was essential; the Z-scores for all genes are listed in Supplementary Table S3. In total, 367 candidate genes were assigned Z-scores greater than 1.96. These were fed into the association test, which assigned an MAS to each gene (Supplementary Table S3). At a threshold of 900, 117 genes were selected; these were finally evaluated using the function test. The MFS values are listed in Supplementary Table S3. At an MFS threshold of 0.9, 18 genes were chosen. These “putative genes” were considered to be closely associated with congenital deafness; they are listed in Supplementary Table S4.
For the obtained putative genes, their associations with validated genes were investigated. We extracted all PPIs between putative and validated genes. The confidence scores of these PPIs are illustrated in a heat map, as shown in Figure 2. It can be observed that each putative gene had some interacting genes with confidence scores no less than 900, suggesting strong associations with validated genes. This can be further inferred that putative genes had special relationships with congenital deafness.
[image: Figure 2]FIGURE 2 | Heat map to illustrate the associations between putative genes and validated ones associated with congenital deafness. Row represents putative genes and column indicates validated genes.
Otitis Media
We used the method described above to identify putative otitis media-associated genes. The RWR algorithm with genes associated with otitis media as seed nodes was performed on the PPI network N. The probabilities of all nodes were obtained. We selected nodes with probabilities over 10−5; this yielded 5,631 genes (Supplementary Table S5). These genes were filtered as described above. The Z-scores, MAS values, and MFS values are listed in Supplementary Table S5. Use of thresholds of 1.96 for the Z-score, 900 for the MAS, and 0.96 for the MFS yielded 87 “putative genes” (Supplementary Table S6).
Likewise, the PPIs between putative and validated genes were investigated. A heat map was plotted to indicate the strength of these PPIs, as shown in Figure 3. Also, each putative genes had one or more interacting genes with highest confidence (confidence score ≥900). It is suggested that these putative genes may have special associations with otitis media.
[image: Figure 3]FIGURE 3 | Heat map to illustrate the associations between putative genes and validated ones associated with otitis media. Row represents putative genes and column indicates validated genes.
GO Enrichment Analyses on Putative Genes
GO Enrichment Analyses on Congenital Deafness Associated Putative Genes
For congenital deafness, 18 putative genes were obtained. These genes were set as gene of interest and all available genes were set as background for topGO. 18 enriched GO terms were obtained, which are provided in Supplementary Table S7. These terms and their p-values are also illustrated in Figure 4. Among these GO terms, eight were BP GO terms, six were CC GO terms and four were MF GO terms.
[image: Figure 4]FIGURE 4 | Gene ontology (GO) enrichment results for putative genes associated with congenital deafness. GO terms with p-value less than 0.001 are selected and ranked by their p-values.
GO Enrichment Analyses on Otitis Media Associated Putative Genes
For 87 putative genes associated with otitis media, we did the same enrichment analysis. Results are available in Supplementary Table S8. We obtained 65 enriched GO terms. These GO terms and their p-values are shown in Figure 5. Of these 65 GO terms, fifty-two belonged to BP, five belonged to CC and eight belonged to MF.
[image: Figure 5]FIGURE 5 | Gene ontology (GO) enrichment results for putative genes associated with otitis media. GO terms with p-value less than 0.001 are selected and ranked by their p-values.
DISCUSSION
We used a network-based method to identify putative genes associated with congenital deafness or otitis media. Below, we discuss some genes.
Putative Genes Associated with Congenital Deafness
We identified 18 putative genes, of which 5 were chosen for detailed analysis (Table 2). The first is PRKACB (ENSP00000359719), which encodes a catalytic subunit of cAMP-dependent protein kinase. The enzyme is expressed in hearing-associated organs in utero. In 2017, researchers from Southeast University showed that mouse PRKACB regulated the development of Lgr5+ hair cells (inner ear progenitor cells) (Cheng et al., 2017). Therefore, PRKACB is functionally associated with cochlear development; the cochlea is a sensorineural hearing organ. Cochlear impairment and abnormalities are reportedly associated with congenital hearing loss in children (O’malley et al., 1995; Korver et al., 2017; Van Wieringen et al., 2019). It is thus reasonable to expect that a regulator of cochlear development, such as PRKACB, would be associated with congenial pediatric deafness. We identified another putative gene with a similar biological function. PRKACG (ENSP00000366488) encodes another protein of the same complex. In 2016, researchers from the University of Bristol confirmed that the gain-of-function variant DIAPH1 caused macrothrombocytopenia and hearing loss (Stritt et al., 2016). PRKACG acts downstream of DIAPH1, thus participating in DIAPH1-related biological effects. PRKACG may also be functionally connected to pediatric hearing loss.
TABLE 2 | Five putative congenital deafness genes.
[image: Table 2]The next putative gene is PAX2 (ENSP00000396259), which is regarded as a key transcription factor that regulates the development of multiple systems, including the central nervous system (Ziman et al., 2001) and the eyes (Adam et al., 1993). In 2006, researchers from the McLaughlin Research Institute for Biomedical Sciences reported that PAX2 interacted with EYA1 to regulate the development of sensory regions in the inner ear (Zou et al., 2006). Developmental abnormalities of these regions are directly associated with congenital hearing loss (Kimura et al., 2018), implying that PAX2 is a relevant putative gene involved in congenital pediatric deafness.
PRKX (ENSP00000262848) is also associated with congenital pediatric hearing loss. A 2019 review concerning chromosomal aberrations associated with endocrine abnormalities in children confirmed that PRKX regulated the development of hearing (Haltrich, 2019). PRKX is located on the X chromosome; it is functionally connected to X-linked congenital hearing loss (Song et al., 2012).
The next putative gene is MATK (ENSP00000378485); this regulates signal transduction in hematopoietic cells (Grgurevich et al., 1997; Lee et al., 2006). In 2017, a clinical case report in JAMA Otolaryngology—Head and Neck Surgery stated that MATK was associated with unilateral hearing loss and otorrhea (Costello et al., 2017). Acute megakaryoblastic leukemia has been functionally connected to unilateral, congenital hearing loss; the pathogenetic backgrounds are related (Costello et al., 2017). MATK encodes megakaryocyte-associated tyrosine kinase, which is structurally similar to C-terminal Src kinase; notably, megakaryocyte-associated tyrosine kinase is associated with acute megakaryoblastic leukemia (Jhun et al., 1995). Therefore, MATK might be involved in the development of ear tumors that cause adaptive hearing loss.
Putative Genes Associated with Otitis Media
We identified 87 genes putatively associated with otitis media (Supplementary Table S6); we subjected 5 of these genes to detailed analysis (Table 3). The first such gene is RAC3 (ENSP00000304283). Although there is insufficient direct evidence that RAC3 is involved in otitis media, a clinical genomic database (ClinVar Miner) (Henrie et al., 2018) indicates that the Talkowski Laboratory of Massachusetts General Hospital has demonstrated associations of RAC3 variants with otitis media. The next gene is HCK (ENSP00000365012); this member of the Src tyrosine kinase family regulates the innate immune response (Ernst et al., 2002). HCK was previously reported to be specifically associated with chronic otitis media and its major chronic complications in children with hearing loss (Suri et al., 2016), validating our findings. The next putative gene is ITK (ENSP00000398655), which encodes an IL2-and T cell-associated kinase. In 2008, the gene was reported to potentially mediate the inflammation of otitis media (Juhn et al., 2008). Furthermore, a report concerning early diagnosis of PI3Kδ syndrome in a 2-year-old girl revealed an association between ITK deficiency and recurrent otitis media (Saettini et al., 2017).
TABLE 3 | Five putative otitis media genes.
[image: Table 3]FGR (ENSP00000363115; also known as SRC2), another member of the Src tyrosine kinase family, is also associated with otitis media. This gene has roles in immune responses against pathogens in multiple organs, including ears (Kim et al., 2008). Additionally, the gene has been widely reported to participate in Epstein–Barr virus-associated malignancies (Klein et al., 1988). In 2017, Epstein–Barr virus infection was confirmed as a major etiological and pathological factor for secretory otitis media in children (Vogelnik and Matos, 2017), validating the link between FGR and otitis media.
CDC42 (ENSP00000314458) is an immune system-associated gene; we found that it was closely associated with otitis media. In 2021, CDC42 deficiency was shown to be associated with recurrent pneumonia, otitis media, and bacteremia (Kashani et al., 2021). CDC42 interacts with another effector gene, RAC1 (Hoppe and Swanson, 2004); a homolog of RAC1 (i.e., RAC3, discussed above) was shown to be associated with hearing loss, confirming that CDC42 is linked to otitis media.
In summary, several putative genes are associated with the two types of pediatric deafness. Their identification may provide insights concerning the pathogeneses involved.
Functional Enrichment Analyses on Putative Genes
For GO functional enrichment analyses on putative genes yielded by our computational method, multiple significant GO terms were identified. The detailed analyses on the top three enriched GO terms ranking by p-values for congenital deafness and otitis media were presented below.
For congenital deafness, the first enriched GO term is cytoskeletal anchor activity (GO:0008093). According to recent publications, mutations in cytoskeletal encoding proteins have been shown to be associated with congenital deafness (Riazuddin et al., 2006), reflecting the potential associations between congenital deafness and cytoskeletal anchor activity. The second enriched term is spectrin binding (GO:0030507). In 2017, a recessive mutation on spectrin associated gene has been shown to be associated with congenital central deafness (Knierim et al., 2017), validating this result. Furthermore, costamere (GO:0043034) is the third enriched GO term (in CC) associated with congenital deafness. According to recent next-generation sequencing analyses (Schraders et al., 2011), costameres has been shown to be associated with progressive hearing impairment.
More GO terms were enriched by putative genes associated with otitis media, including non−membrane spanning protein tyrosine kinase activity (GO:0004715) and interleukin mediated signaling pathway (GO:0038100, GO0035723). Non-membrane spanning protein tyrosine kinase has been shown to be associated with specific inflammatory effects and pathogen infections (Gu et al., 2009; Rocha-Sanchez et al., 2013). Considering that otitis media is associated with infection and inflammatory effects around middle ears, it is reasonable for otitis media associated genes to enrich in inflammatory effects. As for interleukin mediated signaling pathways, middle ear inflammation has been shown to be associated with interleukin related signaling pathways, validating this result (Kerschner et al., 2006; Shi et al., 2014).
Shared Putative Genes Associated with Both Congenital Deafness and Otitis Media
By comparing the putative genes associated with congenital deafness and otitis media, only one shared gene CDH1 (ENSG00000039068) was identified. The pathogenesis of congenital deafness and otitis media are totally different according to recent studies. Congenital deafness means the hearing loss is present at birth linking the pathogenesis to genetic factors or stimulations during pregnancy. However, as for otitis media, generally, otitis media is caused by infections and happens after birth. CDH1 has been widely reported to be associated with hearing loss (Friedman and Avraham, 2009; Kanavy et al., 2019). Specifically, CDH1 has been reported to be associated with congenital deafness due to the pathogenic alteration of inner ear but not middle ear (Friedman and Avraham, 2009), which has totally different pathogenic regions comparing with otitis media. As for otitis media, CDH1 has been shown to participate in the pathogenesis of otitis media via regulation on the inflammatory proliferative responses against infections (Kurabi et al., 2013).Therefore, although both subtypes of hearing loss have been shown to be associated with gene CDH1, the contribution and regulatory role of CDH1 on them are totally different, reflecting the complex regulatory mechanisms for childhood hearing loss.
In summary, CHD1 is associated with two types of pediatric deafness. Its dentification may provide insights concerning the pathogeneses involved.
CONCLUSION
We used a network-based method to identify new candidate genes involved in childhood hearing loss caused by congenital deafness and otitis media. The genes included PRKACB, PAX2, PRKX, PRKACG, MATK, RAC3, HCK, ITK, FGR, and CDC42. They may be involved in the pathogenesis of childhood hearing loss.
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Hearing Phenotype BHL L-CSSD R-CSSD NH Total

Normal 2 1 0 2 5
Abnormal 17 10 10 2 39
Total 19 1 10 4 44

The individual of unknown hearing phenotype was excluded from analysis.
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Hearing BHL NS-CSSD DS-CSSD NH
Phenotype

Apex 382+6.14 2340+£15.99 16.83+11.56 48.53 +19.99
Mid 4018 £6.31 46.58+9.76 4131 £7.09 55.71 £6.43
Base 36.50 +£6.356 40.46+825 3554+£838  47.67 +9.60

Total 3850+3.71 39.21+6.27 33.76+8.06  50.65+6.75
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Hearing Phenotype BHL L-CSSD R-CSSD NH Total

Bilateral Normal 2 0 1 3 6
Light color (left) 1 1 0 4
Light color (right) 2 2 1 7
Bilateral pigmentation 13 7 5 0 25
Total 19 10 9 4 42

The pig with unknown hearing phenotype was excluded from counting. The
jris color of one L-CSSD and one R-CSSD individuals were not recorded and
excluded from analyzing.
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sgRNA transcription template construction:

Target 1 forward primer:
5-CCTAATACGACTCACTATAGGCTGCTTCGACATATTCACAGTTTAGAGCTAGA
AATAG

Target 2 forward primer:
5'-CTAATACGACTCACTATAGGCGAATATCAATATTCCAAGTTTAGAGCTAGAAA
TAG

Reverse primer:

5'-AAAAAAAGCACCGACTCGGTGCCAC

Genotyping sequence:

Smpx Target1 seq F: Smpx target1 seq R:
5'-GGGGTGCTCTAGTGTTCC 5'-TCTGCCTCCTTAGCCTTAT
Smpx target2 seq F: Smpx target2 seq R:
5-TTACAGGAAGGAGGTGGC 5 -GGGACTCTGGAGGAAACA

Clone primers:

Smpx clone forward:
5'-CGGAATTCATGTCGAAGCAGCCAATTTCC

Smpx clone reverse:
5’-CGGGATCCCTACTGTTCACCTTTGGGGAC

Red: T7 promoter Blue: A part of sgRNA scaffold Green: Target sequence
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Chromosome 4q e deletion of /  unilateral hearing impairment o SPATAS: Wuetal.,

deletion and 7q chromosome 4 « autism spectrum disorder 1) mitochondial function 2020a
duplication  microduplication of « multisystem malformation: (morphology and dynamics)
chromosome 7 1) facial dysmorphism: 2) neuronal development
microcephaly 3) spermatogenesis
2) ocular malformation o« FGF2:
ocular hypertelorism; 6) Angiogenesis
exophthalmos 6) cell survival, division,
3) auditory malformation: differentiation, and migration
low-set ears 6) prolferation and survival of
4) appendicular malformation:  audiitory neuroblast
single palmar flexion crease; e limb development
overlapping toes « wound healing
6) cardiopulmonary system: e tumor growth
discontinued cyanosis « NAATS: encodes a component of the
recurrent respiratory infections  Nat A Nacetyl-transferase complex,
patent foramen ovale which tethering the complex to the
tracheobronchomalacia fibosome for posttranstational
6) nervous system: modification of proteins
persistent falcine sinus witha » SMAD: development of pulmonary
thin corpus callosum hypertension
« HHIP: development of lung
malformation
Monogenic  Fragile X Syndrome e FMRT gene locates 1 in 1250 males e hearing loss:  amodulator of MRNA translation Rotschafer
disorder inXq27.3 and 1 in 2500 1) elevated cortical responses e regulates synaptic proteins etal, 2015
« FMRT gene females to sound stimul production
silencing by: 2) aberrant ABRs
« amplification of a « autism spectrum disorder
CGG repeat « cognitive impairments
« methylation of the o seizures
promoter region « aberrant dendritic spine
morphology

« enhancement of response to
sensory stimuli

MEIS2MRG1) locates in / « hearing loss « encodes a homeodomain protein  Douglas et al,
chromosome 15414 « autism spectrum disorder implicated as a transcriptional 2018

activator

« atiial or ventricular septal defect e cell proifferation

« developmental delay « development of inner ear in chickens

« intellectual disabilty « development of heart, brain, imb

« short stature « differentiation of various tissues and
organs

o cleft palate

« gastrointestinal, skeletal, limb,
and skin abnormalties

ADNP syndrome locates in 0.17% of o mild hearing loss: > 10% of e regulates ion channels genes. Hacohen-
chromosome 20 individuals with  children « regulates the protein translation Kleiman et al.,
autism « autism spectrum disorder process. 2019
« intellectual, motor, social, and e neural tube closure
speech delays/disabilties « associates with the cytoskeleton

 synaptic plasticity

« microtubule-dependent axonal
transport

« denditic spine formation

« brain development

« mental function

CAPG, Capping Actin Protein, Gelsolin Like; CEP290, Centrosomal Protein 290; CHD8: Chromodomain Helicase Dna Binding Protein 8; DCAMKL1, Doublecortin Like
Kinase 1; DCX, Doublecortin; EHMT1, Euchromatic Histone Lysine Methyltransferase 1; ELMOD3, Domain Containing 3; FGF2, Fibroblast Growth Factor-2; FMRI,
Fmip Translational Regulator 1; FOXP1, Forkhead Box P1; GRHL2, Grainyhead Like Transcription Factor 2; HHIP, Hedgehog Interacting Protein; KCTD13, Potassium
Channel Tetramerization Domain Containing 13; MAB21L, Mab-21 Like 1; MADH, Smad Family Member 9; MAPK3, Mitogen-Activated Protein Kinase 3; MECP2,
Methyl-Cpg Binding Protein 2; NAATS, N-Alpha-Acetyltransferase 15; NBEA, Neurobeachin; NCALD, Neurocalcin Delta; NRX1, nucleoredoxin 1; NRXNS, neurexin 3;
RRIM2B, ribonucleotide reductase regulatory TP53 inducible subunit M28B; SATB2, SATB homeobox 2; SEZ6L2, seizure related 6 homolog like 2; SH2D6, SH2 domain
containing 6; SMAD1, SMAD family member 1; SOX5, SRY-box transcription factor 5; SPAG1, sperm associated antigen 1; SPATAS, spermatogenesis associated
VPS13B, vacuolar protein sorting 13 homolog.
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Chromosomal
lisorder

Chromosomal/
genetical
abnormalities

chromosomal
13q12-q13
deletion

16p11.2 deletions
and duplications.

chromosome
8022.2-922.3
deletion

Map position

o deletion at the distal
third of band 13q12

« deletion at the
proximal two-thirds
of band 13913

heterozygous
deletions and
duplications of
16p11.2

deletion at
chromosome
8q22.2-q22.3

Incidence Manifestations

/ « auditory processing defects
« autism spectrum disorder
« language deficit

19 of individuals « auditory dysfunction:
with autism 1) hearing loss
2) absence of acoustic startle
responses
« autism spectrum disorder
« developmental delays, speech
delay
« obesity (deletior) and low body
weight (duplicatior)
« intellectual impairment
« psychiatric disorders
« seizures, syringomyelia
« cardiac defects
« motor hypotonia
« immune deficiency

/ « bilateral hearing loss: hypoplastic
auditory canals
« autism spectrum disorder
» macrocephaly
» childhood seizure disorder
« moderate intellectual disability
« facial phenotype
« congenital heart defect

chromosome 2p11.2  homozygous deletion  / « hearing impairment

deletion

in2p11.2

« autism spectrum disorder
« intellectual disabilty

« language delay

« behavioral disturbances

Potential related genes and
function

© NBEA

1) encodes a neuron-specific
multidomain protein

2) functions as a protein kinase
anchor protein

3) post-Golgi neuronal membrane
trafficking

« MAB21L1: neural development
« DCAMKLT:

1) encodes a brain-specific
transmembrane kinase

2) cortical development

© DCX:

1) encodes doublecortin, a
brain-specific putative signaling
protein

2) neuronal migration

« MADH9: a member of the SMAD
family

1) mediate the TGF beta signaling
pathway

2) prolferation and differentiation of
many different cell types

3) synaptic junction differentiation

«KCTD13:

« encodes the polymerase
defta-interacting protein 1 (PDIP1)

« regulation of cell cycle during
neurogenesis

« SEZ6L2: epilepsy and language
disorders.

© MAPK3:

1) a member of the MAP kinase
family

2) cellular proliferation,
differentiation, and cell cycle

© NRX1, NRXNG:
synaptic transmission and cell-cell
interaction

© CHD8, EHMT1, MECP2, SOXS, TBF4,
SATB2, FOXPI1:
chromatin modifiers and transcription
factors

« FMRT and CEP290: intellectual
disabilty

« GRHL2: non-syndromic autosomal
dominant deafness gene

« VPS13B: the causative gene for
Cohen syndrome

« SPAGT: responsible for primary ciliary
dyskinesia

« RRM2B: encodes a small subunit of
P53
mitochondrial DNA disorders and
depletions

« NCALD: neuronal signal transduction
process

« ELMODS: involves in autosomal
recessive non-syndromic deafness-88
(OFNB8S)

« CAPG:

1) member of actin regulatory
proteins

2) cytoskeletal rearrangements
regulation

3) involves in Rett syndrome

« SH2D6: signal transduction of
receptor tyrosine kinase pathways
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Mice lines Mutations Neuropathological Auditory dysfunction Auditory circuit anatomy Reporter and
abnormalities/manifestations year of
publication
AD 3xTg-AD APP e Neuroinflammation: e ABR: thresholds increased at e SGNs loss: at 9-12 months Wang and Wu,
9-month-old 2015
PSENT 6-month —old o DPOAE: normal
Tau o Af deposits:
Initiate at 6-month-old
Apparent at 12-month-old
e Tau pathology:
12-month-old
e Synaptic dysfunction
5xFAD APP K670N/MB71L e AB deposition: e ASR: thresholds elevated at o HC loss: O'Leary et al.,
3-4 months 2017
(Swedish) + 1716V Onset at 2-month-old e ABR: thresholds increased at Apical and basal IHCs
8-32 kHz
(Florida) + V717I Apparent at 4-month-old at 13-14 months And OHCs at 15-16 months
(London) e Neurodegeneration and cognitive
PS1 deficits:
M146L + L286V 4-5 months
APP/PS1 APP e Af deposition: e ABR: / Liu et al., 2021
PSENT 6-7 months 1) High frequency increased at
2-3 months;
2) Whole frequency increased
at 3-4 months;
3) Wave IV and V reduction at
3-month-old
o DPOAE
16 and 20 kHz increased at
3-month-old
e CM: normal
HD  Hdh(CAG)'™®  Huntingtin knock-in e mHitt aggregation: o ABR: thresholds at 4 and 8 kHz e Spiral ganglion/the organ of Corti:  Lin et al., 2011b
at 10-14 months increased 1) mHtt aggregation;
at 15-month-old 2) Reduced CKB expression;
3) At 15-20 months
R6/2 Huntingtin (around e mHtt aggregation: e ABR: thresholds increased at e Reduced prestin level: at Wang and Wu,
150 CAG repeats) 5-6 weeks of age 2-3 months 3-month-old 2015
e DPOAE: thresholds increased at e HC loss: at 3-month-old
2-3 months
e SGNs loss: at 3-month-old
ASD 16p11.2 16p11.2 deletion o Low body weight o No ASR at any decibel level / Yang et al.,
deletion * 2015
e Perinatal mortality e No ABR to wide frequencies:
e Spontaneous locomotor activity Between 8 and 100 kHz;
e Sporadic motor stereotypies
Cntnap2~/~ Cntnap2 knockout e Reduced social interaction e Auditory-processing dissociation: e Medial Geniculate Nucleus: Truong et al.,
e Hyperactivity 1) Impairs Silent Gap Detection 1) Reduced neuron numbers 2015
o Repetitive behaviors 2) Enhanced Tone 2) Smaller neurons
e Reduced ultrasonic vocalization Discrimination
output
Adnp* truncated Adnp o Irregular tooth eruption o ABR: e Normal hair-cell morphology at Hacohen-
e Short stature Increased thresholds; PO Kleiman et al.,
e Social and vocal impediments Prolonged latency; e Expression of autism and 2019

e Motor delays
e Learning and memory deficits

at 2.5-month-old

auditory related proteins

1) Auditory cortex:
Decreased ChAT in male Adnp®
Decreased PVALB in male
Adnp*

2) Cerebellum:
Increased GAD67 in female
Adnp*
Decreased VGLUT2, CX32, and
ChAT in female Adnp*

ABR, auditory brainstem responses;, ADNP, activity-dependent neuroprotective protein; APP, amyloid precursor proteins;, ASR, auditory startle response; CKB, brain-
type creatine kinase; CNTNAP2, contactin-associated protein-like 2, DPOAE, distortion product otoacoustic emission; HC, hair cell; IHC, inner hair cell; mHtt, mutant
Huntingtin; OHC, Outer Hair Cell; PSEN1, Presenilin 1, SGNs, Spiral Ganglion Neurons.
“/" means that information on the item is not available in the relevant research.
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BMP2
LGR5
GBX2
GATA3

Score

7.09699
8.90979
8.90979
7.09357

Relative score

0.91952059
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0.919368595

Start
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End
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Strand

+ + +

Predicted sequence

CTGTGT
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Gene symbol

LGR5
BMPER
SHH
BMP2
HOXA1
MAF
GYTLA
CXCL14
PLPPR4
EYA4
NEUROD1
PHOX2B

Gene_description

Leucine rich repeat containing G protein-coupled receptor 5
BMP binding endothelial regulator
Sonic hedgehog signaling molecule
Bone morphogenetic protein 2
Homeobox A1
MAF bZIP transcription factor
Cytokine like 1
C-X-C motif chemokine ligand 14
Phospholipid phosphatase related 4
EYA transcriptional coactivator and phosphatase 4
Neuronal differentiation 1
Paired like homeobox 2B

Log 2 fold change

—5.9869
—5.0578
—3.0073
—2.3362
—2.1382
1.6757
1.6092
1.8429
1.93
1.9746
3.0814
3.3696

Adjusted P-value

9.649E-38
2.041E-21
4.947E-05
6.027E-12
8.994E-03
2.496E-04
4.109E-02
5.919E-06
1.373E-02
6.097E-06
2.239E-04
2.151E-04






OPS/images/fcell-09-740576/fcell-09-740576-g005.jpg
Control

o o
() NN o)

Fibrosis Ratio
(@]
»

ns

k%%

ns
—

*kk
1

o

Uncoated

C
— ns
i 50- I. Kk K : '
w I_D'S_| *%k%
40+
gi I l *%
= 30+
i -
9 20+
i®)
2 10- l-v-‘
n
D
_C 0 | L | L | |
I R
0 ’
0(\0 v
O 0*
E Oo(\\ \3(\00 \" 0@*
Collagen Sl () S e
GAPDH (DD
_ 5' '_*_*_*_‘l_u'*_l
O 4+ T e
7 T
L 3-
S
e
O 2-
£
o 11
z
0 L] | |
) + +
&© <" &
000 (\000 0 Q





OPS/images/fcell-09-740576/fcell-09-740576-g004.jpg
>
=
—
o
I

Cell viability (%)

E
o) 0.08=— i i
é
-
.S 0.06—
©
I=
Q 0.04- PCL- 5% DEX (36k)
- PCL-10% DEX (36k)
8 PCL-20% DEX (36k)
0.02 PCL- 5% DEX (60k)
ﬁ ' PCL-10% DEX (60Kk)
a PCL-20% DEX (60k)
0.00 ——1— A T 1
0.2505 1 3 6 9 10 20 30
Time (days)
C 12-
[o)
E
(b}
(7]
4V)
ko
o
>
L
s
00 1 | | 1 | | | 1 | 1
0 30 60 90 120 150 180 210 240 270
Time (days)
E OC1 1.929
250 - - 800 - s
| | 1
- &
o 20071 600 - .
£ 1 50- Tt %
£ 400 - 'i: 'i‘
9 100- . oe
()
O 50 - 200-
0 | | L | O | } | |
> (Vv > A
$ & L

0.10—
£
S 0.08—
S
.
O 0.06—
©
5
Q 0.04—
-
O
@)
» 0.02—
LL|
a
000 | | 1 1 | | | | |
30 60 90 120 150 180 210 240 270
Time (days)
D 70-
—~ 60-
o\\o/ e
o 50+ Y =
") A
©
% 40—
ol ‘#/
9 304 >
-": I e i
0
> 20
- :
-
O 10
0 | | | | | | | | | |
0 30 60 90 120 150 180 210 240 270
Time (days)
2 OC1 1.929
T o g
1004 & T T x 10045 T
80 - 80 -
60 - 60 -
40 - 40 -
20 - 20 -
0 | | 1 | | 0 | | | | |
OO eh e SOOI
& OO0 N2 R DAY
O o\o o\o o\o Q coo\oq/ o\o 0\0
oV\; v
L VL





OPS/images/fcell-09-720858/fcell-09-720858-t002.jpg
z
°

0 N o o~ WN =

©

Gene symbol

GATA3
USH1G
TBX1
PRRX1
NTN1
GBX2
ITGA8
FGF9
COL11A1
TFAP2A
ZIC1
MAFB
POU4F3
NEUROG1

Gene description

GATA binding protein 3
USH1 protein network component sans
T-box transcription factor 1
Paired related homeobox 1
Netrin 1
Gastrulation brain homeobox 2
Integrin subunit alpha 8
Fibroblast growth factor 9
Collagen type Xl alpha 1 chain
Transcription factor AP-2 alpha
Zic family member 1
MAF bZIP transcription factor B
POU class 4 homeobox 3
Neurogenin 1

Log 2 fold change

—2.5587
—2.4423
—2.3788
—1.8414
—1.8141
—1.7589
—1.2744
1.4407
1.5271
1.648
2.0873
2.6142
3.2812
3.7124

Adjusted P-value

1.457E-04
2.017E-02
4.440E-03
1.492E-03
2.494E-04
1.016E-04
2.697E-02
1.599E-02
8.154E-04
3.069E-02
3.878E-04
4.558E-06
2.775E-06
1.956E-16






OPS/images/fcell-09-720858/fcell-09-720858-t001.jpg
z
°

Gene symbol

TBX1
GBX2
NTN1

PAX8
GATA3
SPRY2
HMX2
CHD7

0 N O O~ N =

Gene description

T-box transcription factor 1
Gastrulation brain homeobox 2
Netrin 1
Paired box 8
GATA binding protein 3
Sprouty RTK signaling antagonist 2
H6 family homeobox 2
Chromodomain helicase DNA binding protein 7

Log 2 fold change

—3.8729
—3.6959
—1.8225
—1.2506
1.1878
—1.0997
1.0354
1178

Adjusted P-value

2.118E-70
1.398E-115
1.016E-34
4.331E-06
1.627E-05
2.516E-52
2.367E-04
9.746E-100
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Frequency (Hz) Case group (n = 36)
250 41.25 + 14.46
500 30.00 + 13.94
1000 21.94 + 13.11

Control group (n = 36)

38.75 + 16.23
27.50 + 13.18
17.92 £ 11.91

Paired samples t-test p > 0.05.
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Frequency (Hz) Case group (n = 36)
250 20.69 + 14.70*
500 37.36 + 15.42*
1000 51.11 £ 14.50

Control group (n = 36)

16.56 + 11.33
32.08 + 13.91
48.75 + 14.21

Paired samples t-test *p < 0.05.
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250
500
1000
2000
4000

Case group (n = 36)

61.94 + 18.45*
66.94 + 19.50*
73.06 + 19.10
82.64 + 20.96*
89.44 + 21.41*

Control group (n = 36)

54.31 £ 17.90
59.68 + 17.94
66.67 + 18.60
75.00 + 16.48
78.47 +£22.03

Paired samples t-test *p < 0.05.





OPS/images/fcell-09-751012/crossmark.jpg
©

|





OPS/images/fcell-09-743463/fcell-09-743463-t001.jpg
Gender <6 years 6-12 years >12 years Total

Male 4 10 5 19
Female 4 7 6 17

NB: There was no statistical significance difference, p > 0.05.
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Gene ID Forward (5'-3')

GAPDH

Tubb3
Nestin
Prox1
Sox2

Volut1

Islet1
Scrt2
Sox10
Sox9
Pou3f4
Pou4ft

Nitrk3
S100a4

ACCACGAGAAATATGACAAC
TCAC

TAGACCCCAGCGGCAACTAT
ACAGTGAGGCAGATGAGTTAGG
TCTCAGCCAAACCCTCTC
GCGGAGTGGAAACTTTTGTCC

GTTCTGGCTTCTGGTGTCT
TATG

CTTGCGGACCTGCTATGC
GTCCTCTGCCTGTCCATTCCT
CCAGGTGAAGACAGAGAC
GCAATACGACTACGCTGAC
CTGGAGGAGGCTGATTCAT

AAACAAATAACCCACACCA
AACAG

GTGACGAGCGAGGACAATG
TGGTCTGGTCTCAACGGTTA

Reverse (5'-3')

CCAAAGTTGTCATGGATGACC

GTTCCAGGTTCCAAGTCCACC
GAGGCAGGAGACTTCAGGTAG
CCGTTGACTGCGAATCTG
CGGGAAGCGTGTACTTATCCTT
CTCTCCAATGCTCTCCTCTATGT

AACCACACTCGGATGACTCT
GCTGCCTCCCAAGTCTGTTC
AGACTGAGGGAGGTGTAG
ATGTAAGTGAAGGTGGAGTAGA
GATGGAGGTTCGCTTCTTG
CTTCCTCAGAGCACCAGTTC

GGTAGTAGACAGTGAGAGCAACA
TGGAAGGTGGACACAATTACATC
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64 patients assessed for eligibility

14 excluded
-11 did not meet inclusion criteria
* 3 had symptoms for more than 14 days
* 1 had uncontrolled diabetes mellifluous
—— * 1 had history of Meniere's disease
* 2 had no initial treatment on other hospitals
* 4 have hearing loss on less than five
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- 3 declined to participate

* 1 lost to follow-up
25 allocated to (did not represent to appointment)
-« 1 discontinued intervention
(withdrew consent)

23 analyse
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All (n = 41) Control(n = 23) NAC(n = 18) P value

Age (years) (mean + SD) 38.54 + 14.35 41.96 + 12.50 34.17 £ 15.69 0.08
Gender (male/female) 16: 25 8:15 8:10 0.54
Time in hospital (days) (mean + SD) 11.88 £ 4.66 11.78 £ 4.88 12.00 £ 4.50 0.88
Initial PTA (dB) (mean =+ SD) 64.05 + 21.52 66.25 + 20.72 61.25 +£22.78 0.46
Final PTA (dB) (mean =+ SD) 49.21 + 26.20 54.67 + 25.37 42.22 + 26.26 0.24
Mean PTA gain (Db) (mean =+ SD) 14.85 + 15.54 11.57 £17.84 19.03 £+ 11.09 0.17
ALT (U/T) (mean + SD) 23.63 + 16.08 23.52 + 14.41 23.78 £ 18.43 0.96
Blood fat (Dyslipidemia/Ortholiposis) 1822 10: 13 g8 0.65
NLR (mean + SD) 222+1.16 212 +£0.74 2.34 +£1.57 0.57

PTA, pure tone audiometry; ALT, alanine transaminase; NLR, neutrophil-to-lymphocyte ratio; SD, standard deviation; NAC, N-acetylcysteine. PTA pure tone average at
500, 1,000, 2,000, and 4,000 Hz hearing thresholds.
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Control group (n = 23) NAC group (n =18)

Hearing improvement (%) 9 (39%) 13 (72%)
No improvement (%) 14 (61%) 5 (28%)

P =0.035.
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Ensembl ID

ENSP00000304283
ENSP00000365012

ENSP00000398655
ENSP00000363115

ENSP00000314458

Gene
symbol

RAC3
HCK

mK
FGR

CDC42

Description

Rac Family Small GTPase 3
HCK Proto-Oncogene, Src Famiy
Tyrosine Kinase

IL2 Inducible T Cell Kinase

FGR Proto-Oncogene, Src Family
Tyrosine Kinase

Cell Division Cycle 42

Probability Z-score MAS  MFS

1.496E-04
6.876E-05

6.657E-05
5.308E-05

1.377E-04

5.0815
3.8668

47676
23092

2.2400

994
985

926
955

999

0.9984
0.9959

0.9959
0.9947

0.9946

Supporting References

Henrie et al. (2018)

Emst et . (2002)

Suri et al., 2016)

Juhn et al. (2008), Saettini et al. (2017)

Klein et al. (1988), Kim et al. (2008), Vogelnik
and Matos, (2017)

Hoppe and Swanson, (2004), Kashani et .
(2021)
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Ensembl ID Gene Description Probability Z-score MAS  MFS Supporting References
symbol

ENSP00000359719  PRKACB Protein Kinase CAMP-Activated 1.036E-04 22076 999 09884 O'malley et al.(1995), Cheng et al. (2017), Korver

Catalytic Subunit Beta et al. (2017), Van Wieringen et al. (2019)
ENSP00000396259  PAX2 Paired Box 2 1.133E-04 50805 947 09877 Adametal.(1993), Ziman etal. (2001), Zou etal.
(2006), Kimura et al. (2018)
ENSP00000262848  PRKX Protein Kinase X-Linked 1.018E-04 2.1608 987 0.9876 Song et al. (2012), Haltrich, (2019)
ENSPO0000366488 PRKACG  Protein Kinase CAMP-Activated  1.035E-04 21305 994 0.9862 Sttt et al. (2016)
Catalytic Subunit Gamma
ENSPO0000378485  MATK Megakaryocyte-Associated 6.746E-05 43580 986 0.9847 Jhun et al. (1995), Grgurevich et al. (1997), Lee

Tyrosine Kinase et al. (2006), Costello et al. (2017)
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Cause RWR Permutation test Association test Function test
of childhood deafness

Congenital 5426 367 17 18
Otitis media 5,631 637 502 87
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Primers

Cldnh-F

Cldnh-R

Cldnh-gRNA

Cldnh-gRNA F

Cldnh-gRNA R

Primer sequence (5'-3')

CGATGGGACTGGAAATTGGG

CCCAGGCTGAAGGAATGAGA

GGTGTGATGATCTCCGTCAT

ATGTGGCGTGTCTCGGCCTT

ACAGCATGGCTCCTCCAATG

Purpose

Riboprobe amplification
for Cldnh

Riboprobe amplification
for Cldnh

Fragment amplification
for gRNA

Fragment amplification
for Cldnh gRNA
Fragment amplification
for Cldnh gRNA
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Item Coverage Characteristics Application

DOP-PCR Low Exponential amplification, CNV
simple operation, fast
speed,
sequence-dependent bias,
high allele dropout rate

MDA Medium Exponential amplification, SNV
high replication fidelity,
sequence-dependent bias,
normalization ineffective

MALBAC  High Linear amplification, high CNV and
accuracy for CNV SNV
detection, low false
negative rate for SNV
detection

References

Arneson

et al., 2008;
Huang

et al., 2015

Spits et al.,
2006

Zong et al.,
2012

DOP-PCR, degenerate oligonucleotide-primed polymerase chain reaction;
MDA, multiple displacement amplification; MALBAC, multiple annealing and
looping-based amplification cycles; CNV, copy number variation; SNV, single-

nucleotide polymorphisms.
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Quarz-seqg/seq2

CEL- seq/seq2

Drop-seq

inDROP-seq

STRT-seq

MARS-seq

Cyto-seq

Coverage

Full length

Full length

Full length

3'-end

3'-end

5'-end

3'-end

3'-end

Characteristics

High sensitivity, low efficiency

High sensitivity, high
reproducibility

High accuracy,
sequence-dependent bias

High efficiency, low cost,
highly parallel analysis

High throughput, low
efficiency

High accuracy,
sequence-dependent bias
High sensitivity, high accuracy

Direct analysis of complex
samples, relatively expensive
and time-consuming

References

Ramskold
etal., 2012;
Picelli et al.,
2014
Sasagawa

et al., 2013,
2018
Hashimshony
etal., 2012,
2016
Macosko et al.,
2015

Klein et al.,
2015

Islam et al.,
2012

Jaitin et al.,
2014

Fan et al., 2015
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scBS-seq

scCGl-seq

scChlL-seq

scCUT&tag

scChlC-seq

SCATAC-seq

Application

DNA methylation

DNA methylation

DNA methylation

Histone modification

Histone modification

Histone modification

Chromatin structure

Characteristics

Low throughput, low

coverage rate

Low throughput, low

coverage rate

Low throughput, high
coverage rate

Low throughput, high
coverage rate

High throughput, low
coverage rate

Low throughput, low

coverage rate

High throughput, high
coverage rate

References

Guo H. et al.,
2015

Smallwood
etal., 2014

Han et al., 2017

Harada et al.,
2019

Kaya-Okur et al.,
2019

Ku et al., 2019

Buenrostro
etal., 2015
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-1 -2 -3 -4

Sex Male Male Male Male
Agel (years) 16 14 13 13
Febrile episode

N 3 2 2 7
Temperature 379+ 0.1 37.7+£0.2 38+0.2 38.4+03
Hearing level Mild Mild Mild Mild
Average SDS (%, L/R) 4/12 10/15 13/5 5/4
Tympanogram A A A C

AR Abs Abs Abs Abs
ABR Abs Abs Abs Abs

CM Pres Pres Pres Pres
ECochG Abs Abs Abs Abs
DPOAE Pres Pres Pres Abst
Recovery episode

N 4 5 6 16
Temperature 36.6 &+ 0.1 36.2 + 0.1 36.5 + 0.1 36.5 £ 0.1
Hearing level Normal Normal Normal Normal
Average SDS (%, L/R) 98/97 97/96 98/99 g7/97
Tympanogram A A A C x 6/A x 10
AR Abs Abs Abs Abs
ABR Abs x 2/Abn x 2 Abs x 3/Abn x 2 Abs x 4/Abn x 2 Abs x 6/Abn x 10
CM Pres Pres Pres Pres
ECochG Abs x 2/Abn x 2 Abs x 3/Abn x 2 Abs x 4/Abn x 2 Abs x 6/Abn x 10
DPOAE Pres Pres Pres Abs* x 6/Pres x 10
Afebrile episode

N 5 5 4 6
Temperature 36.3 + 0.1 36.2 + 0.1 36.4 + 0.1 36.5 + 0.1
Hearing level Normal Normal Normal Normal
Average SDS (%, L/R) 99/98 98/97 98/99 98/99
Tympanogram A A A A

AR Abs Abs Abs Abs
ABR Normal Normal Normal Normal
CM Pres Pres Pres Pres
ECochG Normal Normal Normal Normal
DPOAE Pres Pres Pres Pres

T At the time of enroliment in the study.

* Absent DPOAEs may have been due to abnormal middle ear function.

N, number of test events (results are not available for several days during recovery episodes); ABR, auditory brainstem response; AR, acoustic reflex; CM, cochlear
microphonic; DPOAE, distortion product otoacoustic emission; ECochG, electrocochleography; SDS, speech discrimination score; L/R, left/right ear; Abn, abnormal
(detectable with an elevated threshold and/or prolonged latency for ABRs or an enlarged SP/AP amplitude ratio for ECochG); Abs, absent (no detectable wave or
response); Pres, present.
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Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8

Genotype

OTOF variants c.1544T > C/ c.1841G > A/ ¢.5410_5412del ¢.1621G > A Hom €.2975_2978delAG/  ¢.4189C > T Hom €.2382_2383delC/ €.5098G > C/
c.3346C > T ¢.3239G > C GAG Hom c.4189C > T c.1621G > A c.4882C > A

Otoferlin changes p.lle515Thr/ p.Gly614Glu/ p.Glu1804del Hom p.Gly541Ser Hom p.GIN994Valfs*7/ p.Arg1607Trp Hom p.Leu795Serfs*5/ p.Glu1700GIn/
p.Arg1116Ter p.Arg1080Pro p.Arg1607Trp p.Gly541Ser p.Pro1628Thr

No. of CAV 2 1 2 2 2 2 2 0

Phenotype

No. of patient(s) 2 1 3 1 1 1 1 4

Origin United States Brazil Scotland Japan China China China China

Sex Male (1), Female (1) Female Male (1), Female (2) Male Male Male Male Male

Age at onset 2 (3, 2) years - 2 (7-10) years 10 (25) years 13 months 6 years 30 months Childhood

(diagnosis) (8-15 years)

Febrile episode

Body temperature 38.1/37.8 - >38 37.2 36.641/36.5 36.9 - 38-40.2

(¢C)

Hearing level Profound-mild Severe Profound/severe Profound Severe!/moderate Mild - Mild

SDS (%) 0 = <100 =16 -t/(16-20) 88-80 = 0-20

Tympanometry A - - - A A A A x 3/C x1

AR Absent - - - Absent Absent Absent Absent

OAEs Present . Present Present Present Present Present Present x 3/Absent

x 1

ABR Absent - Abnormal Absent Absent Absent Absent Absent

CM Present - — Present Present Present Present Present

ECochG Absent - — Abnormal - — — Absent

Afebrile episode

Body temperature Normal - - 36.8 (36.13— 36.6 - 36.3-37.3

(0 36.32)1/36.3

Hearing level ild in low Mild Normal/mild Mild Moderately Moderate! /normal Moderate Normal
requencies severe!/mild

SDS (%) 88-100 - <80 <80 -t/16 96 93-98 (after Cl) 88-100

Tympanometry A - - - A A A A

AR Absent - s s Absent Absent Absent Absent

OAEs Present Present Present Present Present Present Present Present

ABR Abnormal Abnormal Abnormal Absent Absent Absent Absent Normal

Cl Present - — Present Present Present Present Present

ECochG SP (possible) - - SP (definite) Abnormal - - Normal

Auditory = - Hearing aids = Improved with age Improved with age Cochlear No*

rehabilitation implantation (Cl)
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OPS/images/fcell-09-648461/fcell-09-648461-g004.gif





OPS/images/fcell-09-732930/fcell-09-732930-g006.jpg
1 141 256 378 419 542 962 1095 1494 1622 1734 1895 1984

N N ~

AL
_J\/ i

C Recover
! (c). Febrile- |
(b). Afebrile- with 2 CAVs
»  with 1(2)
i) (d). Febrile-
f)ar)' Normal with 1 CAV

afebrile-without CAV

| (e). Febrile-
without CAV

Recover






OPS/images/fcell-09-732930/fcell-09-732930-g005.jpg
A p.Prol628 p.Glul700
ko kok % *.********::*:********:* Protein

HVETRP MDMP NP _919224.1
XP_003949828.1
XP_002799220.1

Organism
H.sapiens
P.troglodytes
M.mulatta

C.lupus XP 005630285.1
B.taurus NP 001137579.1
M.musculus NP 114081.2
R.norvegicus D | NP 001263649.1
G.gallus | D | XP 420015.2

VEVANR
ik
VRVSNR
HE
VRVANR
VRVANR
VK

D.rerio

AQILA DG | HVETRP | MWVDMFPMDVP NP_001025283.1
A.gambiae EAPQ¥MQDRVTIGRCCFLF EHI IE j MFPMDMP XP 310715.5
D \ 7 HV 1 | ‘ | :

X.tropicalis XP _004918245.1

p.Glul700WT p.Glul700GIn





OPS/images/fcell-09-783500/math_5.gif
MFS(g) = Max{A(g.9): 9
53 gene assoited i ongenial desneseorotts mdia)

(5)





OPS/images/fcell-09-732930/fcell-09-732930-g004.jpg
FE

AE

Left ear Right ear

0.50uv

ot W

. Wl .

100L(B)

0 1 2 3 4 5 6 7 8 9 10 11 12ms 0 1 2 3 4 5 6 7 8 9 10 11 12ms
0.33uV

,%HB,W /W(

100R(A)
0 05 1 15 2 25 3 35 4 45 5ms 0 05 1 15 2 25 3 35 4 45 5ms
0.41uV
v
~
v
4 100R(A)
1UUK(A)
100L(8)
(8) &
e
c
A)
NI\
100L(B)
AN\ "
100R(A) =

0.60uV
AP
£
sp
AP
b = AP
2 &
Sp AP
100L(B!
B) Ll &
sp
100R(A) <+
o..
100L(B) O—
= 100R(A)
0 05 1 15 2 25 3 35 a 45 5ms 0 05 1 15 2 25 3 35 4 45 5ms
0.88uV

v
x — !E A Q AI o
: v 100R(A) :
i
e _— g &
&7 ' ,h =
100L(B)
Q
100R(A)
c 100R(A)
100L(B)
100R(A)

4 AP
i
AP AP
SP pim ;i
O, sp
100L(B) o P o ip
O 100R(A) = SP
100L(B)= Q. -+

100R(A) —






OPS/images/fcell-09-783500/math_4.gif





OPS/images/fcell-09-732930/fcell-09-732930-g003.jpg
Hearing level (dB HL)

Hearing level (dB HL)

-10

20
30
40
50
60
70
80
90
100
110
120

110
120

Frequency (Hz)

125 500 1,000 2,000 4,000 8,000

—=&— FE (n = 3)
—&— RE (n=4)
—A— AE (n=5)

II-1
Frequency (Hz)
125 250 500 1,000 2,000 4,000 8,000

s I —

—8— FE (n=2)
—e— RE (n=6)
—&— AE (n=4)

11-3

Hearing level (dB HL)

110
120

Hearing level (dB HL)

110
120

Frequency (Hz)

125 500 1,000 2,000 4,000 8,000

e S s SR S
R i g

—=&— FE (n=2)
—&— RE (n=5)
—A— AE (n=5)

II-2
Frequency (Hz)
125 250 500 1,000 2,000 4,000 8,000

—=— FE (n=7)
—e— RE (n=16)
—&— AE (n=6)

11-4





OPS/images/fcell-09-783500/math_3.gif
MAS(g) = Max{Q(g.9 ): 9
52 geneassociated with (nngentlal Gestessoroiis media)

(3)





OPS/images/fcell-09-648461/crossmark.jpg
©

2

i

|





OPS/images/fcell-09-749484/fcell-09-749484-g004.jpg
Sensorineural
hearing loss

(Auditory Neuropathy)
Optic Atrophy
Pes cavus

CAPOS

Psychiatric
Babinski
Cranio-cervical
dystonia

Chorea

Dystonia

Bulbar symptoms
Encephalopathy
Seizures

Ataxia
Hyporeflexia
Abnormal eye
movements

Parkinsonism

RDP

Hemiplegia/
Hemidystonia

BradyKkinesia
Rostro-caudal
gradient






OPS/images/fcell-09-648461/fcell-09-648461-g001.gif
s b






OPS/images/fcell-09-648461/fcell-09-648461-g002.gif





OPS/images/fcell-09-648461/fcell-09-648461-g003.gif
O30 + nolee bl FI088 & nolse

4HNE/Pholoidn






OPS/images/fcell-09-647240/fcell-09-647240-g002.jpg
Right/Left
125 250

500 1k 2k

Frequency(Hz)

ak

8k

N
e O

w
o

T
a&

v
o

(=]
o

0 o~
e @

o
o

Hearing Level in dBHL

100

110

120

130

L, 2N

T

Right/Left
125 250

II:13, F, 65yrs

500 1k 2k

Frequency(Hz)

ak

8k

N
[— I -}

w
o

.
=]

..
["4'4

o

o

o

O W ~N O wn
o

o

Hearing Level in dBHL

-

[I:20, M, 50yrs

Right/Left

125

250

Frequency(Hz)

500 1k 2k 4k 8k

Hearing Level in dBHL
w
o

Right/Left

125

[11:14, M, 61yrs

Frequency(Hz)

500 1k 2k a4k 8k

Hearing Level in dBHL

IV:54, F, 33yrs

Right/Left
125
-10

Frequency(Hz)
250 500 1k 2k ak 8k

0

10

N
[

w
o

P

°

~
o

[+
o

Hearing Level in dBHL
(=]
o

[Fa}
o

100

110

120

130

Right/Left
125

-10

17, F; 59yrs
Frequency(Hz)
250 500 1k 2k 4k 8k

sl

w N =
©c O O

o b
e O

0 N o
o O ©

Hearing Level in dBHL

O
o

III:5, F, 68yrs





OPS/images/fcell-09-647240/fcell-09-647240-g003.jpg
Casel

A B -« : C 2.5
! © Right
..f : 2 Left Q
235delC/ g w g
. 235delC/-- g o W S Q@
el W e . @ b
? o s 2
- )
T 400 o
1104 35
120 (9
235delC/235delC 130
50 500 1k 2k 4k
Frequency (Hz) T I
Case1 Case1-F Normal control
Case2 1.5-
D E ; @ 20141016 F %
_ 2; & 20150506 ; 1.0-
S 3 & 20150914 @
§ 40 . - 20150918 =
235QelC/-- 235delC/-- g e~ @ 20151013 =
g so Fid R o0
§ & \“ 8
T 100 S  —
s 0.0- i
1% H i Case2 Normal control
235delC/235delC B W k= &
requency (Hz)
2.0+
Case3 : T
G H o 1 S |
o | © Right 2
-';: : > Left 7))
D, O 8 ol 3 a i T
3 a0l » >
-- ..v- — . Q
235delC/ 235delC/~  § = o -
g = X o
2 ©
: 400
10 o
s 5¢ 1k 2k 4k

235delC/235delC

Frequency (Hz)

Case3 Cas'e3-F Case3-M Norm'al control





OPS/images/fcell-09-647240/fcell-09-647240-g004.jpg
T
2

I T T 1
0 Q ol Q
L - o o

|oA8] ssaidX3g QguIXauuod





OPS/images/fcell-09-647240/fcell-09-647240-t001.jpg
Subject

M:13 (—3)

W14 (—4)

17 (=7)

1:20 (~5)

IV:54 (~67)

Casel

Case2

Case3

Gender?

F

M

aM, male; F, female.
PPTA, pure-tone air-conduction averages (0.5, 1, 2, and 4 kHz).
®Diagnosed at the time of test (case3 showed the last test on 13th October, 2015).

+, positive finding; —, negative finding.

Age of test (year)

65

61

59

50

33

37

Age of onset (year)

5

Not clear

PTA (dB HL)®

L8125
R: 98.75
L:87.5
R: 86.25
L:63.75
R: 66.25
L: 96.25
R: 68.75
L:77.5
R: 110
L: 45

R: 62.5
L6575
R: 55
L:48.75
R: 48.75

Hearing impairment®

Severe

Profound
Severe

Severe

Moderate
Moderate
Profound
Moderate
Severe

Profound
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate

Audiogram

Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat

Tinnitus

+

Vertigo





OPS/images/fcell-09-647240/fcell-09-647240-g001.jpg





