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Editorial on the Research Topic
 Hearing Loss: From Pathogenesis to Treatment



Damage to the auditory system is associated with many factors, including genetic deficiency, aging, ototoxic drugs, noise, infection, and many other environmental factors. The mammalian inner ear is a highly differentiated organ, particularly the hair cells that cannot regenerate. Therefore, excessive damage to the inner ear cells will lead to permanent hearing loss. At present, there are limited clinical approaches to prevent and treat hearing loss due to the unique nature of the inner ear structure and cells. With the advance of new technologies and methods, including gene therapy, stem cell therapy, biomaterials, and tissue engineering, we hope that future studies will provide theoretical and experimental bases for the prevention and treatment of sensorineural hearing loss and that these basic research findings can be translated into therapeutic applications. This Frontiers Research Topic, entitled Hearing Loss: From Pathogenesis to Treatment, encompasses 18 contributions about the mechanisms and prevention of auditory organ injury, new technologies and biomaterials to recover hearing loss in animals and patients, and a range of promising approaches for hearing loss treatment.

The regeneration of inner ear hair cells is a hot topic arousing general interest in otology research. In this review, some important regeneration-related signal pathways have been discussed by Xu and Yang. They introduced some reports about the role of adeno-associated virus (AAV) vectors in improving hearing and summarized the role of transcription factors and epigenetic regulation in hair cell regeneration. Chai et al. have investigated the role of the super elongation complex (SEC) and its three key components in the regulation of inner ear progenitor cell differentiation. The three key components of the SEC can be detected in cochlear hair cells and supporting cells in neonatal mice, and inhibiting the activity of the SEC affects the proliferation ability of Lgr5+ progenitors but not the differentiation ability. Qian et al. have used zebrafish to study dual-specificity phosphatase 14 (DUSP14)-regulated hair cell fate. They found that dusp14 knockdown will reduce the number of hair cells, neuromasts, and supporting cells, eventually causing hearing defects. RNA sequencing was performed to explore the molecular mechanism responsible for regulating the dusp14 gene on hearing function. They found that the p38 signaling pathway plays a vital role in dusp14 knockdown-related hearing defects, and p38 inhibitor treatment could reverse dusp14 knockdown-induced absence of supporting cells and proliferation disability.

As commonly used antibacterial drugs, the relationship between aminoglycoside antibiotics and hearing loss has not been fully elucidated. Gao et al. have explored the protective role of monosialotetrahexosylganglioside (GM1) in aminoglycoside-induced hair cell injury. They found that GM1 could reduce the ROS level by regulating the expression balance of oxidative and antioxidant genes. GM1 also reduces the rate of apoptosis and hair cell death caused by aminoglycoside antibiotics.

The role of autophagy in the auditory system has received much attention in recent years. Zheng et al. have found that otitis media (OM) can impair the autophagy pathway in middle ear (ME) tissues. The initial stage of autophagy in OM mice was activated, but downregulation of Rab7 and Syntaxin 17 disrupts the fusion of autophagosomes and lysosomes in OM mice, thereby blocking autophagic flux. Rapamycin treatment was found to protect hearing by inhibiting the activity of mTOR1 and activating autophagy flux to reduce the inflammatory infiltrates and TNF-α expression. Yang et al. have reviewed the role of autophagy in sensorineural hearing loss (SNHL), including noise, ototoxic drugs, and age-related hearing loss. They also introduced the pro-apoptotic effect of autophagy in cisplatin-induced HEI-OC1 cell death. This review concluded the role of TFEB, PTEN, FoxG1, and STAT proteins and miRNAs in the pathogenesis of SNHL by regulating the autophagy pathway.

Xu et al. have reviewed current developments in promising nanocarrier systems for inner ear disease therapy. Hydrogel delivery systems have the advantage of enabling a higher residence time for drugs so that they reach equilibrium in the inner ear and easy degradation with good biocompatibility. As a novel drug delivery system, nanoparticle-based systems, such as nanosized polymers, peptides, silicas, and metal–organic frameworks, have been widely employed as drug delivery systems for inner ear disease therapy. Those nanoparticles could prolong the half-life of drugs and increase the solubility of drugs for ease of crossing physiological barriers. Tang et al. have discussed the role of superparamagnetic iron oxide nanoparticles (SPIOs), a biomaterial with excellent biocompatibility, in neural stem cell (NSC) proliferation. They found that SPIOs could promote NSC proliferation in the absence of a static magnetic field (SMF). However, when the SMF intensity (over 100 ± 10 mT) and SPIO concentration (more than 500 μg/ml) increased, the proliferation of NSC was suppressed. Uncovering the underlying mechanism could have profound significance for tissue engineering and regenerative medicine for SPIO applications. Ding et al. have reviewed novel materials for auditory disease treatment, including conductive and sensorineural hearing loss and auditory-related conditions. New materials used in clinical otologic surgery have the advantages of excellent biocompatibility, lower incidence of postoperative complications, and shorter postoperative recovery time. Novel drug delivery systems exhibit stable and sustained drug release, capable of transporting the drug into target cells with high selectivity.

Lu et al. have found that the systemic administration of mitochondria-target antioxidant mito-TEMPO (MT) mitigated oxidative stress in the cochlea after noise exposure, reduced the hair cell and ribbon synapse loss induced by acoustic trauma, and overall exhibited a protective effect on hearing. MT treatment could restore mtDNA and ATP levels to improve mitochondrial function during noise exposure. Furthermore, they found that MT treatment attenuated TFAM and SOD2 expression reduction after noise exposure independent of the PGC-1α/NRF-1/TFAM pathway. In addition, MT treatment partially recovered the TFAM–mtDNA interaction and reduced the amount of naked mtDNA in the cytoplasm of outer hair cells. Zhang et al. used desmopressin injections to generate an endolymphatic hydrops (EH) model to mimic Meniere's disease. They observed the cochlear structure and hearing changes in the EH model. The increased hearing loss and reduced round window membrane vibration were found to correlate positively with the severity of EH. Then, a mannitol–saline solution was used as a dehydration treatment to recover hearing in the EH model, showing that rehydration can recover the early hearing loss in ER but not after a long duration.

Yang et al. have focused on the role of histidyl-tRNA synthetase HARS2 in cochlear hair cell development. They found that Hars2 conditional knockout mice exhibited gradual hearing loss at P30 and complete hearing loss at P60. The abnormal mitochondria began to appear in HCs at P14 of the Hars2 CKO mice, which indicated reduced inner membrane surface and low-density mitochondrial mass. As a result, the expression of the antioxidant genes xCT, Nqo1, Sod2, and Gsr significantly decreased, and apoptosis HCs gradually appeared at P45. They confirmed that Hars2 is a critical gene for hair cell survival and maintaining the normal function of mitochondria. GJB2 gene mutations were the predominant cause of hereditary deafness. However, current research focuses on the role of the GJB2 gene in the morphological development of the organ of Corti. Yang et al. have reported the role of GJB2 in Kölliker's organ. Gjb2loxP/loxP and ROSA26CreER mice were used in this study, and TUNNEL-positive cells were detected in Kölliker's organ at P1. Meanwhile, autophagy flux was also blocked in Cx26-cKD mice. The Cx26 knockdown will reduce the ATP level in lysosomal vesicles and affect the ATP-dependent Ca2+ signaling pathway in Kölliker's organ, which is crucial for hearing acquisition. Yang et al. also used CRISPR/Cas9 technology to generate connexin 30 (Cx30) knockout mice and confirmed the important role of Cx30 in hearing development. Compared with WT mice, Cx30-deficient mice exhibited mild hearing loss from 4 to 16 kHz at 6 months. The expression of the Cx26 protein was decreased in the cochlea of Cx30 knockout mice. The structure of the stria vascularis, endocochlear potential, and ATP release were affected in Cx30 knockout mice.

Li et al. have established a “trinomial forced-choice method” to match tinnitus pitch with 16 frequency measurement points from 250 Hz to 16 kHz. They found that clinical patients with normal hearing were almost within the high-frequency range of tinnitus pitch. They have demonstrated a more direct correspondence between tinnitus pitch and hearing frequency deficits.

In hearing protection-related research, the damage mechanism of cochlear hair cells has always been the focus of attention. Sun et al. have reviewed the damage mechanism of spiral ganglion neurons (SGNs) in different hearing injury models. They have also introduced some potential therapies to reduce SGN damage. Adenovirus (Ad)-based and AAV-based vectors mediated exogenous NT (BDNF, GDNF, NT3, CNTF, and others) and provided good results in SGN protection. Transplanted embryonic stem cells were successfully engrafted into the modiolus and formed ectopic ganglia with differentiated neuronal-type cells. However, many challenges must be overcome before applications can be made for humans. Liu et al. have explored the function of glutathione peroxidase 1 (GPX1) on cochlear SGNs in gpx1 knockout mice (gpx1−/−) after peroxynitrite treatment. They found that after culturing with peroxynitrite, GPX1 expression significantly decreased in cochlear SGNs. In gpx1−/− mice, the cell-counting results showed that SGNs experienced severe damage after peroxynitrite treatment compared with WT mice. Ebselen pretreatment, a GPX1 mimic, can reverse peroxynitrite-induced SGN apoptosis and cell loss. Furthermore, they found that NF-κB pathway activation plays an important role in peroxynitrite-induced SGN damage. NF-κB inhibitors and upregulating GPX1 expression can block NF-κB pathway activation through downstream pro-apoptosis–related gene expression.

Sun et al. have performed a cross-sectional population-based study to analyze the link between hearing impairment and air pollution. After adjusting for confounding factors, they found that exposure to PM10, NOX, and NO2 was linked to hearing impairment. However, PM2.5 and PM2.5 absorbance showed no association with hearing loss. They proposed that oxidative stress and pro-inflammatory pathways may be involved in the association between air pollution and hearing loss.

In conclusion, the research articles and reviews collected in this Research Topic provide a comprehensive set of information on the damage mechanisms and protection methods of hair cells and SGN, hair cell regeneration, and the application of new materials and approaches in the treatment of hearing diseases. Together, the achievements included in this Research Topic contribute to further understanding of the pathogenesis of hearing loss, attracting the interest of readers in hearing-related research, and providing a reference for the development of novel hearing loss therapies.
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Mammalian inner ear hair cells do not have the ability to spontaneously regenerate, so their irreversible damage is the main cause of sensorineural hearing loss. The damage and loss of hair cells are mainly caused by factors such as aging, infection, genetic factors, hypoxia, autoimmune diseases, ototoxic drugs, or noise exposure. In recent years, research on the regeneration and functional recovery of mammalian auditory hair cells has attracted more and more attention in the field of auditory research. How to regenerate and protect hair cells or auditory neurons through biological methods and rebuild auditory circuits and functions are key scientific issues that need to be resolved in this field. This review mainly summarizes and discusses the recent research progress in gene therapy and molecular mechanisms related to hair cell regeneration in the field of sensorineural hearing loss.

Keywords: inner ear, stem cell, hair cell, regeneration, sensorineural hearing loss


INTRODUCTION

Neural stem cells have the ability to self-renew and differentiate into various types of nerve cells and have been used as a potential treatment for various diseases. Some supporting cells with proliferation ability in the inner ear are also called sensory precursor cells (Monzack and Cunningham, 2013). Stem cell therapy refers to a treatment that uses the diversity of stem cells to induce differentiation into the same structure as the original shape and function when the normal structure of the organism is damaged or changed. This treatment can supplement the defective and damaged inner ear hair cells. The differentiation mechanism of inner ear stem cells is a complex regulatory network system. In addition to the expression sequence of genes playing an important role in the regulation of their differentiation, the secretion and interaction of various cytokines are also closely related to it. At present, the molecular regulation mechanism of inner ear stem cells is still unclear. With the increase of related research and the development of molecular biology technology, the molecular regulation mechanism of neural stem cell differentiation has gradually been elucidated. In recent years, the inner ear sensory precursor cells or stem cells are induced to re-enter the cell cycle by activating the inner ear-related signal pathways, and proliferate and differentiate into hair cells, and finally restore hearing or vestibular function, which have gradually become a research hotspot (Monzack and Cunningham, 2013). The proliferation and differentiation of sensory precursor cells are regulated by various related signal pathways, including WNT, Notch, BMP/Smad, FGF, IGF, and Shh signal pathways (Schimmang, 2007; Munnamalai and Fekete, 2016; Waqas et al., 2016; Wu et al., 2016). The regulation of these signal pathways and related factors is very important for the induction of inner ear stem cells and sensory precursor cells to differentiate into mature inner ear hair cells.

In recent years, with the in-depth research on the pathogenesis of deafness, more and more researchers are trying to treat hearing diseases through stem cell therapy. At present, there are two main ways to regenerate hair cells in the inner ear: one is that the supporting cells will re-enter the cell cycle and differentiate into hair cells after mitosis. Another way is that supporting cells will directly transdifferentiate into hair cells. In addition to Sox2+ cells, Lgr5+ cells, and Axin2+ cells that are often used for stem cell research, Chai et al. (2012) found that the cell population of Fzd9+ cells is much smaller than Lgr5+ progenitor cells in the cochlea of newborn Fzd9-CreER/Rosa26-tdTomato mice (Zhang et al., 2019). They also found that Fzd9+ cells have the ability to generate hair cells in vivo. In addition, the proliferation, differentiation, and hair cell generation capabilities of Fzd9+ cells cultured in vitro are similar to those of Lgr5+ progenitor cells. Therefore, Fzd9+ cells may be the main functional progenitor cell type in Lgr5+ cells (Zhang et al., 2019). Therefore, Fzd9 can be used as a marker for hair cell progenitor, which is more specific than Lgr5 in hair cell progenitor.



APPLICATION OF AAV VECTORS IN INNER EAR

The method of regulating the differentiation and development of stem cells through gene editing to promote the regeneration of inner ear hair cells has gradually become a research hotspot in the field of hearing. The ideal vector for gene editing needs to accurately deliver the nucleic acid fragments into the inner ear and target cells and express them efficiently. In addition, the vector needs to have high transfection efficiency, controllable intensity and time, and high safety. Traditional viral vectors are toxic and carry limited gene capacity. In recent years, researchers have discovered some ideal adeno-associated virus (AAV) vectors that can be transfected in the inner ear (Iizuka et al., 2008; Giannelli et al., 2018; Gu et al., 2019; Tan et al., 2019). AAV vector-mediated gene therapy has been approved in the United States and can be used to treat rare hereditary eye diseases (Tan et al., 2019). Omar Akil et al. have used the AAV virus vector to deliver the VGLUT3 gene to VGLUT3 knockout mice and achieved significant improvement in hearing (Akil et al., 2012). In order to avoid the shortcomings of low efficiency of traditional AAVs infecting outer hair cells, Zinn et al. made the vector AAV2/Anc80L65 based on the original sequence of the AAV capsid (Zinn et al., 2015). This vector can efficiently target the inner hair cells and outer hair cells of the cochlea, which indicates an important breakthrough in the research of AAV vectors in cochlear cell targeting. Kevin and colleagues found that AAV2.7m8 can also efficiently infect inner hair cells and outer hair cells in the cochlea, and the efficiency of infecting outer hair cells is even higher than that of Anc80L65 (Gu et al., 2019; Isgrig et al., 2019). In addition, AAV2.7m8 not only preferentially targets cochlear hair cells, but it can also efficiently infect Lgr5+ supporting cells. Tan et al. constructed the AAV mutant AAV-inner ear (AAV-ie) by inserting the polypeptide DGTLAVPFK, which can increase the infection efficiency by generating a transmembrane structure (Tan et al., 2019). AAV-ie can efficiently infect cochlear hair cells and vestibular hair cells. In the cochlea, since GFAP protein is expressed in supporting cells but not in hair cells, the GFAP promoter can be used to achieve specific expression of AAV-ie genes in supporting cells. In addition, studies have found that AAV-ie does not affect the function of hair cells and the auditory system (Tan et al., 2019).



SIGNAL PATHWAYS RELATED TO HAIR CELL REGENERATION

In recent years, researchers have discovered through the study of related pathways in the inner ear that WNTs, FGFs, BMP, Shh, Notch, and other signaling molecules play different roles in the process of hair cell regeneration (Figure 1). Therefore, hair cell regeneration does not depend on the activation of one signal pathway but is coordinated by multiple signal pathways.
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FIGURE 1. The role of various signal pathways and related factors in the process of hair cell regeneration.




The Role of Wnt Signaling Pathway in Hair Cell Regeneration

The WNT/β-catenin signaling pathway plays an important regulatory role in cell proliferation, cell fate determination, and hair cell differentiation (Jacques et al., 2014). When the WNT/β-catenin signal is inhibited, the proliferation ability of sensory cells is reduced, and the activation of the WNT/β-catenin signal promotes the increase of hair cells (Jacques et al., 2012; Shi et al., 2014). The target genes Lgr5 and Lgr6 of the WNT pathway are expressed in embryonic and neonatal cochlear progenitor cells (Chai et al., 2011; Samarajeewa et al., 2019). Lgr5+ cells have the characteristics of hair cell progenitor cells, such as proliferation, self-renewal, and regeneration into hair cells (Chai et al., 2012; Shi et al., 2012; Cox et al., 2014; Wang et al., 2015). After WNT agonist treatment, the proliferation ability of the Lgr5+ progenitor cells of the neonatal mouse cochlea and their ability to differentiate into hair cells were enhanced (Romero-Carvajal et al., 2015; Samarajeewa et al., 2019). WNT agonists or overexpression of β-catenin can increase the proliferation of Lgr5+ progenitor cells and promote the formation of hair cells, while WNT antagonists inhibit the proliferation of Lgr5+ cells and the ability to regenerate hair cells (Chai et al., 2012; Shi et al., 2012, 2013). In newborn mice, the activation of WNT signaling can also cause Axin2-positive cells to proliferate and differentiate into hair cells and supporting cells (Jan et al., 2013). When the expression of β-catenin and Atoh1 are activated simultaneously, the proliferation ability and the directed differentiation ability of Lgr5+ cells into hair cells and the survival ability of newly regenerated hair cells are enhanced (Kuo et al., 2015; Mittal et al., 2017). In addition, the combination of WNT signal activation and Notch signal inhibition in the cochlea of newborn mice has also been shown to promote the proliferation of supporting cells and the regeneration of hair cells (Ni et al., 2016).



The Role of Notch Signaling Pathway in Hair Cell Regeneration

The Notch signaling pathway plays an important role in the development and regeneration of hair cells. Supporting cells are induced to transdifferentiate into hair cells when Notch signaling in the cochlea of newborn mice is suppressed (Yamamoto et al., 2006; Mizutari et al., 2013; Bramhall et al., 2014). Researchers found that activating the Notch pathway in supporting cells puts them in a quiescent state and inhibits hair cell regeneration (Ma et al., 2008; Daudet et al., 2009). Previous studies found that in the cochlea of neonatal mammals, the expression of Atoh1 was up-regulated after γ-secretase inhibitor blocked the Notch signal, and caused the adjacent supporting cells to transdifferentiate into hair cells. However, this newly generated hair cell does not have the characteristics of a mature hair cell (Korrapati et al., 2013; Mizutari et al., 2013). In addition, knocking out Hes1 and Hes5 members of the Hes family with siRNA can also up-regulate the expression of Atoh1, leading to an increase in the number of hair cells in the cochlea of newborn and adult mice (Du et al., 2018). Conditional inhibition of Notch signal can accelerate Lgr5+ cells in supporting cells to become new hair cells (Mittal et al., 2017). Co-activating the cell cycle activator Myc and Notch1 in the inner ear can induce the proliferation of different types of cochlear sensory epithelial cells. After the cochlear supporting cells are reprogrammed by regulating the activity of MYC/NICD, Atoh1 can induce the supporting cells in vivo and in vitro to effectively transdifferentiate into hair cell-like cells (Shu et al., 2019). Li et al. (2015) found that the combined inhibition of WNT and Notch signals can reduce the generation of hair cells, indicating that the progenitor cell proliferation phenomenon that occurs after Notch inhibition is mainly regulated by the WNT pathway (Li et al., 2015).



The Role of Hedgehog Signaling Pathway in Hair Cell Regeneration

The Hedgehog pathway is a highly conserved signaling pathway, which plays an important role in regulating the proliferation and cell fate determination and differentiation of progenitor cells in the early developmental stage of the inner ear (Zarei et al., 2017). Previous studies have found that inactivation of Hedgehog signaling causes abnormal proliferation and differentiation of mammalian cochlear cells, leading to abnormal development of cochlear structure and function (Brown and Epstein, 2011; Bok et al., 2013; Son et al., 2015). Lu et al. (2013) found that after neomycin damage, Shh signaling may inhibit the function of pRb to promote sensory epithelial cells in the cochlea of newborn mice to re-enter the cell cycle and regenerate into new hair cells. Chen et al. (2017) found that recombinant Shh protein can effectively promote the proliferation and differentiation of Lgr5+ progenitor cells in the cochlea of newborn mice. In addition, after R26-SmoM2 mouse cochlear explants are treated with neomycin, Hedgehog signal activation can significantly promote cochlear epithelial cell proliferation and hair cell regeneration (Chen et al., 2017).



The Role of FGF Signaling Pathway in Hair Cell Regeneration

The FGF signaling pathway activates the gene regulatory network of the early development of the inner ear and induces the formation of the pre-placodal region and the auditory placode (Padanad et al., 2012; Ornitz and Itoh, 2015). In addition, the FGF signaling pathway plays a key role in the spontaneous regeneration of lower vertebrate hair cells and the induction and differentiation of stem cells into hair cells. Ku et al. found that when the chicken utricle was damaged by ototoxic drugs, the decrease of FGF expression level promoted the proliferation of supporting cells (Ku et al., 2014). Jiang et al. found that the inhibition of the FGF and Notch pathway in the process of supporting cell proliferation is consistent with the down-regulation of the cycl-dependent protein kinase (CDK) inhibitor CDKN1b (p27/kip1; Jiang et al., 2014). Therefore, the inhibition of FGF and Notch signaling pathway is the triggering factor for supporting cell proliferation. Piotrowski et al. found through scRNA-seq that the deletion of Fgf3 expression in zebrafish supporting cells resulted in enhanced hair cell regeneration and increased the number of cells in neuromast (Lush et al., 2019). Lee et al. (2016) used drugs and genes to block FGF signaling and found that inhibiting FGF signaling can significantly inhibit the regeneration of hair cells in neuromast. Tang et al. found that the FGF signaling pathway and WNT signaling pathway have a coordinated regulatory effect on the proliferation of zebrafish lateral line cells (Tang et al., 2019). When the FGF signal is inhibited, the WNT pathway-mediated cell proliferation will also be inhibited. In the absence of WNT activity, activating the FGF signal with bFGF will restore part of supporting cell proliferation and hair cell regeneration.




TRANSCRIPTION FACTORS RELATED TO HAIR CELL REGENERATION

Atoh1 is a transcription factor with a helix-loop-helix structure, which is essential for the differentiation of hair cells during the development of the inner ear (Bermingham et al., 1999). In animal experiments, it was found that the sensory epithelium of the cochlea of Atoh1 knockout mice differentiated into supporting cells, but not cochlear hair cells and vestibular hair cells (Chen et al., 2002). Therefore, Atoh1 gene is an essential transcription factor in the process of hair cell generation. In in vitro experiments, researchers found that activating the expression of Atoh1 in the cochlea or vestibular sensory epithelium can induce hair cell regeneration (Bermingham et al., 1999; Izumikawa et al., 2005; Gubbels et al., 2008; Liu et al., 2012). In damaged mouse utricle, overexpression of Atoh1 can induce the proliferation of supporting cells and promote them transdifferentiate into hair cell-like cells (Jen et al., 2019). In addition, the overexpression of Atoh1 also caused the up-regulation of many hair cell-related genes but did not include the hair cell maturation-related genes. Cheng found that the expression of Atoh1 in prenatal rats can induce supporting cells to differentiate into sensory hair cells, but the regenerated hair cells are immature, which may be due to the absence of Atoh1 down-regulation during hair cell development (Cheng, 2019). Therefore, hair cell regeneration and maturation are not only regulated by Atoh1, but also coordinated by other transcription factors.

Gfi1 is one of the GPS (Gfi1/pag3/SENS) family transcription factors with a zinc finger domain. During the development of the inner ear, Gfi1 plays an important role in the normal differentiation, survival, and maturation of hair cells (Wallis et al., 2003). Gfi1 expression-deficient mice showed abnormal hair cell development, such as cochlear outer hair cells and inner hair cells degenerating from the basal turn to the apex turn until they were completely absent (Wallis et al., 2003; Li and Doetzlhofer, 2020). Matern et al. found that when Gfi1 expression is absent, the maturation of hair cells in the cochlea and vestibule is blocked, and the expression of hair cell maturation markers, such as Strc, Tmc1, and Ocm, is inhibited (Matern et al., 2020). Lee et al. found that Gfi1 and upstream Atoh1 coordinately regulate the regeneration of cochlear hair cells in newborn mice (Lee et al., 2020).

The secreted protein bone morphogenetic protein 4 (BMP4) can regulate inner ear morphogenesis and hair cell development. Lewis et al. found that when the cochlea cultured in vitro is damaged, the addition of BMP4 can inhibit the expression of Atoh1 in supporting cells, thereby inhibiting supporting cell mitosis and hair cell regeneration (Lewis et al., 2018). After treatment with the BMP4 inhibitor noggin, the number of regenerated hair cells increased (Lewis et al., 2018).

Bmi1 is a member of the Polycomb protein family and plays a regulatory role in the proliferation of progenitor cells and stem cells in multiple organs (Bruggeman et al., 2007; López-Arribillaga et al., 2015; Lu et al., 2017). Recently, researchers have discovered that Bmi1 activates WNT signaling by inhibiting the Dickkopf (DKK) family with WNT inhibitor functions (Cho et al., 2013). Lu et al. (2017) demonstrated in in vitro experiments that knocking out Bmi1 can significantly inhibit the proliferation of Lgr5+ progenitor cells in the cochlea of neonatal mice after neomycin damage. Compared with wild-type mice, the expression of DKK1 in Bmi1−/− neonatal mice was significantly up-regulated, while the expression of β-catenin and Lgr5 was significantly down-regulated. In addition, the WNT agonist BIO inhibited the decline of the proliferation ability of Bmi1−/− mouse supporting cells, indicating that Bmi1 affects the proliferation of supporting cells and Lgr5+ progenitor cells through the regulation of WNT signaling pathway. Therefore, Bmi1 may be a new therapeutic target for hair cell regeneration.

The POU domain transcription factor Pou4f3 plays an important role in the development of inner ear hair cells (Masuda et al., 2011). Recent studies have found that in the adult mouse cochlea, the ectopic expression of Pou4f3 can promote the transdifferentiation of supporting cells into hair cells together with Atoh1 (Walters et al., 2017). The activation of downstream target genes by Pou4f3 can promote Atoh1-mediated hair cell development and survival (Walters et al., 2017). Pou4f3 not only regulates the expression of Gfi1 and Nr2f2 related to hair cell regeneration (Zhong et al., 2019) but also is the direct target gene of Atoh1 during hair cell development (Lee et al., 2020). Atoh1-Pou4f3-target gene (such as Gfi1) is not only an important molecular pathway for regulating the fate and differentiation of hair cells but also an important molecular pathway for hair cell maturation and survival. Therefore, POU4f3 as a therapeutic target, activating its activity alone or coordinating with Atoh1 may promote the regeneration of auditory hair cells.

Foxg1 is one of the forkhead box genes involved in morphogenesis, cell fate determination, and proliferation. Previous studies reported that Foxg1 is necessary for the morphogenesis of the inner ear in mammals (Pauley et al., 2006; Hwang et al., 2009; He et al., 2018). Pauley et al. found that in Foxg1 knockout mice, the cochlear duct became shorter, the number of hair cells increased, the vestibule shrank, the growth of axons, and the distribution of vestibular neurons were abnormal (Pauley et al., 2006). Chai et al. (2012) found that conditionally knocking out Foxg1 in Sox2+ supporting cells and Lgr5+ progenitor cells of newborn mice induced these cells to transdifferentiate into hair cells, resulting in a significant increase in the number of hair cells and a significant decrease in supporting cells (Zhang et al., 2020). In addition, they also found that knocking out Foxg1 expression down-regulated the expression of several Notch signaling pathway factors such as Hes1, Hes5, and Hey1. At the same time, the expression of cell cycle-dependent kinase (Cdk2) was also down-regulated, while the expression of cell cycle repressors Cdkn1c, Cdkn2a, and Gadd45g were up-regulated, indicating that Foxg1 knockout may cause cell cycle and Notch signaling pathway to be inhibited, which led to the increase of hair cells (Zhang et al., 2020). Chai et al. (2012) also found that knocking out Foxg1 in Sox9+ supporting cells can promote the transdifferentiation of supporting cells into hair cells in neonatal mouse utricle (Zhang et al., 2020). The above studies provide evidence for the role of Foxg1 in the regeneration of cochlear hair cells in newborn mice.

The Lin28 gene encodes an evolutionarily highly conserved RNA binding protein, which is known to regulate the larval development time of Caenorhabditis elegans (Moss and Tang, 2003). In humans and mice, Lin28a and its homolog Lin28b are key regulators of organ growth, metabolism, tumorigenesis, and tissue repair (Ambros and Horvitz, 1984; Shyh-Chang and Daley, 2013). Doetzlhofer and colleagues found that the pathway composed of Lin28b and let-7 miRNAs regulates the generation of new hair cells in P2 mouse cochlear explants (Golden et al., 2015). The role of Lin28b is mainly to promote the generation of new hair cells, while the role of let-7 miRNAs is to inhibit the generation of new hair cells. Lin28b functional defect or overexpression of let-7g miRNAs leads to the inhibition of the activity of Akt-mTOR complex 1 (mTORC1) so that immature supporting cells cannot be transdifferentiated into hair cells (Li and Doetzlhofer, 2020). On the contrary, overexpression of Lin28b increased the activity of Akt-mTORC1, and dedifferentiated the maturing supporting cells into progenitor-like cells, and generated hair cells through mitotic and non-mitotic mechanisms (Li and Doetzlhofer, 2020). These findings may provide new strategies for future hair cell regeneration treatments.

In addition, Menendez et al. (2020) found that the combination of four transcription factors (Six1, Atoh1, Pou4f3, and Gfi1) can transdifferentiate neonatal mouse supporting cells (P8), mouse embryonic fibroblasts, and adult mouse tail fibroblasts into induced hair cells (IHCs). IHCs have various characteristics of hair cells, such as morphology, transcriptome and epigenetic characteristics, electrophysiological characteristics, mechanosensory channel expression, and ototoxin susceptibility. Therefore, IHCs can be used as an ideal in vitro model for studying hair cell function, maturation, regeneration, and ototoxin sensitivity.



THE ROLE OF EPIGENETIC REGULATION OF HAIR CELL REGENERATION

Epigenetic modification plays an important role in the development of the inner ear, and recent studies have found that it also has an important regulatory role in hair cell regeneration. During the development of zebrafish larvae, the inhibition of LSD1 by 2-PCPA decreased the expression of WNT/β-catenin and FGF signaling pathways, thereby significantly inhibiting the regeneration of supporting cells and hair cells after neomycin damage (He et al., 2016). The inhibition of G9a/GLP by BIX01294 significantly reduced the dimethylation of H3K9 in the zebrafish lateral line (Tang et al., 2016). The defect of H3K9me2 significantly inhibited the WNT/β-catenin and FGF signaling pathways, which significantly reduced the proliferation of supporting cells after neomycin damage, and ultimately lead to the reduction of mitotic regeneration of hair cells in the zebrafish lateral line (Tang et al., 2016). Previous studies have found that when 5-azacytidine, a DNA methyltransferase (Dnmt) inhibitor, is injected into the cochlea of mature mice that are chemically deafened, DNA demethylation may promote the regeneration of hair cells in the cochlea of mature mice (Deng and Hu, 2020). The advantage of this epigenetic method is that the DNA sequence remains unchanged during the process without integrating the exogenous DNA sequence.



CONCLUSION

There are various ways and mechanisms that cause sensorineural hearing loss, among which irreversible damage to inner ear hair cells is the main cause of sensorineural hearing loss. Although the commonly used hearing aids and cochlear implants in clinical practice also improve the hearing of patients, their effect depends on the quantity and quality of residual hair cells and spiral neurons. Therefore, the ideal way to treat sensorineural hearing loss is to regenerate hair cells through stem cells to repair the structure and function of the cochlea so as to fundamentally restore hearing. Stem cell therapy in the auditory field has been a research hotspot in recent years. Although some progress has been made, almost all are results at the animal level, and there is still a long way to go before clinical transformation. The microenvironment of inner ear stem cells and the interaction with neighboring cells are very important for inner ear stem cells or sensory precursor cells to induce differentiation into mature inner ear hair cells. In the reported studies, the efficiency of differentiation of inner ear stem cells or sensory precursor cells into hair cells is still low. An insufficient number of new hair cells, immature new hair cells without the function of mature hair cells, and long–term survival of new hair cells are all key problems and difficulties that need to be solved urgently. All these indicate that it is more difficult to regulate a single signal pathway to regenerate functional hair cells, and it may require coordinated regulation of multiple genes to effectively promote hair cell regeneration and the functional maturity and survival of new hair cells. At present, inducing the committed differentiation of stem cells into hair cells or nerve cells, the exploration of the methods of stem cell transplantation into the inner ear, and the safety research of stem cell transplantation have laid the foundation for the transplantation of stem cells in vivo.
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The Ganglioside Monosialotetrahexosylganglioside Protects Auditory Hair Cells Against Neomycin-Induced Cytotoxicity Through Mitochondrial Antioxidation: An in vitro Study
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Neomycin is a common ototoxic aminoglycoside antibiotic that causes sensory hearing disorders worldwide, and monosialotetrahexosylganglioside (GM1) is reported to have antioxidant effects that protect various cells. However, little is known about the effect of GM1 on neomycin-induced hair cell (HC) ototoxic damage and related mechanism. In this study, cochlear HC-like HEI-OC-1 cells along with whole-organ explant cultures were used to establish an in vitro neomycin-induced HC damage model, and then the apoptosis rate, the balance of oxidative and antioxidant gene expression, reactive oxygen species (ROS) levels and mitochondrial membrane potential (MMP) were measured. GM1 could maintain the balance of oxidative and antioxidant gene expression, inhibit the accumulation of ROS and proapoptotic gene expression, promoted antioxidant gene expression, and reduce apoptosis after neomycin exposure in HEI-OC-1 cells and cultured cochlear HCs. These results suggested that GM1 could reduce ROS aggregation, maintain mitochondrial function, and improve HC viability in the presence of neomycin, possibly through mitochondrial antioxidation. Hence, GM1 may have potential clinical value in protecting against aminoglycoside-induced HC injury.
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INTRODUCTION

Sensorineural hearing loss is a common sensory disorder in humans. Many factors, including viral infections, noise, and exposure to ototoxic drugs, can cause hair cell (HC) damage and induce hearing impairment (Sotoudeh, 2021). Adult mammalian HCs cannot regenerate, and once these cells are damaged, the effects are often permanent (Zhang et al., 2020). Aminoglycoside antibiotics are antibacterial drugs commonly used in clinical treatment and are also the most commonly encountered ototoxic drugs. It is estimated that approximately one-quarter of people who are treated with aminoglycoside antibiotics will develop ototoxicity (Lopez-Novoa et al., 2011). However, these drugs still play a crucial role in the treatment of severe gram-negative bacterial infections and multidrug-resistant tuberculosis and are becoming more irreplaceable as microbial resistance to conventional antimicrobial agents increases (Germovsek et al., 2017). Therefore, exploring the mechanism through which they exert ototoxicity and identifying effective treatment measures is of great significance (Guo et al., 2019). The ototoxic mechanism of aminoglycoside drugs has not been fully elucidated. Recent studies have found that it may be related to oxidative stress (Jiang et al., 2016), apoptosis (Jiang et al., 2017), and mitochondrial dysfunction (Jiang et al., 2017). Previous studies have found that aminoglycoside drugs accumulate in mitochondria after entering HCs and that this can lead to disorders of mitochondrial metabolism, imbalanced expression of prooxidants (ALOX15) and antioxidants (GSR, SOD1, NQO1, GLRX), and the production of excessive reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) and hydroxyl radicals (∙OH) in cells. Aminoglycosides also disrupt the normal synthesis of mitochondrial proteins and reduce the mitochondrial membrane potential (MMP), leading to increased mitochondrial permeability and release of cytochrome C and ultimately to cell apoptosis (He et al., 2020; Yao et al., 2020). It has been reported that some antioxidants exert protective effects against the ototoxicity of aminoglycosides in vitro and in vivo (Li et al., 2018; Pham et al., 2020). However, no ideal drug that is protective against ototoxicity has been identified for use in clinical practice (Guo et al., 2019).

Gangliosides are sphingolipid cell membrane components containing sialic acid (Magistretti et al., 2019) that are widely present in the cell membranes of vertebrate tissues. Monosialotetrahexosylganglioside (GM1) is the most extensively studied of the gangliosides to date. GM1 plays a protective role in the nervous system by regulating the expression of BCL-2 protein, reducing the damage caused by free radicals (Rao et al., 2019), increasing mitochondrial activity and stabilizing mitochondrial function (Fazzari et al., 2020). GM1 has also been found to have a cytoprotective effect outside of the nervous system. Franco et al. (2016) found that GM1-containing nanoliposomes protect against light chain protein (LC)-induced human microvascular dysfunction by increasing nitric oxide bioavailability and reducing oxidative and nitrative stress mediated by the Nrf-2-dependent antioxidant stress response. Guo et al. (2021) reported that treatment with GM1 ganglioside (40 μM) significantly decreased α-synuclein accumulation, alleviated mitochondrial dysfunction and oxidative stress, and played an anti-PD role in doxycycline-treated PC12α-Syn A53T cells. In addition, GM-1 treatment was found to significantly decrease auditory brainstem response (ABR) threshold shifts and HC loss after acoustic overexposure, and immunostaining for 4-hydroxynonenal (4-HNE) was found to be reduced by GM-1 treatment, suggesting that GM-1 protects the cochlea against acoustic injury by inhibiting lipid peroxidation (Tanaka et al., 2010) and indicating that GM1 has an antioxidant effect on cochlear HCs.

GM1 has been used as a neuroprotective drug in some countries for the treatment of Alzheimer’s disease, stroke, peripheral nerve damage, and Parkinson’s disease (Magistretti et al., 2019), and some physicians in China are attempting to use GM1 in the clinical treatment of sudden deafness (Diao and Dong, 2012). However, the protective effect of GM1 against cochlear HC damage and the possible mechanism of this effect are still unclear. Therefore, clarification of the protective effect and mechanism of GM1 on cochlear and HC injury is of practical significance.

Neomycin is a representative ototoxic aminoglycoside drug and is often used in ototoxicity studies. We established a mature neomycin HC injury model in previous experiments (Gao et al., 2019). In the present study, we used neomycin to damage cochlear HC-like HEI-OC-1 cells and used whole-organ explant cultures to establish an in vitro model of neomycin-induced HC damage with the aim of investigating the potential protective effect of GM1 on ototoxic HC damage and attempting to provide evidence for the potential clinical use of GM1 in protecting against HC injury caused by aminoglycosides.



MATERIALS AND METHODS


Chemicals and Reagents

GM1 (Macklin, Shanghai, China, G873919), penicillin (CSPC, Shijiazhuang, China, h20033291), CCK-8 Kits (Beyotime, Shanghai, China, C0038), BeyoRTTM II First-Strand cDNA Synthesis Kits with gDNA Eraser (Beyotime, D7170 M), TUNEL Apoptosis Assay Kits (Beyotime, C1086), DMSO (Sigma-Aldrich, Saint Louis, MO, United States, D8371), neomycin (Sigma-Aldrich, N6386-5G), paraformaldehyde (Sigma-Aldrich, 158127), TRIzol reagent (Sangon Biotech, Shanghai, China, B610409-0100), SYBR Green (Roche, Basel, Switzerland, 4913914001), MitoSOX Red (Life Technologies, Carlsbad, CA, United States, M36008), TMRE Mitochondrial Membrane Potential Assay Kits (Abcam, Cambridge, United Kingdom, ab113852), Triton X-100 (Solarbio, Beijing, China, T8260), DAPI (Solarbio, C0060), antibodies against cleaved CASPASE-3 (Thermo Fisher Scientific, Carlsbad, CA, United States, Cat# 43-7800, RRID:AB_2533540), antibody against MYOSIN 7a (Santa Cruz Biotechnology, Santa Cruz, United States, Cat# sc-74516, RRID:AB_2148626), Alexa Fluor 488 goat anti-rabbit IgG (Abcam, Cat# ab150077, RRID:AB_2630356), Alexa Fluor 555 donkey anti-rabbit IgG (Abcam, Cat# ab150062, RRID:AB_2801638), Alexa Fluor 555 goat anti-mouse IgG (Abcam, Cat# ab150118, RRID:AB_2714033), and Alexa Fluor 647 donkey anti-rabbit IgG (Abcam, Cat# ab150077, RRID:AB_2630356) were used in this study.



Cell Culture and Treatment

The House Ear Institute Organ of Corti 1 cell line (HEI-OC-1, RRID: CVCL_D899), which is used as an HC-like model system, expresses Atoh1, Prestin, Myosin7a and other cellular markers specific for auditory and sensory HCs. The cells were cultured in DMEM/F12 containing 10% fetal bovine serum (FBS) and 100 IU/mL penicillin at 37°C in a 5% CO2 atmosphere. In this study, we exposed cells in FBS-free culture medium to 2 mM neomycin for 24 h to establish an HEI-OC-1 cell injury model, as reported previously (Gao et al., 2019). For the establishment of the HEI-OC-1 cell injury protection model, we plated the cells, cultured them for 12 h, replaced the medium with FBS-free culture medium, and treated the cells with 10–100 μM GM1 or with the corresponding volume of DMSO for 12 h. After 24 h treatment with 2 mM neomycin, the medium was replaced with complete culture medium lacking neomycin and GM1, and the cells were cultured for an additional 12 h before subsequent evaluation (Figure 1A).
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FIGURE 1. GM1 enhanced HEI-OC-1 cell survival after neomycin exposure. (A) Schematic diagram illustrating GM1 and neomycin addition in cell culture. (B) Effects of GM1 on the viability of HEI-CO-1 cells after exposure to neomycin. Viability was measured using the CCK-8 assay, and the data are expressed as the mean ± SD of triplicate determinations obtained in three independent experiments. *p < 0.05, **p < 0.01 compared with neomycin treatment alone. (C) Morphology of HC-like HEI-OC-1 cells observed under a live-cell imaging system. Scale bars = 20 μm.




Whole-Organ Explant Culture

On postnatal day 3 (P3), wild-type FVB mice were placed under deep anesthesia and sacrificed, and the animals’ heads were removed and placed in 75% alcohol. The temporal bone cochlea was removed using scissors and placed in a sterile culture dish containing precooled HBSS buffer. Under microscopic view, the volute covering was peeled off, and the spiral ganglia and vascular stripes were separated to obtain a complete basilar membrane, which was then placed face up in the center of a sterile cover glass coated with Cell-tak tissue glue. The cover glass was placed in a 4-well plate and cultured in 120 μL of DMEM/F12 medium containing 2% B27, 1% N-2 and 100 IU/mL penicillin at 37°C in a 5% CO2 atmosphere. The cochlear HC damage condition was 0.5 mM neomycin for 12 h, as reported previously (Gao et al., 2019). The explants in the GM1 group were cultured in medium to which 20 μM GM1 had been added; after 12 h, 0.5 mM neomycin was added, and the explant was cultured for an additional 12 h. The medium containing GM1 and neomycin was then removed, and the explants were cultured in fresh medium for an additional 12 h for recovery. The control group and the neomycin group were treated with the same volume of DMSO. All procedures involving FVB mice were performed in accordance with the procedures approved by the Animal Care and Use Committee of Nanjing Medical University, and all efforts were made to use the minimum number of animals necessary and to minimize their suffering.



Cell Viability and Number Analysis

Cell viability was measured using a CCK-8 kit. HEI-OC-1 cells were seeded in 96-well plates at 2,000 cells/well. After the treatment described above, 10 μL of CCK-8 was added to each well, and the plates were incubated at 37°C for 30 min. The absorbance at 450 nm was measured using a microtiter plate reader (Bio-Rad). In addition, the HCs of explant-cultured cochleae were immunolabeled using antibodies against MYOSIN 7a and counted by fluorescence labeling microscopy. The MYOSIN 7a-positive cells in three regions of equal length (160 μm) selected from the apical to the basal turns of the cochlea were viewed under fluorescence microscopy and counted.



Quantitative Real-Time PCR

TRIzol reagent was used to extract total RNA from HEI-OC-1 cells. The concentration and quality of RNA in the samples were measured by NanoDrop spectroscopy (Thermo NanoDrop 2000, United States). A BeyoRTTM II First-Strand cDNA Synthesis Kit with gDNA Eraser was used for reverse transcription according to the instructions supplied by the manufacturer. SYBR Green was used to perform quantitative polymerase chain reaction (qPCR) on a real-time PCR instrument (cfx96, Bio-Rad). Gapdh was used as the internal reference gene. The primers were synthesized by Sangon Biotech (Shanghai, China). The primer sequences for the candidate genes are shown in Table 1.


TABLE 1. Primer sequences for qRT-PCR.
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Immunofluorescence Assay

An antibody against cleaved CASPASE-3, the TUNEL Apoptosis Assay Kit, MitoSOX Red, the TMRE Mitochondrial Membrane Potential Assay Kit, an antibody against MYOSIN 7a (1:500 dilution), and DAPI (1:1,000 dilution) were used to analyze apoptotic cells, measure ROS, measure MMP, and stain HCs and nuclei. Briefly, after fixation with 4% paraformaldehyde at room temperature for 1 h, the cells and tissues were washed three times with PBST (1 × PBS containing 0.1% Triton X-100) and incubated in blocking medium (PBS containing 10% heat-inactivated donkey serum, 1% Triton X-100, 1% BSA, and 0.02% sodium azide, pH 7.2) at room temperature for 1 h. The samples were then incubated with primary antibodies against cleaved CASPASE-3 or MYOSIN 7a at 4°C for 8 h. After 3 washes with PBST, the samples were labeled with a secondary antibody for 1 h, washed again 3 times with PBST, mounted with a fluorescent blocking agent, and imaged with laser scanning confocal microscopy (Zeiss LSM700, Germany). TUNEL, MitoSox Red, and TMRE signals were measured according to the manufacturer’s instructions.



Flow Cytometry Assay

We used DAPI and propidium iodide (PI) to distinguish dead cells from living cells. HEI-OC-1 cells were treated with neomycin in the presence or absence of GM1 and were then treated with trypsin and collected. The cells were washed twice, resuspended in PBS, and diluted to a concentration of 1 × 106 cells/mL in PBS. DAPI and PI were added; the cells were then incubated in the dark at room temperature for 10–20 min and analyzed by flow cytometry (FACSCanto, BD) within 1 h. In addition, MitoSOX Red was used to determine the level of mitochondrial ROS.



Statistical Analysis

All data are expressed as mean ± SD. All statistical analyses were performed using GraphPad Prism 7 software. Two-tailed and unpaired Student’s t-tests were used to assess the statistical significance of differences between the two groups. One-way ANOVA and Dunnett’s multiple comparison tests were used to compare multiple groups. P < 0.05 indicated a significant difference.




RESULTS


Monosialotetrahexosylganglioside Protects HEI-OC-1 Cells From Neomycin-Induced Cytotoxicity

As shown in Figure 1, exposure to 2 mM neomycin decreased cell viability by approximately half in comparison with the control cells, and GM1 at 10–100 μM exhibited a certain degree of protection; 20 μM GM1 gave the strongest protection. At GM1 concentrations higher than 20 μM, the viability of HEI-OC-1 cells began to decrease (Figure 1B). To confirm this finding, we used a live-cell imaging system to observe HEI-OC-1 cells and found that the morphology of living cells in the 20 μM GM1 group was most similar to that of the cells in the control group (Figure 1C). Therefore, 20 μM GM1 was used as the treatment concentration in the follow-up experiments in this study.



Monosialotetrahexosylganglioside Decreased Neomycin-Induced Apoptosis in HEI-OC-1 Cells

To confirm the protective effect of GM1 against apoptosis of HEI-OC-1 cells, HEI-OC-1 cells were stained using TUNEL and antibodies against cleaved CASPASE-3. The percentages of TUNEL-positive and cleaved CASPASE-3-positive cells in the neomycin group were significantly higher than those in the control group, and pretreatment with 20 μM GM1 significantly reduced the percentages of TUNEL-positive and cleaved CASPASE-3-positive cells after neomycin exposure (Figures 2A–D). Similarly, flow cytometry showed that 20 μM GM1 significantly reduced the death of HEI-OC-1 cells induced by neomycin (Figures 2E,F). The qRT-PCR results also showed that the mRNA expression of Caspase-3, Bax, and Caspase-9 decreased significantly, while Bcl-2 expression increased significantly, in the GM1 group compared with the neomycin group (Figure 2G). Taken together, our results suggest that GM1 protects HEI-OC-1 cells from neomycin-induced apoptosis.
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FIGURE 2. GM1 reduced neomycin-induced apoptosis in HEI-OC-1 cells. (A) Immunofluorescence images of apoptotic HEI-OC-1 cells with TUNEL and DAPI double staining. (B) Immunofluorescence images of apoptotic HEI-OC-1 cells with cleaved CASPASE-3 and DAPI double staining. (C,D) Quantification of the number of apoptotic cells in (A,B). (E,F) Survival and percentage of HEI-OC-1 cells determined by DAPI/PI staining flow cytometry. (G) Expression of proapoptotic and antiapoptotic genes in HEI-OC-1 cells treated with neomycin and/or GM1 determined by qRT-PCR; the values were normalized to Gapdh as an internal control. The data are expressed as the mean ± SD of triplicate samples. *p < 0.05, **p < 0.01. Scale bars = 20 μm.




Monosialotetrahexosylganglioside Reduced Neomycin-Induced Apoptosis of Hair Cells in Explant-Cultured Cochleae

To explore the protective effect of GM1 on explant-cultured cochleae, TUNEL and antibody staining for cleaved CASPASE-3 were used to measure apoptosis of the cells in the explants after treatment. We found that the percentages of TUNEL-positive and cleaved CASPASE-3-positive cells in the neomycin group were significantly higher than those in the control group and that pretreatment with 20 μM GM1 significantly reduced the percentage of TUNEL-positive and cleaved CASPASE-3-positive cells after neomycin exposure (Figures 3A–C), consistent with the results obtained for HEI-OC-1 cells.
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FIGURE 3. GM1 decreased neomycin-induced HC apoptosis in cochleae. (A) Immunofluorescence staining for TUNEL, cleaved CASPASE-3, and MYOSIN 7a in the basal turn of the cochlea in different treatment groups. (B,C) Quantification of the number of TUNEL/MYOSIN 7a and cleaved CASPASE-3/MYOSIN 7a double-positive cells per 160 μm of cochlea in (A). The data are expressed as the mean ± SD of triplicate samples. **p < 0.01. Scale bars = 16 μm.




Monosialotetrahexosylganglioside Protects Against Neomycin-Induced Hair Cell Loss in Explant-Cultured Cochleae

The procedures used to process the samples in the explant-cultured cochlea experiment are described in Figure 4A. MYOSIN 7a and DAPI staining were used to observe the changes in the number of HCs in the apical, middle and basal turns of the cochlea. We found that the number of HCs in the apical turn did not change significantly after neomycin exposure (Figure 4B). In contrast, the number of HCs in the middle and basal turns of the cochlea decreased significantly, and GM1 treatment successfully reduced HC loss in the middle and basal turns after neomycin exposure (Figures 4C–E).


[image: image]

FIGURE 4. GM1 promoted the survival of cochlear HCs in explant cultures after neomycin exposure. (A) Schematic diagram illustrating GM1 and neomycin addition to explant-cultured cochleae. (B,D) Immunofluorescence staining of MYOSIN 7a/DAPI in the apical turns (B), middle turns (C), and basal turns (D) of explant-cultured cochleae in the different treatment groups. (E) Quantification of the number of MYOSIN 7a-positive cells per 160 μm of cochlea in (B–D). The data are expressed as the mean ± SD of triplicate samples *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars = 16 μm.




Monosialotetrahexosylganglioside Attenuates Oxidative Stress in Explant-Cultured Cochleae and HEI-OC-1 Cells After Neomycin Treatment

In this study, MitoSox Red immunofluorescence staining showed that the levels of ROS were significantly increased in the neomycin group compared with the control group and that pretreatment with 20 μM GM1 significantly reduced ROS levels compared with the neomycin group both in explant-cultured cochleae (Figures 5A,B) and in HEI-OC-1 cells (Figures 6A,B). MitoSOX flow cytometry of HEI-OC-1 cells yielded similar results (Figure 6C). qRT-PCR showed that the mRNA expression of Gsr, Sod1, and Sirt1 was significantly upregulated in the GM1 pretreatment group compared with the neomycin group (Figure 6D). This suggests that GM1 alleviates the neomycin-induced imbalance in antioxidant-prooxidant gene expression. However, the mRNA expression of Alox15 did not change significantly after GM pretreatment. We also found that the MMP decreased in the neomycin group but significantly increased in the GM1 group compared to that in the neomycin group, indicating that 20 μM GM1 treatment can prevent the MMP decrease induced by neomycin exposure in HEI-OC-1 cells (Figures 7A,B).
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FIGURE 5. GM1 decreased ROS levels in explant-cultured cochlear HCs after neomycin exposure. (A) Immunofluorescence due to MitoSox, MYOSIN 7a and DAPI in the middle turns of explant-cultured cochleae in the different treatment groups. (B) Relative MitoSox immunofluorescence intensity. The data are expressed as the mean ± SD of triplicate samples. *p < 0.05, **p < 0.01. Scale bars = 16 μm.
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FIGURE 6. GM1 decreased ROS levels in HEI-OC-1 cells after neomycin exposure. (A,B) Immunofluorescence of MitoSox/DAPI in different treatment groups. (C) MitoSox levels of HEI-OC-1 cells in different treatment groups determined by flow cytometry. (D) mRNA expression levels of redox-related genes in HEI-OC-1 cells determined by qRT-PCR and normalized to Gapdh. The data are expressed as the mean ± SD of triplicate samples. *p < 0.05, **p < 0.01. Scale bars = 20 μm.
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FIGURE 7. GM1 increases the mitochondrial membrane potential (MMP) after neomycin exposure. (A) Immunofluorescence of HEI-OC-1 cells in different treatment groups after labeling using a TMRE staining kit and DAPI. (B) Relative immunofluorescence intensities of the cells in (A). The data are expressed as the mean ± SD of triplicate samples. *p < 0.05. Scale bars = 20 μm.





DISCUSSION

Gangliosides are mainly composed of hydrophobic ceramide and hydrophilic oligosaccharide chains containing sialic acid, which are fat-soluble and water-soluble, respectively. Ceramide is composed of long basic hydrophobic chains attached to fatty acids that are embedded in the lipid bilayer of the cell membrane and enhance the stability of the cell membrane structure. Oligosaccharides are linked to the serine residue of ceramide, and the sialic acid in oligosaccharides binds to peripheral calcium ions to maintain normal cellular physiological functions (Schnaar, 2016; Ledeen and Wu, 2018). Recent studies have reported that GM1 exerts antioxidant effects through its regulation of intracellular calcium levels in the hippocampus (She et al., 2009) and its activation of tyrosine kinase Trk receptors (Vlasova Iu et al., 2009) and that it has a protective effect on a variety of cells when applied as an intervention (Nikolaeva et al., 2015; Zhao et al., 2015). In this study, we used the HEI-OC-1 cell line and whole-organ explant cultures to investigate the protective effect of GM1 on neomycin-induced HC injury in vitro. Our results showed that a protective effect of GM1 on HEI-OC-1 cells is observed when GM1 is applied at concentrations between 10 and 100 μM and that 20 μM is the optimal concentration; beyond this, the protective effect begins to decline, suggesting that GM1 can protect HCs when applied at an appropriate concentration.

Previous studies have suggested that aminoglycoside drugs induce HEI-OC-1 cell apoptosis by promoting the release of proapoptotic factors (Leis et al., 2015). Our previous research also showed that after exposure of HEI-OC-1 cells to neomycin, the expression of proapoptotic genes such as Caspase 3 and Bax increased significantly, while that of the antiapoptotic genes Bcl-2 and Nf-kb decreased significantly (Gao et al., 2019). In the current study, we found that treatment with GM1 decreases the death and apoptosis induced by neomycin. Moreover, our results also showed that exposure of cochlear explant cultures to GM1 protected HC cells in the middle and basal turns of the cochlea from damage; since the damage caused by aminoglycoside drugs shows a decreasing trend from the basal turn to the apical turn of the cochlea (Zhang et al., 2019) and high-frequency hearing loss is the first and most severe impairment in patients with ototoxic hearing loss (Guo et al., 2019), the protective effect of GM1 on high-frequency hearing may have potential clinical significance.

BCL-2 family proteins play a key role in the apoptosis process. Proapoptotic proteins such as BAX change their molecular conformations when they encounter apoptosis signals; they then translocate and insert into the outer mitochondrial membrane, eventually leading to increased permeability of the outer mitochondrial membrane, the release of cytochrome c (Cyt C), and the activation of multiple caspases. BCL-2 can prevent this process (Verma and Syed Mohammed, 2019; Tian et al., 2020; Zeng et al., 2020). Our study found that the mRNA expression of Bcl-2 was upregulated and that that of Bax was downregulated, indicating that GM1 can relieve neomycin-induced HC damage by regulating the mRNA expression of Bax and Bcl-2. This is consistent with the report by Chen et al. (2019) that GM1 increases Bcl-2 expression and reduces Bax expression, thereby protecting against lead-induced neurological damage in developing rats.

Many studies have found that aminoglycoside antibiotics aggregate in inner ear HCs, where they affect normal metabolism and produce a large number of highly toxic ROS (Han et al., 2020). ROS include hydroxyl radicals (OH∙), hydrogen peroxide, superoxide and other free radicals, all of which exhibit great oxygen toxicity. ROS can affect various signaling pathways and physiological activities of cells, including cell growth, division, differentiation and apoptosis. Excessive ROS levels can lead to a variety of diseases (Zhang et al., 2016). Studies have found that aminoglycosides bind to calreticulin, which is highly expressed in cochlear marginal cells and HCs. and disrupt chaperone activity. This binding in turn elevates mitochondrial Ca2+ levels, and this leads to elevated levels of both mitochondrial oxidation and cytoplasmic ROS and to an imbalance in the redox state (Jiang et al., 2017). The high reactivity of oxygen free radicals can damage cell components and structures such as nucleic acids and cell membranes. ROS accumulation can also cause mitochondrial depolarization and change mitochondrial membrane permeability. The resulting impairment of mitochondrial function leads to the further accumulation of oxygen free radicals and eventually to apoptosis (He et al., 2020; Zhong et al., 2020). In this study, we found that GM1 significantly decreased ROS levels in HEI-OC-1 cells and explant-cultured cochlear HCs, suggesting that GM1 can alleviate mitochondrial dysfunction after exposure to neomycin. Redox balance plays an important role in the generation and elimination of ROS. In this study, the mRNA expression levels of Gsr, Sod1, and Sirt1 decreased and that of Alox15 increased significantly after neomycin exposure, and GM1 pretreatment significantly improved the imbalance in the mRNA expression of Gsr, Sod1, and Sirt1 induced by neomycin. These results suggest that exposure of cells to GM1 can correct the imbalance in the expression of prooxidant and antioxidant genes observed after neomycin exposure, thereby reducing the ROS level and preventing HC mitochondrial dysfunction and apoptosis. However, it must be noted that the use of high GM1 concentrations will reduce the protective effect and may cause additional damage to HCs. Drug dosage must be considered in future animal and clinical studies.

In conclusion, our results suggest that GM1 can maintain the normal balance between oxidative and antioxidant gene expression, reduce the accumulation of ROS, and reduce apoptosis after exposure of HEI-OC-1 cells and cultured cochlear HCs to neomycin. These results indicate that GM1 may have potential clinical value in protecting against hearing impairment in individuals treated with aminoglycoside drugs.
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The super elongation complex (SEC) has been reported to play a key role in the proliferation and differentiation of mouse embryonic stem cells. However, the expression pattern and function of the SEC in the inner ear has not been investigated. Here, we studied the inner ear expression pattern of three key SEC components, AFF1, AFF4, and ELL3, and found that these three proteins are all expressed in both cochlear hair cells (HCs)and supporting cells (SCs). We also cultured Lgr5+ inner ear progenitors in vitro for sphere-forming assays and differentiation assays in the presence of the SEC inhibitor flavopiridol. We found that flavopiridol treatment decreased the proliferation ability of Lgr5+ progenitors, while the differentiation ability of Lgr5+ progenitors was not affected. Our results suggest that the SEC might play important roles in regulating inner ear progenitors and thus regulating HC regeneration. Therefore, it will be very meaningful to further investigate the detailed roles of the SEC signaling pathway in the inner ear in vivo in order to develop effective treatments for sensorineural hearing loss.

Keywords: super elongation complex (SEC), inner ear, expression, proliferation, differentiation


INTRODUCTION

Hearing loss occurs mainly due to noise exposure, aging, ototoxic drugs, and genetic factors (Sun et al., 2017). There were around 466 million people worldwide with disabling hearing loss in 2020, and the World Health Organization [WHO] (2019) estimates that by 2050 over 900 million people will have disabling hearing loss. Deafness has become a major global health problem, and sensorineural hearing loss is the most common type of hearing impairment (Youm and Li, 2018). However, due to the lack of effective drugs and a non-invasive method for targeted delivery of drugs to the inner ear, the treatment options for sensorineural hearing loss are limited (Mittal et al., 2019). Cochlear hair cells (HCs) in adult mammals lose the ability to regenerate, thus hearing deficits caused by HC loss are permanent (Warchol et al., 1993; Ryan, 2003; Cox et al., 2014; Xu et al., 2017; Chen et al., 2019). Therefore, induction of HC regeneration after injury by stimulating quiescent inner ear progenitor cells has been a main focus of auditory research in recent years.

The super elongation complex (SEC) is extremely important in the transcriptional elongation checkpoint control stage of transcription and is composed mainly of P-TEFb (positive transcription elongation factor), ELL (11–19 lysine-rich leukemia gene) family proteins, AFF (AF4/FMR2) family proteins, ENL (11–19 leukemia), AF9 (ALL1-fused gene from chromosome 9), and many other transcription factors (Luo et al., 2012b). P-TEFb and ELL are RNA polymerase II (Pol II)-related elongation factors (Shilatifard et al., 2003). AFF family proteins act as transcriptional activators with a positive action on RNA elongation (Melko et al., 2011). ENL and AF9 are homologous, and they can connect the SEC to RNA Pol II-related factors (He et al., 2011). P-TEFb is composed of cyclin-dependent kinase 9 (CDK9) and cyclin T (CycT), and it promotes the transition into productive elongation by phosphorylating RNA polymerase II (Peng et al., 1998). It has been reported that the SEC plays an important role in regulating mouse embryonic stem cell proliferation and differentiation (Lin et al., 2011), and mis-regulation of the SEC leads to the uncontrolled regulation of gene expression during the differentiation of embryonic stem cells, which results in a variety of diseases such as acute lymphoblastic leukemia, cerebellar ataxia, and diffuse midline glioma (Lin et al., 2011; Dahl et al., 2020). ELL3, one of the key factors of the SEC, can protect differentiated cells from apoptosis by promoting the degradation of p53, enhancing the differentiation of mouse embryonic stem cells, and regulating the proliferation and survival of embryonic stem cells (Ahn et al., 2012). However, the roles of the SEC in the inner ear remain unclear.

Flavopiridol is a semi-synthetic flavonoid that has been used in the treatment of acute myeloid leukemia (Zeidner and Karp, 2015), chronic lymphocytic leukemia (Wiernik, 2016), and other chronic diseases. Flavopiridol binds directly to CDK9, which is a component of P-TEFb, and inhibits its kinase activity (Chao et al., 2000). In turn, P-TEFb, as an important component of the SEC, can activate RNA polymerase II and transcriptional elongation (Hnisz et al., 2013). Thus, the most common method for blocking SEC function is to directly inhibit CDK9 with flavopiridol (Morales and Giordano, 2016), and we used flavopiridol to inhibit the function of the SEC as previously reported (Lin et al., 2011).

Recent studies have shown that Lgr5+ supporting cells (SCs) are inner ear progenitors and that they have the ability to regenerate new HCs in the neonatal stage (Shi et al., 2012). The activation of Wnt/β-catenin signaling and inhibition of Notch signaling can induce Lgr5+ progenitors to regenerate Myo7a+ HCs (Chai et al., 2012; Korrapati et al., 2013; Mizutari et al., 2013), and several recent studies have also shown that Lgr5+ progenitors can be regulated by many other factors and signaling pathways such as Shh, Foxg1, and Hippo (Gregorieff et al., 2015; Chen et al., 2017; Zhang et al., 2020). However, the regeneration efficiency of Lgr5+ progenitors is still very limited, which suggests that there are other factors or signaling pathways involved in the HC regeneration process. Because the transcription extension stage is the main stage of gene expression regulation, transcriptional regulation of developmental regulatory genes is the core link between embryonic stem cell differentiation and organ formation (Smith and Shilatifard, 2010; Levine, 2011). Therefore, we speculate that the SEC may also play important roles in cochlear progenitor cells.

Here we measured the expression of the key SEC factors AFF1, AFF4, and ELL3 in the neonatal mouse cochlea, the function of SEC inhibitor flavopiridol in House Ear Institute-Organ of Corti 1 (HEI-OC1) cell line, and we assessed the proliferation and differentiation ability of Lgr5+ progenitors after treatment with the SEC inhibitor flavopiridol. Our results suggest important roles for the SEC in Lgr5+ progenitors in vitro, and further in vivo studies need to be done to elucidate the roles of the SEC in the inner ear. These studies will form the experimental basis for using cochlear progenitors to regenerate functional HCs in order to treat patients with sensorineural hearing loss.



MATERIALS AND METHODS


Experimental Animals

Lgr5-EGFP-Ires-CreERT2 (Lgr5-EGFP) mice (Barker et al., 2007) (Jackson Laboratory, Stock No. 00887) and FVB mice used as wide-type mice were raised in a comfortable environment with suitable temperature and light and fed with standard laboratory food and water ad libitum. We are approved by the Animal Care and Use Committee of Southeast University and were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All the operations were carried out in accordance with the procedures.



RNA Extraction and Reverse Transcription-Polymerase Chain Reaction

About 20 wild-type mouse cochleae were dissected to extract total RNA, which was reverse transcribed into cDNA with the cDNA Synthesis Kit (Thermo Fisher Scientific, K1622). Gene expression was measured by reverse transcription-polymerase chain reaction (RT-PCR) with GAPDH as the endogenous reference gene. The RT-PCR conditions were as follow for a total of 35 cycles: initial denaturation at 95°C for 15 s, denaturation at 95°C for 15 s, annealing at 60°C for 60 s, and extension at 72°C. The primers were as follows: GAPDH: (F) 5′-AGG TCG GTG TGA ACG GAT TTG-3′; (R) 5′-TGT AGA CCA TGT AGT TGA GGT CA-3′; AFF1: (F) 5′-GAA GGA AAG ACG CAA CCA AGA-3′; (R) 5′-TAG CTC ATC GCC TTT TGC AGT-3′; AFF4: (F) 5′-ATG AAC CGT GAA GAC CGG AAT-3′; (R) 5′-TGC TAG TGA CTT TGT ATG GCT CA-3′; ELL3: (F) 5′-GAC CAG CCT CCT GAT GCT AAG-3′; (R) 5′-GCC ACC ATT AGT GCC CTC TTG-3′.



Western Blotting

About 10 cochleae from postnatal day (P)3 mice were dissected in order to extract proteins. GAPDH was used as the reference protein. The primary antibodies were anti-AFF1 (Sigma-Aldrich, #SAB2106246), anti-AFF4 (Santa Cruz, #sc135337), and anti-ELL3 (Abcam, #ab67415). Peroxidase-conjugated goat anti-rabbit (Life, A-31572) and goat anti-mouse (Invitrogen, A21202) were used as the secondary antibodies. The gray levels were measured by Image-J.



Cell Culture

HEI-OC1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum and 1% ampicillin at 37°C and 5% CO2. The cells were divided into two groups. The experimental group was treated with flavopiridol (AbMole M1710) at the concentration of 10 μM. Control cells were treated with dimethyl sulfoxide (DMSO) in the same culture medium. After 12-h culture, cells were treated with 0.25% trypsin/ethylene diamine tetraacetic acid (EDTA) and then ultrasonicated (BioruptorTM UCD-200) for CDK9 kinase detection.



Cyclin-Dependent Kinase 9 Kinase Assay

HEI-OC1 cells with or without flavopiridol treatment were used after ultrasonication to detect the CDK9 activity by using CDK9 Cyclin K Kinase Assay kit (Promega, V4104) and ADP-Glo Kinase Assay kit (Promega, V6930). To initiate the CDK9 reaction, CDK9 substrate PDKtides and adenosine triphosphate (ATP) were added into each group for 120 min at room temperature to produce adenosine diphosphate (ADP) according to the manufacturer’s instruction (Promega, #TM313). And then ADP-Glo Reagent was added for 40 min at room temperature to deplete the remaining ATP. The Kinase Detection Reagent was added to convert the ADP produced at the first step to ATP with luminescence. Finally, the luminescence was recorded by BioTek CYTATION 5 (Integration time 1 s) to determine the CDK9 activity in each sample. The relative light units were calculated to represent the activity of CDK9.



Isolation of Lgr5+ Progenitors via Flow Cytometry

About 50–60 cochleae were isolated from P0 to P3 Lgr5-EGFP mice and then treated with 0.125% trypsin/EDTA (Invitrogen, 25200114) at 37°C. Trypsin inhibitor (10 mg/ml, Worthington Biochem) was added after 10 min to terminate the reaction. The trypsinized cochleae were pipetted up and down 80–100 times to obtain single cells, and the cells were then filtered through a 40 μM cell strainer (BD Biosciences, 352340). Dissociated cells were sorted on a flow cell sorter (BD FACS Aria III). The EGFP+ cells were collected as Lgr5+ progenitors for further in vitro cell culture experiments.



Sphere-Forming Assay and Differentiation Assay

Sorted Lgr5+ cells were cultured in DMEM/F12 medium at a density of 2 cells/μl (200 cells per well) for 5 days for sphere forming. The formula of DMEM/F12 medium was the same in previous study (Zhang et al., 2020). Spheres were identified with the Live Cell Imaging System and quantified using Image J. For differentiation, cells were cultured in the DMEM/F12 medium described above at a density of 20 cells/μl (2,000 cells per well) for 10 days. EdU [10 μM (Invitrogen, C10420)] was added to label proliferating cells from day 4 to day 7. Flavopiridol (AbMole, M1710) was added to the experimental group from day 1 to day 10 at a concentration of 10 μM, while DMSO was added to the control group. Differentiated neurospheres were analyzed by immunofluorescent staining.



Immunofluorescent Staining

The cochleae were dissected in cold Hanks Balanced Salt Solution (HBSS) in order to prevent protein degradation and then fixed with 4% paraformaldehyde (PFA) for 1 h at room temperature. In vitro cultured neurospheres were also fixed with 4% PFA for 1 h at room temperature. After washing with phosphate buffered saline with tween (PBST) three times, the cochleae or neurospheres were blocked with blocking solution for 1 h at room temperature and then incubated overnight at 4°C with primary antibodies. The primary antibodies used were anti-Myosin7a (Myo7a; Proteus Bioscience, #25-6790; 1:1,000 dilution), anti-Sox2 (1:400 dilution), anti-AFF1 (1:400 dilution), anti-AFF4 (1:50 dilution), and anti-ELL3 (1:400 dilution). After washing again three times, the cochleae or neurospheres were further incubated with secondary antibodies (Invitrogen, A21131, A21124) diluted 1:400 in PBT2 for 1 h at room temperature. After washing three times, the cochleae or neurospheres were mounted on slides with anti-fade fluorescence mounting medium (DAKO, S3023). Images were captured by Zeiss LSM 710 confocal microscope and analyzed by Image J software.



Tissue Embedment

The P40 temporal bones were dissected and put in 4% PFA to be shaken for 1–2 h and sit overnight at 4°C. Later, the temporal bones were put in 0.5 M EDTA for decalcification for 2 days. After washing with PBST three times, the temporal bones were transferred into 15% sucrose solution, vacuum for 1 h, 4°C overnight. Afterward, the temporal bones were put in 20% sucrose solution, vacuum for 1 h, then transferred to 30% sucrose solution, vacuum 1 h, 4°C overnight. Then, the temporal bones were put into a 1:1 solution of 30% sucrose in optimum cutting temperature (OCT) medium (Sakura 4583), vacuum for 1 h, overnight at 4°C. The following day, temporal bones were put in a 3:7 solution of 30% sucrose in OCT medium, vacuum for 1 h, then the 3:17 solution of 30% sucrose in OCT medium, vacuum for 1 h, and lastly the 100% OCT medium (adjust position as round window and ellipse window are toward on the ground), vacuum for 1 h, 4°C overnight. For the last step, the temporal bones were put in 100% OCT into vacuum for 1 h adjust position, then in cryostat (Microm HM525) for a 20-min quick-freeze, and restored in −80°C. For slicing, adjust the cryostat half an hour in advance; secondly, adjust the blade temperature and internal temperature to −20°C. The selected sections were stained using the method described above.



Statistical Analysis

All the data in this research are presented as means ± SEM, and all experiments were repeated at least three times. All statistical analyses were performed in GraphPad Prism 5. P-values were calculated using a two-tailed, unpaired Student’s t-test, and a p-value < 0.05 was considered statistically significant.




RESULTS


AFF1, AFF4, and ELL3 Are Expressed in the Cochlea

We first measured the expression of the three key SEC subunits AFF1, AFF4, and ELL3 by RT-PCR (Figure 1A) and Western blotting analysis (Figures 1B,C), and we found that AFF1, AFF4, and ELL3 were all highly expressed in the cochlea. Moreover, we measured the expression of AFF1, AFF4, and ELL3 in Lgr5+ cells (Figure 1D), and we found those three expressions in both cochlea and Lgr5+ cells were similar. We further studied the expression pattern from both the obverse and lateral sides of AFF1, AFF4, and ELL3 in the cochlea of P3 and P40 mice and found that AFF1, AFF4, and ELL3 were all expressed in the cochlear HCs and SCs (Figures 2A–D). However, the immunostaining intensities of these three subunits in the SCs were weaker than in the HCs.
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FIGURE 1. The expression of AFF1, AFF4, and ELL3 in the neonatal mouse cochlea. (A,B) The mRNA and protein expression of AFF1, AFF4, and ELL3 in P3 mouse cochleae were detected by RT-PCR (A) and western blotting (B), respectively. (C) The gray levels comparison of western blot. (D) The mRNA expression of AFF1, AFF4, and ELL3 in Lgr5+ cells. Brain samples of P3 mice were used as the positive control, and GAPDH was used as the internal reference. n.s., not significant.
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FIGURE 2. Immunofluorescent staining of AFF1, AFF4, and ELL3 in the mouse cochlea. (A–C) The whole-mount basilar membrane of P3 was immunostained by antibodies against AFF1 (A), AFF4 (B), and ELL3 (C). (D) Frozen sections of P40 were immunostained by antibodies against AFF1, AFF4, and ELL3. Myo7a and Sox2 were used to label hair cells (HCs) and supporting cells (SCs), respectively. Scale bar = 20 μM.




Flavopiridol Treatment Inhibited the Activity of Cyclin-Dependent Kinase 9 in House Ear Institute-Organ of Corti 1 Cells

Flavopiridol has been reported to be an inhibitor of CDK9 which is an indispensable part of SEC and the low level of its kinase activity prevents the recruitment of other elongation factors in SEC (Peng et al., 1998). However, the function of flavopiridol has not been verified in inner ear. Here, we used ADP-Glo Kinase Assay to detect the activity of CDK9. After the kinase reaction, the remaining ATP was depleted and the ADP was converted to luminescent ATP (Figure 3A). HEI-OC1 cells were cultured for 3 days, and then treated by 10 μM flavopiridol which was diluted in the culture medium for 12 h. Images of cells were taken before and after flavopiridol treatment (Figure 3B). After flavopiridol treatment, the number and diameter of cells visually decrease in comparison with the control group with no change in shapes. The luminescent ATP was recorded and the relative light units was calculated to represent the activity of CDK9 (Figure 3C). The results showed that flavopiridol could also function as the CDK9 inhibitor to inhibit SEC activity in HEI-OC1 cells.
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FIGURE 3. The activity of cyclin-dependent kinase 9 (CDK9) in HEI-OC1 cells before and after Flavopiridol treatment. (A) HEI-OC1 cells after ultrasonication were incubated with CDK9 substrate PDKtides and ATP for 120 min at room temperature. The ADP which was consumed during CDK9 kinase assay was converted to ATP and could be quantitated by luciferase assay. (B) Images of HEI-OC1 cells before and after 10 μM Flavopiridol treatment. DMSO was added as control treatment in the Control group. Scale bar = 20 μM. (C) Fold change of CDK9 kinase activity in HEI-OC1 cells with or without Flavopiridol treatment. n = 3, ***p < 0.001.




Flavopiridol Treatment Decreased the Sphere-Forming Ability of Lgr5+ Progenitors in vitro

Flavopiridol was previously used to inhibit SEC transcription activity (Lin et al., 2011). Here we also used flavopiridol to inhibit SEC activity in Lgr5+ progenitors in order to determine whether the SEC plays roles in the proliferation and differentiation ability of Lgr5+ progenitors. In order to determine the effect of the SEC on the sphere-forming ability of Lgr5+ progenitors, Lgr5+ cells were isolated from Lgr5-EGFP mice by flow cytometry and then cultured in vitro for 5 days to form spheres with or without 10 μM flavopiridol treatment (Figures 4A,B). The flavopiridol treatment decreased both the number (Figure 4C) and diameter of the spheres (Figure 4D), which suggested that inhibition of the SEC could decrease the sphere-forming ability and proliferation ability of Lgr5+ progenitors in vitro.
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FIGURE 4. The sphere-forming assay of Lgr5+ progenitors after inhibition of the super elongation complex (SEC). (A) Schematic of the sphere-forming assay. The cochleae of neonatal Lgr5-EGFP-CreER mice were trypsinized for FAC sorting, and the sorted Lgr5+ progenitors were cultured in vitro for 5 days to form spheres with or without 10 μM flavopiridol treatment. (B) The spheres (indicated by black arrows) formed by Lgr5+ progenitors with 10 μM flavopiridol added as the SEC inhibitor. DMSO was added as control treatment in the Control group. Scale bar = 20 μM. (C,D) Quantification of the sphere number per well (C) and the sphere diameter (D). n = 3. ***P < 0.001.




No Difference Was Observed in the Differentiation Assay After Flavopiridol Treatment

In order to further evaluate the effect of the SEC on the differentiation ability of Lgr5+ progenitors, we isolated Lgr5+ cells by flow cytometry and cultured them in vitro for the differentiation assay with or without 10 μM flavopiridol treatment (Figure 5A). The cells were immunostained with Myo7a, EdU, and DAPI (Figure 5B), and the Myo7a+ cells and EdU+ cells inside and outside the colonies were quantified. There were more EdU+ cells in the flavopiridol treatment group than in the control group (Figure 5C), while the numbers of Myo7a+ cells were almost the same in the flavopiridol treatment group and the control group (Figure 5D). These results suggested that inhibition of the SEC did not affect the differentiation ability of Lgr5+ cells in vitro.
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FIGURE 5. The differentiation assay of Lgr5+ cells after inhibition of the super elongation complex (SEC). (A) Schematic of the differentiation assay. The cochleae of neonatal Lgr5-EGFP-CreER mice were trypsinized for FAC sorting, and the sorted Lgr5+ progenitors were cultured in vitro for 10 days with or without 10 μM flavopiridol. EdU was added during day 4–7 to label proliferating cells. (B) Immunofluorescence images of colonies and single cells formed from Lgr5+ progenitors with 10 μM flavopiridol added as the SEC inhibitor. DMSO was used as the control treatment in the Control group. Myo7a and Sox2 were used to label hair cells (HCs) and supporting cells (SCs), respectively, and EdU was used to label proliferating cells. Scale bar = 20 μM. (C,D) Quantification of the total numbers of Myo7a+ and EdU+ cells (C) and the number of Myo7a+ cells inside and outside the colonies (D). n = 3. n.s., not significant. *P < 0.05.


In summary, our results showed that the key SEC factors AFF1, AFF4, and ELL3 are all highly expressed in the cochlea. And we verified that flavopiridol could inhibit SEC by inhibiting CDK9 activity in HEI-OC1 cell line. We used flavopiridol as an SEC inhibitor to investigate the effect of the SEC on the proliferation and differentiation ability of Lgr5+ progenitors and found that the number and diameter of spheres of Lgr5+ progenitors were both decreased after SEC inhibitor treatment, while the differentiation ability of Lgr5+ progenitors was not affected. Therefore, the SEC appears to promote the proliferation ability of Lgr5+ progenitors, but not their differentiation ability.




DISCUSSION

Irreversible damage to HCs in the mammalian cochlea is the main cause of sensorineural hearing loss. Previous studies have reported that Lgr5+ cells are cochlear progenitors with the ability to regenerate HCs (Shi et al., 2012), and it has been documented that the SEC plays an important role in the process of gene transcription and extension and that it is necessary for the differentiation of mouse embryonic stem cells (Lin et al., 2011). Therefore, we speculated that the SEC also plays an important role in the proliferation and differentiation of mouse cochlear progenitors. Besides, it has also been reported that AFF proteins and ELL proteins increase the diversity and regulatory potential of the SEC family in mammals (Luo et al., 2012a). Furthermore, AFF1 and AFF4 are the backbones of the SEC (Mück et al., 2016) and ELL3 has the ability to associate with other translocation partners of the SEC (Lin et al., 2011). Thus we chose to investigate the expression of AFF1, AFF4, and ELL3 in the inner ear. Our results showed that AFF1, AFF4, and ELL3, were all highly expressed in the cochlea and that the SEC inhibitor flavopiridol could induce the proliferation of Lgr5+ progenitors in vitro, but not their differentiation. This study thus provides an experimental foundation for the clinical application of HC regeneration for treating hearing loss.

The SEC is known to be widely expressed in most tissues, and it plays important roles during development (Kapushesky et al., 2010). However, its expression in the inner ear has not been studied. We found that AFF1, AFF4, and ELL3 were highly expressed in the cochlea, and this suggests that the SEC functions in the inner ear. Furthermore, we found that AFF1, AFF4, and ELL3 were all expressed in the cochlear HCs and SCs by immunostaining, but the expression of SEC proteins in SCs was lower than that in HCs. In addition to its role in Lgr5+ progenitors studied in our research, the SEC likely plays an essential role in cochlear HCs. However, due to the lack of studies of the SEC in the inner ear and the lack of mouse models, the specific role of the SEC in HCs awaits further study.

Flavopiridol, a potent inhibitor of CDK9, is reported to inhibit transcription (Blagosklonny, 2004; Lee and Zeidner, 2019). CDKs combine with cyclins to play important roles in transcription and stem cell self-renewal (Lim and Kaldis, 2013), and P-TEFb (composed of CDK9 and CycT) is an indispensable part of the SEC that phosphorylates RNA polymerase II and thus activates transcription elongation of important genes involved in cell proliferation and survival (Zhu et al., 1997; Zeidner and Karp, 2015). Flavopiridol can inhibit the function of the SEC by inactivating CDK9 (Chao and Price, 2001), and thus we chose flavopiridol as the SEC inhibitor as previously reported (Lin et al., 2011).

In addition, our results suggest that inhibition of the SEC by flavopiridol could reduce the sphere-forming ability and proliferating cell number of Lgr5+ progenitors in the differentiation assay, which is consistent with previous reports that AFF1 promotes leukemia cell proliferation (Fioretti et al., 2019), that AFF4 enhances the sphere-forming capacity and tumor-initiation capacity in head and neck squamous cell carcinoma (Deng et al., 2018), and that ELL3 stimulates the proliferation and stem cell properties of breast cancer cells (Ahn et al., 2013).

ELL3 has also been shown to promote the differentiation of mouse embryonic stem cells by regulating the epithelial-mesenchymal transition and apoptosis (Ahn et al., 2012), and the overexpression of AFF1 impairs the differentiation of mesenchymal stem cells, while overexpression of AFF4 enhances their differentiation (Zhou et al., 2017). In our results, inhibition of the SEC did not affect the differentiation ability of Lgr5+ progenitors in vitro, which might be because of the different regulatory roles of these three proteins in cell differentiation.

The different roles of SEC in the proliferation and differentiation ability of Lgr5 progenitors might have been expected. SEC was first systematically studied for being associated with infant acute lymphoblastic and mixed lineage leukemia (Lin et al., 2010). Then it has since been studied in other neoplastic models (Hashizume et al., 2014; Narita et al., 2017; Liang et al., 2018). While transcriptional regulation is a complex process, it has been sure that the role of SEC is essential in transcriptional elongation. The SEC incorporates the CDK9 to promote rapid transcriptional elongation facilitates cell growth (Dahl et al., 2020). However, speaking of the differentiation ability of SEC, totally different results were found concerning the different components of this complex. Our paper first studied the differentiation ability of the total complex and found that the whole SEC cannot change the differentiation in Lgr5 progenitors. There is a certain possibility that this finding may also apply to other stem cells. The detailed mechanisms behind this need further exploration.



CONCLUSION

In conclusion, we show here that the SEC is expressed in cochlear HCs and SCs in neonatal mice and that the SEC can induce the proliferation ability of Lgr5+ progenitors but not their differentiation. Our study thus provides new candidates for regulating inner ear progenitor cells as a step toward HC regeneration.
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Inner ear hair cells (HCs) and spiral ganglion neurons (SGNs) are the core components of the auditory system. However, they are vulnerable to genetic defects, noise exposure, ototoxic drugs and aging, and loss or damage of HCs and SGNs results in permanent hearing loss due to their limited capacity for spontaneous regeneration in mammals. Many efforts have been made to combat hearing loss including cochlear implants, HC regeneration, gene therapy, and antioxidant drugs. Here we review the role of autophagy in sensorineural hearing loss and the potential targets related to autophagy for the treatment of hearing loss.
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INTRODUCTION

According to the World Health Organization (WHO, 2021), about 5% of the world’s population (or 430 million people) suffer from hearing impairment, and it is expected that the number of people with disabling hearing loss will be around 700 million by 2050. Hearing loss is not only a physical and financial burden in social life, but also causes psychological problems and psychiatric disorders, including cognitive decline and depression (Strawbridge et al., 2000; Steffens et al., 2006; Lin et al., 2013). Indeed, hearing loss has become a serious threat to global population health and economic development.

Genetic alterations, noise, ototoxic drugs, and aging can all contribute to hearing loss. Although the causes vary, the most common causes of deafness are damage or loss of hair cells (HCs) and degeneration of spiral ganglion neurons (SGNs). HCs are responsible for converting external sound signals into electrical signals that are transmitted to the brainstem through SGNs (Groves and Fekete, 2012). Recent studies have shown that these sensory cells cannot spontaneously regenerate in adult mammals (Stone et al., 1998; Brigande and Heller, 2009; Cox et al., 2014), so damage or loss of HCs and degeneration of SGNs can result in permanent deafness.

Cochlear implants offer strategies to mitigate hearing loss, but their effectiveness has been reported to be highly correlated with the remaining HCs and SGNs in the cochlea. Efforts have been made to protect HCs and SGNs against noise or ototoxic drugs-induced death, and N-acetylcysteine and neurotrophins have been shown to prevent HC death and SGN degeneration to some extent (Aladag et al., 2016; Chen et al., 2018; Wu et al., 2020). Recently, autophagy has been reported to play an antioxidative role in preventing sensorineural hearing loss (SNHL) (Ye et al., 2019a). In this review, we present the role of autophagy in hearing loss induced by noise exposure, ototoxic drugs and aging, and describe the molecules and signaling pathways involved in autophagy in the inner ear.



THE MECHANISM AND PROCESS OF AUTOPHAGY

Autophagy is a highly conserved degradation system in eukaryotic cells that maintains cellular homeostasis, and autophagy can be induced by nutrient deficiency and reactive oxygen species (ROS) accumulation (Mizushima, 2007; Eskelinen, 2019). Through the autophagy pathway, damaged cytoplasmic components are absorbed and transferred to lysosomes, where they are degraded and recycled. There are three main types of autophagy, the most common form being macroautophagy, which is the form generally being referred to by the term “autophagy.” In this process, bilayer organelles called autophagosomes carry cytoplasmic products to lysosomes for degradation (Mizushima, 2007; Mizushima and Komatsu, 2011). This dynamic process generally comprises the following four steps: first is the initiation of autophagy through the envelopment of the cytosolic contents within phagophores; second is the formation of the autophagosome, which is a double-membrane vesicle; third is the fusion of autophagosomes with lysosomes to form autolysosomes; and fourth is the degradation of the contents of the autolysosomes (Feng et al., 2014). The second form is microautophagy, in which the cytoplasmic contents enter the lysosome through direct invagination or through deformation of the lysosomal membrane (Li et al., 2012). The third form is molecular chaperone-mediated autophagy, which is a highly specific process in which proteins containing a KFERQ motif are recognized and transported to the lysosomal membrane (Kaushik and Cuervo, 2018; Yang et al., 2019).

The biogenesis of autophagy requires many autophagy-related (ATG) proteins. So far more than 30 ATGs have been shown to be involved in the initiation and maturation of autophagy (Klionsky et al., 2003; Xie and Klionsky, 2007; Mizushima et al., 2011; Wesselborg and Stork, 2015), and the ATGs that are required for autophagosome formation are divided into several functional units. The autophagy-related 2 (ATG1)–Unc51-like kinase (ULK) complex (ULK1) plays a vital role during the initiation stage, and because this complex is negatively regulated by mammalian target of rapamycin complex 1 (mTORC1) (Noda and Ohsumi, 1998; Kamada et al., 2010), the inactivation of mTORC1 by rapamycin stimulates autophagy. Alternatively, the activation of autophagy can also be regulated by AMP-activated protein kinase (AMPK) (Kim et al., 2011; Li and Chen, 2019). The phosphatidylinositol 3-kinase complex (PI3KC), which is activated by ULK1, participates in the formation of autophagic vesicle membranes. ATG9 is the only known transmembrane protein shown to be involved in the delivery of membrane particles to form autophagosomes (Noda et al., 2000; Webber and Tooze, 2010). During the maturation stage, two ubiquitin-like conjugation systems, the ATG5-ATG12 system and the LC3-PE system, play vital roles in the elongation of autophagosomes (Geng and Klionsky, 2008). After the autophagosome is encapsulated, the autophagosome and lysosome fuse to form the autolysosome through the function of proteins such as SNARE (Itakura et al., 2012).



THE PROTECTIVE EFFECT OF AUTOPHAGY AGAINST SNHL

Autophagy is responsible for normal cell survival and homeostasis. A variety of human conditions, such as neurodegenerative diseases, cancer, and inflammation, have been reported to be associated with dysregulated autophagic processes (Levine et al., 2011; White, 2012; Kochergin and Zakharova, 2016). In the inner ear, many studies have shown that autophagy played an important role in cell development, differentiation, and survival (Fujimoto et al., 2017; Magarinos et al., 2017), and recently there has been renewed interest in regulating autophagy to prevent SNHL.

Noise and ototoxic drugs increased the levels of oxidative stress in HCs, which contributed to cell death (Warchol, 2010; Tabuchi et al., 2011; Sheth et al., 2017; Wu et al., 2020), and in a mouse model that was exposed to noise, the level of autophagy was increased in HCs (Xu et al., 2021). It is worth noting that the oxidative stress level in response to noise was dose dependent, and moderate noise induced temporary threshold shifts and increased the level of autophagy in outer hair cells, while severe noise produced excess ROS that induced permanent threshold shifts (Yuan et al., 2015). Increasing autophagy with rapamycin can reduce the accumulation of ROS and prevent cell death from noise exposure. In contrast, blocking autophagy through the autophagy inhibitor 3-methyladenine (3-MA) or knocking down LC3 can increase the accumulation of ROS and promote cell death (Yuan et al., 2015). More recently, a study reported that treatment with FK506 (tacrolimus), a calcineurin inhibitor, increased autophagy and inhibited ROS and alleviated moderate noise-induced HC damage and hearing loss (He et al., 2021b).

Ototoxic drugs such as aminoglycoside antibiotics and cisplatin can also result in HC damage and hearing loss. He et al. (2017) found that autophagy activity was increased in neomycin or gentamicin-treated HCs and HEI-OC1 cells. Treatment with rapamycin increased autophagy activity and decreased ROS accumulation and apoptosis, while treatment with 3-MA or knockdown of ATG5 resulted in reduced autophagy activity and increased ROS levels and apoptosis. Other studies also showed that upregulation of autophagy alleviated cisplatin-induced ototoxicity in HCs (Fang and Xiao, 2014; Liu et al., 2019;Liang et al., 2021).

Presbycusis (age-related hearing loss) is a common sensory disorder associated with aging. The level of autophagy decreased with age, and the upregulation of autophagy can promote aging HC survival and slow the degeneration of auditory cells (Yuan et al., 2018; He et al., 2021a).

Autophagy also exerts a protective effect in SGNs against ototoxic drug-induced damage. Administration of kanamycin and furosemide induced HC loss and subsequent SGN degeneration by impairing autophagic flux and lysosomal biogenesis, and restoration of autophagy by promoting transcription factor EB (TFEB) translocation into the nucleus attenuated SGN degeneration (Ye et al., 2019b). In cisplatin-induced SGN damage, activation of autophagy by rapamycin alleviated SGN apoptosis and hearing loss, and inhibition of autophagy by 3-MA aggravated the degeneration of SGNs (Liu et al., 2021). Thus, autophagy has a protective effect against HC loss, SGN degeneration and subsequent hearing impairment.



THE PRO-APOPTOTIC EFFECT OF AUTOPHAGY IN SNHL

Autophagy has a dual function of pro-survival and pro-apoptotic, which has been demonstrated in many diseases, especially cancers, and the role of autophagy depends on the developmental stage and tumor type (Singh et al., 2018). Several reports have demonstrated the pro-apoptotic role of autophagy in SNHL. In a model of cisplatin-induced HC damage, exposure to 15 μM cisplatin for 48 h induced excessive autophagy, while co-treatment of cisplatin with meclofenamic acid, a highly selective inhibitor of fatmass and obesity-associated enzyme, inhibited the cisplatin-induced excessive autophagy in HEI-OC1 cells and reduced oxidative stress and cell apoptosis (Li et al., 2018). Another study indicated that pretreatment with U0126, an inhibitor of the ERK1/2 signaling pathway, can reduce the level of cisplatin-induced autophagy in HEI-OC1 cells and HCs and can reduce cisplatin-induced ROS and apoptosis (Wang et al., 2021). Interestingly, a study showed that in cisplatin-treated HEI-OC1 cells, autophagy promoted cell survival in the early phase (during the first 8 h) of cisplatin treatment, while autophagy induced cell death in the late phase (Youn et al., 2015).



MITOPHAGY IN SNHL

Autophagy is considered to be a non-selective process in the degradation of a large number of cytoplasmic components. However, recent studies have shown that there are many types of selective autophagy. Some types of selective autophagy have recently been found in the inner ear, for example, mitophagy and pexophagy. Defective, excessive, and aged mitochondria produce toxic byproducts, particularly ROS, and mitophagy is a specific autophagic process that selectively removes these redundant or damaged mitochondria in order to reduce ROS levels and to maintain the normal function of the mitochondria (Kroemer et al., 2007; Novak, 2012). Mitophagy has been linked to neurodegenerative diseases, cancer, and aging (Bernardini et al., 2017; Chu, 2019; Tran and Reddy, 2021). Recent studies have indicated potential associations between mitophagy and age-related hearing loss, and in the cochlea of aged mice, mitophagy was reduced along with decreased expression of mitophagy-related genes and proteins (Oh et al., 2020; Youn et al., 2020). Damaged mitochondria were increased in HCs and SGNs in aged mice, and activation of mitophagy alleviated cellular senescence by promoting mitochondrial protein degradation (Kim et al., 2021). The same phenomenon was observed in carbonyl cyanide m-chlorophenyl hydrazone-induced cytotoxicity in HEI-OC1 cells and in the organ of Corti, and the protein level of mitochondrial cytochrome c oxidase subunit 4 was downregulated (Setz et al., 2018). However, in aminoglycoside-induced HC loss, neither neomycin nor gentamicin exposure had an impact on the level of mitophagy, thus suggesting a mitophagy-independent pathway of aminoglycoside ototoxicity (He et al., 2017; Setz et al., 2018).



PEXOPHAGY IN SNHL

Pexophagy is another selective autophagy pathway, in which peroxisomes are selectively degraded in vacuoles in response to environmental stimuli (Farre et al., 2009; Germain and Kim, 2020). It has been reported that pexophagy was related to inflammation induced by lipopolysaccharide exposure, and impaired pexophagy resulted in the accumulation of impaired peroxisomes and redox disequilibrium (Vasko et al., 2013). Pexophagy was associated with noise-induced HC damage, overexposure to noise led to an increased level of peroxisome in HCs and SGNs, and defective pexophagy led to noise-induced hearing loss (Delmaghani et al., 2015; Defourny et al., 2019). Pejvakin was a peroxisome-associated protein that directly recruited LC3B to promote pexophagy in order to protect cochlear HCs against noise-induced damage (Defourny et al., 2019).



PROTEINS THAT MODULATE AUTOPHAGY IN SNHL

A number of molecules have been reported to respond to cell damage by regulating autophagy. TFEB is a major regulator of autophagy and lysosomal biogenesis, and phosphorylated TFEB is inactive and remains in the cytoplasm, while dephosphorylated TFEB is translocated to the nucleus where it promotes the transcription of its target genes (Martina et al., 2012; Settembre et al., 2012). In kanamycin-induced degenerated SGNs, TFEB remained in the cytoplasm and the autophagic flux was impaired, while the mTOR inhibitor temsirolimus (CCI-779) promoted the translocation of TFEB to the nucleus thus restoring autophagic flux and ameliorating SGN degeneration (Ye et al., 2019b). Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) also shown a protective effect against gentamicin and cisplatin-induced ototoxicity. PINK1 promoted autophagy and inhibited the P53 pathway in gentamicin-induced HC damage (Yang et al., 2018b), while in response to cisplatin-induced HC and SGN damage, PINK1 induced autophagy and inhibited the JNK signaling pathway (Yang et al., 2018a). Peroxiredoxin 1 (PRDX1) also played a protective role in cisplatin-induced SGN damage by activating autophagy through the activation of the PTEN-AKT signaling pathway (Liu et al., 2021). FoxG1 protected HC and delayed age-related hearing loss via autophagy making it be used as a strategy to delay age-related hearing loss (He et al., 2021a).

In addition, some proteins have detrimental effects regarding ototoxicity. For example, STAT1 is a regulator of cell death and has been reported to participate in cisplatin-induced HC damage. Knockdown of STAT1 by siRNA reduced cisplatin-induced ototoxicity (Kaur et al., 2011), and Levano et al. found that STAT1 played a role in modulating the autophagy pathway, with higher levels of autophagy seen in STAT1−/− explants in response to gentamicin and cisplatin (Levano and Bodmer, 2015). Thus, different molecules and pathways regulate the occurrence and development of SNHL in different contexts.



miRNAs RELATED TO AUTOPHAGY IN SNHL

miRNAs are a class of small endogenous RNAs with a length of about 21–23 nucleotides, and they play a variety of important regulatory roles in cells (Rupaimoole and Slack, 2017). miRNAs are potential therapeutic targets for treating cancer and other diseases, and miRNAs are also involved in SNHL (Chen et al., 2019). miR-34a was shown to be associated with age-related hearing loss in mice and humans (Pang et al., 2016, 2017), and miR-34a was activated with aging and overexpression of miR-34a significantly decreased the level of ATG9A thus inhibiting autophagic flux and inducing cell death (Pang et al., 2017). A considerable number of miRNAs have been found to be involved in autophagy cascades, such as miR-204, miR-216a, and miR-375 etc. (Su et al., 2015), but the roles of these miRNAs are poorly studied in relation to SNHL (Figure 1).
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FIGURE 1. Summary diagram of the role of autophagy in noise, ototoxic drug, and age-induced sensorineural hearing loss. (The picture is created in BioRender.com).




CONCLUSION

There is no doubt that autophagy plays an important role in SNHL. Although excessive autophagy can lead to cell death under some conditions, activation of autophagy protects HCs and SGNs against oxidative stress-induced death. It is important to be clear that the mechanisms of autophagy are complex and that different stimuli may lead to activation of different pathways. Though we have known that some proteins and miRNAs participate in the autophagic pathways involved in SNHL making them potential targets for treatment of SNHL, however, the specific signaling pathways they participate in remain unclear, let alone the known connections between these proteins and miRNAs. Furthermore, there are potential proteins and miRNAs whose functions in SNHL have not yet been identified. Future studies should thus further clarify the mechanism of autophagy in response to different stimuli in order to develop ways to regulate autophagy and thus protect HCs and SGNs. However, the application of autophagy as a treatment for deafness is still a long way off. Current research has been limited to cell lines, explants and animals, and few clinical trials have examined the role of autophagy. Given the complexity of mechanisms and functions of autophagy, the safest and most effective strategies must be studied in future research.
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Hearing loss is a common disease due to sensory loss caused by the diseases in the inner ear. The development of delivery systems for inner ear disease therapy is important to achieve high efficiency and reduce side effects. Currently, traditional drug delivery systems exhibit the potential to be used for inner ear disease therapy, but there are still some drawbacks. As nanotechnology is developing these years, one of the solutions is to develop nanoparticle-based delivery systems for inner ear disease therapy. Various nanoparticles, such as soft material and inorganic-based nanoparticles, have been designed, tested, and showed controlled delivery of drugs, improved targeting property to specific cells, and reduced systemic side effects. In this review, we summarized recent progress in nanocarriers for inner ear disease therapy. This review provides useful information on developing promising nanocarriers for the efficient treatment of inner ear diseases and for further clinical applications for inner ear disease therapy.

Keywords: nanocarrier, drug delivery system, inner ear disease therapy, soft material nanoparticle, inorganic nanoparticle


INTRODUCTION

Hearing loss is a common disease due to sensory loss that affects human health and life. According to World Health Organization (WHO) data, about 250 million patients suffered from hearing loss in 2005. By 2050, over 5% of the people in the world will suffer from hearing loss (World Health Organization). The production of hearing begins with the collection of sound waves by the outer ear. Then, the sound is transmitted to the hair cells of the inner ear through the middle ear. The inner ear of mammals consists of the vestibule, the semicircular canals, and the cochlea, which is responsible for hearing (Figure 1). The environmental factors, such as excessive acoustic stimulation, aging, infection, autoimmune inner ear diseases, and application of ototoxic drugs, will cause hearing disfunction in the inner ear, directly or indirectly resulting in damage to the cochlear sensory cells and/or related peripheral neurons (Staecker et al., 2001; Ross et al., 2016; Schilder et al., 2019).


[image: Figure 1]
FIGURE 1. Structure of the inner ear of humans.


The ways to deliver drugs into the inner ear include systemic circulation, from which drugs enter the inner ear through the labyrinth artery, and the round window membrane (RWM). However, current administering drugs have drawbacks, such as disorders, limited labyrinth artery supply, and difficulty in accessing RWM. For example, anti-inflammatory drugs are widely used for inner ear disease therapy; however, the short half-time of drugs in the cochlea that causes rapid elimination is the main problem. Scientists have tried different delivery systems, such as systemic drug delivery systems, intratympanic drug delivery systems, and hydrogel delivery systems, to deliver drugs into the inner ear to treat various inner ear diseases, such as Meniere's disease, autoimmune inner ear disease, and sudden sensorineural hearing loss (SHL) (Havia et al., 2002; Salt, 2005; Nakashima et al., 2016; Rathnam et al., 2019). However, there are drawbacks for each system. It is urgent to develop a new delivery system for high efficiency of inner ear disease therapy, high stability of the drugs before they reach the target cells (outer hair cells as OHC and inner hair cells as IHC) in the inner ear, and the ability to target delivery to the inner ear. Very recently, nanoparticle-based drug delivery systems appeared and attracted the attention of many scientists. Although these systems provide opportunities to solve current problems, there are many things that are unclear and need further investigation. Therefore, a review to summarize recent developments and drawbacks of current nanocarriers for inner ear disease therapy is needed.

In this review, we will summarize the nanocarrier systems for inner ear disease therapy, such as systemic systems, intratympanic systems, hydrogel systems, and nanocarrier systems. Then, we will summarize the soft materials and inorganic nanoparticles that can be used for inner ear disease therapy. Finally, we will conclude the advantages and current challenges of nanocarriers for inner ear disease therapy. This review will provide useful information on nanocarrier drug delivery systems for inner ear disease therapy, and these drug delivery systems could also be further used for other diseases.



CURRENT DRUG DELIVERY SYSTEMS FOR INNER EAR DISEASE THERAPY

Delivery systems, including systemic drug delivery, intratympanic injection, hydrogel drug delivery, and nanocarrier drug delivery systems, have been used for inner ear disease therapy (Li et al., 2017; Kayyali et al., 2018; Hao and Li, 2019; Mittal et al., 2019; Rathnam et al., 2019; Gheorghe et al., 2021; Jaudoin et al., 2021). Among all current inner ear therapies, the intratympanic injection of liquid drugs is most widely used. Other delivery systems, such as hydrogel delivery systems and nanocarrier delivery systems, are also available. At present, we still need to overcome some barriers.


Systemic Drug Delivery

Inner ear diseases have been treated by systemic drug delivery systems via the oral route, intramuscular, or intravenous (Ruckenstein, 2004; Alexander et al., 2009; Buniel et al., 2009; McCall et al., 2010; Li et al., 2017). For example, corticosteroids are widely used to treat sudden SHL and have been found to be efficient with a recovery rate of 61%, which is much higher than using a placebo (recovery rate of 32%) demonstrated by Li and Ding (2020). Recently, it was reported that the recovery rates of SHL could reach up to 57–66% with oral corticosteroid (Filipo et al., 2014; Chen et al., 2015). But the limitations of these studies are the small number of patients and the relatively short term for investigation. A long-term course was found when treating autoimmune inner ear disease occurring over weeks to months (Buniel et al., 2009). Nevertheless, when using systemic administration, subtherapeutic local concentrations occur due to the limited blood supply in the inner ear and poor ability to cross the inner ear barrier. However, large doses lead to severe toxicities and undesirable side effects. For example, when aminoglycosides were used, they caused vestibulotoxicity and damage of cochlear, and SHL occurred due to high doses (Graham et al., 1984; Erol, 2007).



Intratympanic Drug Delivery

Intratympanic systems have also been widely used for inner ear disease therapy. The tympanic membrane is a thin membrane between the external and middle ear. For most of the substances, it is difficult to permeate the tympanic membrane, which is considered a barrier. However, the tympanic membrane is easy to be broken during injection of drugs into the middle ear. Taking steroids as an example, inner ear disease therapy was first treated by intratympanic delivery of steroids in the 1990s (Itoh and Sakata, 1991). At present, intratympanic delivery systems are used for the treatment of sudden sensorineural hearing loss (SHL), Meniere's disease, and vertigo (Chandrasekhar, 2001; Doyle et al., 2004). By using intratympanic delivery systems, the bony structure of the tympanic membrane could be prevented. Moreover, physical barriers, such as the round window membrane, and cellular barriers need to be overcome, when delivering drugs into the inner ear. Small molecules enter the inner ear through the RWM by passive diffusion, which will lead to different concentrations related to the location of the cochlea (Salt and Plontke, 2009). In addition, treatment efficacy during intratympanic injections for inner ear disease therapy will be strongly affected by the parameters, such as cone angle and depth of the tympanic membrane of the patients, and various biological, anatomical, and protocol effects (Volandri et al., 2011).



Hydrogel Delivery System

To overcome some drawbacks in intratympanic drug delivery systems, such as short residence time and difficulty in sustained release of drugs, hydrogel delivery systems, such as hydrophilic polymeric networks, have been developed for inner ear disease therapy. Chitosan-glycerophosphate hydrogel was developed for the first time to achieve sustained drug release and reduce the variation (Paulson et al., 2008). Chitosan-glycerophosphate hydrogel was a porous matrix and could be degraded by lysozymes to achieve the sustained release of drugs into the inner ear. This hydrogel delivery system showed a low risk of hearing loss and longer vestibular suppression (Xu et al., 2010). In hydrogel delivery systems, drugs are loaded in the hydrogel and located in a certain region, where the drugs can diffuse across the RWM and are released at meaningful concentrations (El Kechai et al., 2015). In contrast, hydrogels exhibit high viscosity and enable a higher residence time of drugs to reach equilibrium in the inner ear. Hydrogel systems could be designed by controlling the chemical composition of monomers and formed by both natural and synthetic products (Li and Mooney, 2016). Therefore, hydrogel delivery systems are potential for inner ear disease therapy due to good biocompatibility, easy functionality, high drug loading, and easy degradation (Ahmed, 2015).




NANOPARTICLE-BASED DRUG DELIVERY SYSTEMS FOR INNER EAR DISEASE THERAPY

Although the delivery systems mentioned earlier could deliver regulated drugs into the inner ear, they face problems for the delivery of new types of drugs, such as biomolecules. Compared to the regulated drugs, these new types of drugs are less stable within the extracellular compartments. Therefore, it is difficult to deliver new types of drugs to the targeted locations or cells in the inner ear using the delivery systems discussed earlier. Novel drug delivery systems that could overcome these drawbacks are highly demanded in the treatment of inner ear diseases. Recently, various types of nanoparticles, such as nanosized polymer, peptides, silicas, and metal-organic frameworks (MOFs), have been widely employed as drug delivery systems for different kinds of therapies, such as anticancer therapies, anti-inflammatory, and antibacterial therapies. These nanocarriers have a particle size in the nano range, and the particle size could be controlled during the synthesis. For efficient drug delivery, a particle size of <300 nm is usually required to avoid opsonization and elimination (Ulbrich et al., 2016). They also possess a tunable surface with modifiable physicochemical properties for different applications. The nanoparticle-based drug delivery systems could increase the solubility of the drugs, protect the drugs from degradation, prolong the half-life of the drugs during circulation, and allow low passage of the loaded drugs across physiological barriers. Furthermore, these nanocarriers could protect drug properties from degradation, increase the solubility of drugs, difficulty in crossing physiological barriers. Nanoparticle-based delivery systems could also deliver a sustained release of drugs and provide targeted delivery to certain cells. Therefore, nanoparticle-based delivery systems have a great potential for inner ear disease therapy. Nanocarriers for inner ear disease therapy will be discussed in detail in the following section.


Soft Material Nanoparticle-Based Delivery System

Among different nanocarrier delivery systems that can be used for inner ear disease therapy, soft materials, such as polymeric, liposome, micelles, and lipid nanoparticle-based delivery systems, are widely used to load different kinds of drugs (Figure 2; Lu et al., 2011). These soft material nanoparticle-based delivery systems could increase the half-life of drugs and achieve sustained or targeted release of drugs. As demonstrated by Food and Drug Administration (FDA), poly(lactic-co-glycolic acid) (PLGA) was a biodegradable polymer and can be easily functionalized for target delivery. When being conjugated with rhodamine, the rhodamine-conjugated PLGA nanoparticles were observed in the cochlea of guinea pigs and long-term residence in the liver due to tissue-specific barriers and fast degradation of PLGA nanoparticles (Figure 3; Palao-Suay et al., 2015; Cai et al., 2017; Szeto et al., 2019). Then, scientists tried to decrease the particle size of the nanocarriers to the range of 150–300 nm, which would enhance the entry of nanoparticles into the inner ear. Further functionalization of the surface with pluronic F127 (PEO106-PPO70-PEO106) increased the accumulation of particles (Zou et al., 2010; Leso et al., 2019). PEGylated polymers could increase the half-life, biocompatibility, and solubility of the loaded drugs and decrease the side effects, as well as the immune reactions, to drugs (Veronese and Mero, 2008). The selected location of nanoparticles in the inner ear was also achieved by modifying the nanoparticles with chitosan, which changed the surface charge and hydrophilicity of the nanoparticles. These modifications could help nanoparticles reach the inner ear before endocytosis. Other types of polymeric nanoparticles, such as dendriplexes and chitosan-based nanoparticles, poly(L-lactic acid) (PLLA), PLLA-PEG, polycaprolactone (PCL), and polyethylene glycol (PEG), have also been used for inner ear disease therapy to encapsulate drugs via electrostatic interaction or hydrophobic-hydrophobic interaction (Dash et al., 2011; Wang et al., 2011; El Kechai et al., 2015; Lajud et al., 2015; Vigani et al., 2019).


[image: Figure 2]
FIGURE 2. Types of soft material nanoparticle-based delivery systems for inner ear drug delivery.



[image: Figure 3]
FIGURE 3. Poly(lactic-co-glycolic acid) (PLGA) nano-based systems with cell-penetrating peptides for cochlear drug delivery. Reprinted with permission from Cai et al. (2017). Copyright 2017 Published by Elsevier B.V.


Micelles and liposomes are formed by molecules with both hydrophobic and hydrophilic parts. Micelles have a hydrophobic environment inside micelles and enable the loading and delivery of hydrophobic drugs encapsulated inside, while the hydrophilic property of the outer surface of micelles increases their solubilization in aqueous solutions. Furthermore, micelle-based delivery systems could also protect unstable drugs from biological attacks during circulation. When liposome nanoparticles are used as delivery systems for inner ear disease therapy, both the external and internal surface of the liposome are hydrophilic with the same structure as the phospholipid bilayer (Panahi et al., 2017; Zylberberg et al., 2017). Amphiphilic liposomes can carry them across the RWM and deliver them into the cells (Uri et al., 2003; Meyer et al., 2012). Liposomes degrade readily in cells, resulting in low toxicity of liposomal drugs. Multifunctional liposome nanoparticles could be prepared by modifying the surface with polyethylene glycol, carbohydrates, and folic acid.

There are many other soft materials of nanometer size that could also be used for inner ear disease therapy. Cubosomes formed by a lipid core with a single lipid bilayer and a polymeric shell were very efficient for loading drugs (Barriga et al., 2019). Solid lipid nanoparticles and lipid nanocapsules have also been reported (Gao et al., 2015; Yang et al., 2018). Protein nanoparticles are another option to increase the delivery to the tissue and reduce the toxicity of compounds (Lohcharoenkal et al., 2014).



Inorganic Nanoparticle-Based Delivery System

Compared to soft materials, inorganic nanoparticle-based delivery systems are still in the developing stage. Inorganic nanoparticle-based delivery systems could provide unique properties, such as antimicrobial and magnetic properties (Figure 4). Although inorganic nanoparticles provide opportunities for inner ear disease therapy due to some useful qualities, there are many drawbacks, such as high price and limited biological stability.


[image: Figure 4]
FIGURE 4. Types of inorganic nanoparticle-based delivery systems for inner ear drug delivery.


Superparamagnetic Fe3O4 nanoparticles are a kind of inorganic material. These materials could pass the round window by magnetic force and arrive at the inner ear (Guigou et al., 2021). Superparamagnetic iron oxide nanoparticles are easy to synthesize and exhibit low toxicity and intrinsic antimicrobial activity for effective delivery systems (Rodrigues et al., 2019). Superparamagnetic iron oxide nanoparticles have no pores to encapsulate drug molecules, while in combination with polymers, such as PLGA and chitosan, superparamagnetic iron oxide nanoparticles could adsorb drugs via the electrostatic/hydrophobic interaction for inner ear drug delivery (Grumezescu et al., 2013; Sangaiya and Jayaprakash, 2018). Other metal-oxide-based nanoparticles have shown effective inner ear disease therapy-related infectious diseases. For example, TiO2 nanoparticles are photosensitive and show activity against fungi and bacteria (Luksiene, 2017). Zinc oxide, copper oxide, calcium oxide, silver oxide, aluminum oxide, and zirconium oxide have also been widely investigated as carriers for biomedical applications (Narayanan et al., 2012; Karimiyan et al., 2015; Swaminathan and Sharma, 2019). However, the particle size of these metal oxides is still difficult to control, and the target delivery systems using these metal oxides are needed to be designed to specifically locate nanoparticles in the inner ear.

Porous nanoparticles, such as mesoporous silica nanoparticles, and MOF nanoparticles possess pores for the encapsulation of both hydrophobic and hydrophilic drugs. These materials are usually easy to prepare, have large pore volumes, and can be easily functionalized. Mesoporous silica nanoparticles are biocompatible and could slowly degrade under physiological conditions (Zheng et al., 2011, 2013; Bernardos et al., 2019). These materials can be used to construct “smart” delivery systems, which are sensitive to changes in the environment, including changes to the pH, thermal, and magnetic fields. Recently, mesoporous silica nanoparticles could be used to control the encapsulation and release of antibiotics (Selvarajan et al., 2020). Furthermore, the surface of porous silica nanoparticles could be functionalized to target the designed tissues and used for inner ear disease therapy (Tang et al., 2012). When loaded with a brain-derived neurotrophic factor, porous silica nanoparticles could target the spiral ganglion neurons and release drugs for a long time period (Schmidt et al., 2018). More recently, MOFs have been designed and studied for many applications, including biomedical applications (Zheng et al., 2016; Kaneti et al., 2017; Wu and Yang, 2017; Lu et al., 2018). Recently, Xu et al. (2020) encapsulated methylprednisolone (MP) in ZIF-90 nanoparticles for the treatment of inner ear disease for the first time. ZIF-90 prevents the degradation of drugs during circulation after intraperitoneal injection and delivers MP into the inner ear. These MOF nanoparticles exhibit good protection from noise, low damage to the inner ear structure, and low nephrotoxicity during therapy.

Metallic and metal oxide nanoparticles are one group of the most promising inorganic materials for inner ear disease therapy (Paladini et al., 2015). Silver (Ag) nanoparticles could interact with the surface of bacterial cells and break the cell membranes to achieve permeability (Hamad et al., 2020). Ag nanoparticles could enter the inner ear after intraperitoneal injection and break pathogens with antibiotic formulations, which could overcome the drawbacks and achieve high efficacy in the ear therapy (Muhsin and Hachim, 2014; Zou et al., 2015). Similar situation happens to gold (Au) nanoparticles, which are used for loading drugs and imaging applications. Au nanoparticles have shown potential to be used as inner ear contrast agents and are located in cochlear cells (Kayyali et al., 2017). However, at present, Ag and Au nanoparticles have not yet been used for inner ear disease therapy. Quantum dots, such as semiconductor nanocrystals, show unique optical properties and are considered another option (Liu et al., 2010). Due to their advantages of good biocompatibility, biodistribution, stability, and long half-life, metallic and metal oxide nanoparticles and their combinations with polymers and/or proteins are highly potential for inner ear disease therapy in the near future.



Targeting Modification of Nanoparticle-Based Delivery System

Nanoparticles could increase circulation time and prevent the degradation of drugs. Moreover, a specific surface modification could further enable the nanoparticle-based drug delivery systems with target properties to reach a specific type of cell, which is ideal for inner ear therapies to deliver the drugs to a specific type of inner ear cell. Ligands have a specific interaction with certain cells and, thus, could be used for cell-specific targeting of nanoparticles for inner ear disease therapy (Frutos et al., 2018; Valero et al., 2018). For example, in an in vitro model prepared from the mouse cochleae, peptide-based nanoparticles could interact with spiral ganglion cells through tyrosine kinase and p75 neurotrophin receptors (Roy et al., 2010). Cy3-labeled silica nanoparticles were demonstrated to be located within the inner ear of RWM of mice compared to the control group of mice (Praetorius et al., 2007). Cy3-labeled silica nanoparticles could also reach central auditory nuclei and superior olive through retrograde axon transport. To target OHCs, prestin was connected to peptides and coupled to nanoparticles. The cellular uptake of these nanoparticles in the OHCs of rat cochleae was achieved (Surovtseva et al., 2012). Using a similar method, nanoparticles were found to be taken up by OHCs in vivo (Wang et al., 2018). Using this method, the nanoparticles were located into designed cells, and the uptake efficiency could also be improved.

Moreover, a deep understanding of a suitable ligand for targeting delivery is needed. The interaction between ligand-loaded nanoparticles, and the receptor in the inner ear should be further investigated. The targeting delivery system is also interesting and with high potential to be developed for inner ear disease therapy (Li et al., 2017).




CONCLUSION AND PROSPECTS

In this review, we summarized the currently used systems for inner ear disease therapy, including the most widely used delivery systems (i.e., systemic, intratympanic, and hydrogel delivery systems) and nanotechnology-based systems. To overcome the barriers of these systems in overcoming barriers in the inner ear, nanoparticle-based drug delivery systems, which have shown many advantages in the treatment of various diseases, have gained increasing attention in inner ear diseases during the past years. Several soft materials and inorganic-based nanoparticles have been investigated and shown to improve the efficiency of drugs, enhance antimicrobial performance, and reduce the side effects of inner ear disease therapy. Nanoparticles could cross the barrier in the inner ear, deliver drugs into the inner ear with low side effects, and remain harmless for healthy tissues. Furthermore, we discussed the targeting drug delivery systems using nanoparticles by modifying the surface with ligands, proteins, and so on. Developing multifunctional nanoparticles that could target specific cells and release drugs in a controlled manner is the way for the future.

Although nanocarriers have been used for inner ear disease therapy, there are still many works that need to be carried out in the future. First, the information on the interaction between nanoparticles and ear toxicity, such as effects on organs, is still unclear. The long-term investigation of health effects could be studied in the future. Second, the critical physicochemical characteristics that affect their biodistribution and the way to overcome physical and cellular barriers are not well-defined. The rational design of nanoparticles to achieve target delivery to the inner ear needs more effort. In summary, nanoparticle-based delivery systems have brought potential solutions and paved a novel way for inner ear disease therapy, but it still has a long way to go for real clinical applications.
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Mutations in a number of genes encoding mitochondrial aminoacyl-tRNA synthetases lead to non-syndromic and/or syndromic sensorineural hearing loss in humans, while their cellular and physiological pathology in cochlea has rarely been investigated in vivo. In this study, we showed that histidyl-tRNA synthetase HARS2, whose deficiency is associated with Perrault syndrome 2 (PRLTS2), is robustly expressed in postnatal mouse cochlea including the outer and inner hair cells. Targeted knockout of Hars2 in mouse hair cells resulted in delayed onset (P30), rapidly progressive hearing loss similar to the PRLTS2 hearing phenotype. Significant hair cell loss was observed starting from P45 following elevated reactive oxygen species (ROS) level and activated mitochondrial apoptotic pathway. Despite of normal ribbon synapse formation, whole-cell patch clamp of the inner hair cells revealed reduced calcium influx and compromised sustained synaptic exocytosis prior to the hair cell loss at P30, consistent with the decreased supra-threshold wave I amplitudes of the auditory brainstem response. Starting from P14, increasing proportion of morphologically abnormal mitochondria was observed by transmission electron microscope, exhibiting swelling, deformation, loss of cristae and emergence of large intrinsic vacuoles that are associated with mitochondrial dysfunction. Though the mitochondrial abnormalities are more prominent in inner hair cells, it is the outer hair cells suffering more severe cell loss. Taken together, our results suggest that conditional knockout of Hars2 in mouse cochlear hair cells leads to accumulating mitochondrial dysfunction and ROS stress, triggers progressive hearing loss highlighted by hair cell synaptopathy and apoptosis, and is differentially perceived by inner and outer hair cells.

Keywords: HARS2, mitochondrial, apoptosis, hair cells, hearing loss


INTRODUCTION

Hearing loss is the most common sensory disorder affecting approximately 6.1% of the world population (Davis and Hoffman, 2019), which can be caused by excessive noise exposure (Guo L. et al., 2021), ototoxic drugs (He et al., 2017; Li et al., 2018; Liu et al., 2019c,2021; Zhong et al., 2020), aging (Cheng et al., 2019; Zhou et al., 2020; He et al., 2021), genetic factors (Qian et al., 2020; Cheng et al., 2021; Fu et al., 2021a; Lv et al., 2021; Zhang S. et al., 2021), and infections (Han et al., 2020; He et al., 2020; Zhang Y. et al., 2021). To date, more than 100 genes have been identified associating with genetic hearing loss (Hereditary Hearing Loss Homepage; https://hereditaryhearingloss.org/, updated in September 2021), which contribute to more than 50% of congenital hearing loss as well as a significant portion of pediatric-onset hearing loss (Sheffield and Smith, 2019). Autosomal recessive mutations in a number of genes encoding Aminoacyl-tRNA synthetases (ARSs), including HARS2 (Perrault syndrome 2), LARS2 (Perrault syndrome 4), NARS2 (DFNB94), IARS2 (Cataracts, growth hormone deficiency, sensory neuropathy, sensorineural hearing loss, and skeletal dysplasia), PARS2 (Developmental and epileptic encephalopathy 75 including deafness), and KARS (DFNB89) may lead to a variety of syndromic and non-syndromic hearing loss (Konovalova and Tyynismaa, 2013; Oprescu et al., 2017; Wang et al., 2020). ARSs are a group of nuclear-encoded enzymes that ensure correct translation of the genetic code by conjugating each of the 20 amino acids to their cognate tRNA molecule in the cytoplasm and mitochondria (Oprescu et al., 2017). Deficiency of ARSs, especially the mitochondrial ARSs (mtARSs) often affect tissues with high metabolic demands such as the brain, muscle, and inner ear (Fine et al., 2019). Clinical features associated with mutations in mtARS-encoding genes typically include encephalopathy, leukodystrophy, cardiomyopathy, ovarian dysgenesis, and deafness (Figuccia et al., 2021).

Characterized by enzyme kinetic assays, yeast complementation assays and studies of patient-derived cell cultures, most of the mtARS mutations have been shown to disrupt its aminoacylation activity (Oprescu et al., 2017; Figuccia et al., 2021). Previous study on a Dars2 conditional knockout mouse showed that DARS2 depletion in heart and skeletal muscle causes severe dysfunction of mitochondrial protein synthesis in both tissues, which activates various stress responses predominantly in the cardiomyocytes (Dogan et al., 2014). In another Dars2 neuron-specific knockout mouse, the immune and cell stress pathways have been shown to be initiated prior to behavioral dysfunction and cerebral deficits (Nemeth et al., 2020). Studies in zebrafish and rat have shown that inhibition of WARS2 leads to cardiac angiogenesis defects and impaired heart function (Wang et al., 2016). A mouse line harboring hypomorphic p.V117L mutation in Wars2 displays various pathologies including progressive hearing loss, adipose dysfunction and hypertrophic cardiomyopathy (Agnew et al., 2018). The homozygous mutant mice have been shown to gradually lose their outer hair cells and spiral ganglion neurons, but the cellular pathogenesis associated with the hearing loss has not been studied in depth.

Numerous studies have shown that mitochondrial dysfunction is an important step toward a broad spectrum of sensorineural hearing loss associated with noise, ototoxic-drug, and aging (Fischel-Ghodsian et al., 2004; Zhang L. et al., 2021). For example, it has been reported that noise exposure leads to mitochondrial swollen and cristae disruption in outer hair cells and stria vascularis in guinea pig and rat (Spoendlin, 1971; Yu et al., 2014), administration of gentamicin induces opening of the mitochondrial permeability transition pore and reduction of mitochondrial membrane potential (Dehne et al., 2002), and accumulation of mitochondrial DNA common deletion contributes to development of age-related hearing loss (Du et al., 2012; Natarajan et al., 2020). As a major source of reactive oxygen species (ROS) production, mitochondrial dysfunction often leads to ROS formation and accumulation after noise (Wu et al., 2020) or ototoxic drug exposure (Fu et al., 2021b), and ultimately lead to death of hair cells and spiral ganglion neurons (Bock and Tait, 2020).

Though mutations in many mtARS-encoding genes are associated with sensorineural hearing loss, their cellular and physiological pathology in inner ear has rarely been investigated in vivo. In this study, we established a hair cell specific knockout mouse model for the mitochondrial histidyl-tRNA synthetase encoding gene Hars2, whose recessive mutations lead to decreased levels of aminoacylated tRNAHis and sensorineural hearing loss with female ovarian dysgenesis (Perrault syndrome 2) in humans (Pierce et al., 2011), and whose overexpression restores mitochondrial dysfunction caused by a deafness-associated m.12201T > C mutation in tRNAHis (Gong et al., 2020). Morphological and electrophysiological studies of this conditional knockout (CKO) mouse model furthered our understanding of the pathogenic mechanism underlying the mtARS-associated hearing loss.



MATERIALS AND METHODS


Generation and Genotyping of the Hars2 Conditional Knockout Mice

The Hars2Loxp/+ mice were generated using the CRISPR/Cas9 system (GemPharmatech, China). Briefly, Cas9 mRNA, single guide RNAs and donor were co-injected into the zygotes, directing Cas9 endonuclease cleavage and Loxp site insertion in intron 1 and intron 8 of mouse Har2 (NM_080636.2, Figure 1C). As the Hars2Loxp/Loxp; ACTBCre/+ full-body knockout (KO) mice die perinatally, the Hars2Loxp/Loxp;Gfi1Cre/+ mice (Hars2 CKO mice) were used to specifically knockout Hars2 in hair cells (Yang et al., 2010; He et al., 2019). Considering the Gfi1Cre/+ mice have been previously reported to have early-onset, progressive hearing loss (Matern et al., 2017), we used littermates of the Hars2 CKO and wild-type (WT) control mice under the same Gfi1Cre/+ background. All animal procedures were approved by the Committee of Laboratory Animals of the Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine. All efforts were practiced to minimize the number of animals used and to prevent their suffering.
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FIGURE 1. Cochlear expression of HARS2 in the wild-type and Hars2 CKO mice. (A) Immunofluorescence staining of HARS2 in cochlea (left) and organ of corti (right) of the wild-type mice at P30 using anti-HARS2 (red) and anti-Myo7a (green, labeling hair cells) antibodies and DAPI (blue). Scale bar = 100 μm. OHC, outer hair cell; IHC, inner hair cell; SGN, spiral ganglion neuron; SV, stria vascularis. (B) Relative protein expression levels of HARS2 at different ages by Western blotting, which was normalized by endogenous β-actin expression. (C) Generation of the hair cell-specific Hars2 CKO mice with the Loxp sites inserted into intron 1 and 8 of mouse Hars2 and crossed with the Gfi1Cre. (D) Verification of targeted genomic deletion of the Hars2-Loxp allele by PCR amplification. (E) Immunofluorescence staining of HARS2 in the cochleae of P30 control and Hars2 CKO mice, showing the successful knockout of Hars2 in hair cells. Scale bars = 10 μm.


For genotyping of the Hars2 CKO mice, DNA was extracted from mouse tails and PCR amplified using the primers listed in Supplementary Table 1. The PCR products of 351, 256, and 672 bp represent the Hars2 CKO, wild-type, and Gfi1Cre alleles, respectively (Figure 1D).



Auditory Brainstem Response

Auditory brainstem response (ABR) analysis was performed in anesthetized mice at P21, P30, P45, and P60. Following a previously described protocol with minor modification (Zheng et al., 1999; Liu et al., 2019a), hearing thresholds at sound frequencies 4, 5.6, 8, 11.3, 16, 22.6, and 32 kHz were assessed in TDT system 3 (Tucker-Davies Technologies, United States). Briefly, Animals were deeply anesthetized with an intraperitoneal injection of 0.01 g/ml pentobarbital sodium (100 mg/kg), and body temperature was kept on 37°C in the recording process using a Homeothermic Monitoring System (Harvard Apparatus) in a soundproof chamber. ABR was recorded with three subcutaneously implanted stainless needle electrodes. The active electrode was positioned at the vertex, the reference at the right mastoid region, and the ground at the left shoulder. Before ABR analysis was conducted, mice with normal external auditory canal and tympanic membrane were examined using an otoscope. Pure tone bursts were produced by the RZ6 workstation (Tucker-Davis Technologies, United States). Free-field acoustic stimulation was performed through an MF1 speaker (Tucker-Davis Technologies, United States), located 10 cm from the vertex. The evoked potentials were filtered with a bandpass filter from 100 to 3000 Hz and averaged 400 times. For each analyzed frequency, the sound level was reduced from 90 to 0 dB SPL in 5 dB steps. ABR thresholds were determined by minimal stimulus level that evoked any visible recording of waveforms at each frequency. If the hearing threshold could not be measured at 90 dB SPL, the result was noted as threshold of 100 dB SPL for statistical analysis. All amplitudes and latencies of ABR peak I were measured and analyzed using BioSigRZ software (Tucker-Davis Technologies, United States) as previously described (Scimemi et al., 2014; McKay et al., 2015). Amplitude was calculated from the average value of △V on both sides of peak I, and latency referred to the time from the beginning of the stimulus signal to peak I.



Immunofluorescence Staining and Confocal Imaging

After animals were deeply anesthetized and sacrificed, cochleae were quickly harvested from dissected temporal bones in cold 4% paraformaldehyde (PFA). A small hole was punctured at the top of cochlea and then 4% PFA was slowly perfused through the small hole, oval window and round window. The cochleae were kept in this fixation overnight at 4°C. The next day, after decalcified in 10% EDTA for 2–24 h at room temperature according to postnatal age, the organ of corti was dissected and cut into three turns (apex, middle, and base) for immunofluorescent staining (Akil and Lustig, 2013). For frozen cochlear sections, after making sure the cochleae were soft enough after decalcification, the samples were dehydrated through the 15% and 30% sucrose solution successively for 24 h, immerged into the OCT compound (Sakura Finetek United States, Inc., 4583) and hardened at –20°C. Slices with thickness of 10 μm were cut through the modiolus by a freezing microtome (Leica Biosystems Inc., CM3050S). Slices containing 3–4 organs of corti were collected on glass slides.

For immunofluorescent staining, all samples were first permeabilized with 1% Triton X-100 for 1 h and immersed in blocking solution containing 10% goat serum, 1% bovine serum albumin, and 1% Triton X-100 in PBS (pH 7.2) for 2 h at room temperature. The samples were then incubated with primary antibodies including mouse monoclonal anti-Myo7a (Developmental Studies Hybridoma Bank, MYO7A 138-1), rabbit polyclonal anti-Myo7a (Thermo Fisher Scientific, PA1-936), rabbit polyclonal anti-HARS2 (Abcam, 46545), mouse monoclonal anti-3-nitrotyrosine (3-NT) (Sigma-Aldrich, N5538), rabbit polyclonal anti-4-hydroxynonenal (4-HNE) (Abcam, 46545), and mouse monoclonal anti-CtBP2 (BD Biosciences, 612044) at 1:200 dilution at 4°C overnight. Next day, after three 10-min washing with PBS, the samples were incubated with appropriate secondary antibodies at 1:400 dilution for 2 h at room temperature in darkness, which include Alexa Fluor 488-conjugated goat anti-mouse (CST, 4408S), Alexa Fluor 594-conjugated goat anti-rabbit (CST, 8889S), and Alexa Fluor 488-conjugated goat anti-rabbit (Thermo Fisher Scientific, A32731). According to immunofluorescence staining requirement, the samples were incubated with Alexa-Fluor 647-phalloidin (Thermo Fisher Scientific, A22287) for 1 h at room temperature in darkness. After three final washes with PBS, all immunolabeling samples were mounted on a slide with anti-fade reagent (Invitrogen, P10144). Immunofluorescence images were captured by Zeiss LSM 880 laser confocal microscope (Carl Zeiss Microscopy, Germany).



Semi-Quantification of the Immunofluorescence Images

Immunofluorescence images for 3-NT and 4-HNE were semi-quantified from original confocal images as previously described (Wu et al., 2020). Briefly, samples were processed in parallel under identical immunofluorescence staining conditions, and confocal microscope images were acquired with the same parameter settings. Using the ImageJ software (NIH, United States), the immunofluorescence images of hair cells were converted into 16-bit grayscale images for further measurement. After subtraction of the background intensity, the averaged grayscale intensity per cell was analyzed. For each repetition, the relative grayscale value was determined by normalizing the ratio to controls.



Transmission Electron Microscopy

Cochleae were quickly immersed and dissected in 2.5% glutaraldehyde (Sigma-Aldrich, G7651) in phosphate buffer (PB) solution. After fixed with 2.5% glutaraldehyde at 4°C overnight, the basilar membranes were fixed with 1% osmium tetroxide for 2 h at room temperature. The samples were dehydrated through an ethanol and acetone gradient and gradually embedded in Epon-812 (Sigma-Aldrich, 45345). Ultrathin sections were made by a diamond knife on a PowerTome-PC ultramicrotome (RMC, United States) and then placed on copper mesh, sequentially post-stained with uranyl acetate and lead citrate. The samples were imaged with a JEM-1230 transmission electron microscope (JEOL, Japan).



qPCR Analysis

Cochleae RNA extraction and qPCR analysis were performed as previous described (Vikhe Patil et al., 2015). Briefly, total RNA was extracted from sensory epithelia (without spiral ganglion neurons) of three mice for each genotype group using the TRIzol reagent (Invitrogen, 15596018). cDNA was reverse transcribed by applying RevertAid First Strand cDNA synthesis Kit (Invitrogen, K1622). The primers are listed in Supplementary Table 1. The qPCR was performed on a Roche 480II Real Time PCR System (Roche, United States) using the QuantiNova SYBR Green PCR Kit (QIAGEN, 208052). The mRNA relative expression levels were normalized to the endogenous control Gapdh. Each reaction was performed at least in triplicate, and the results were analyzed using the 2–ΔΔCT method (Schmittgen and Livak, 2008).



Western Blotting Analysis

Five mice (10 cochleae) were sacrificed for each genotype group. The cochleae were rapidly dissected in ice-cold PBS. Tissues of sensory epithelia (without spiral ganglion neurons) were gathered in tubes and mixed with ice-cold RIPA lysis buffer plus protease inhibitor cocktail and phosphatase inhibitors. The samples were homogenized and centrifuged at 10000 × g at 4°C for 20 min. The supernatants were collected and the protein concentration was measured using the BCA Protein Assay Kit (Beyotime, P0010). With 5 × SDS sample loading buffer added, the samples were boiled for 5 min and centrifuged at 3000 × g for 1 min. A total of 20 μg of each protein sample was separated by polyacrylamide gel electrophoresis (PAGE) and transferred onto a Polyvinylidene Fluoride (PVDF) membrane. The membranes were blocked with 5% non-fat milk for 2 h at room temperature and then incubated overnight at 4°C with the primary antibodies including anti-cleaved caspase-3 Rabbit mAb (CST, 9664) at 1:700, anti-Bcl2 Rabbit mAb (CST, 3498) at 1:700, anti-Cytochrome C Rabbit mAb (CST, 11940) at 1:700, anti-cleaved caspase-9 (CST, 9509) at 1:700, and anti-HARS2 (proteintech, 11301-1-AP) at 1:1000. The membranes were washed three times in TBS with Tween 20 buffer and then incubated with secondary antibody conjugated with horseradish peroxidase for 2 h at room temperature. The immunoreactive bands were detected using a Tanon-4600 Chemiluminescent Imaging System (Tanon, China). The ImageJ software was used to calculate the relative density of probe protein. For HARS2 protein expression analysis, the relative protein expression was determined by normalizing the ratio to P1 HARS2 protein expression.



Whole-Cell Patch Clamp Recordings

The apical turn of the basilar membrane of the mouse cochlea was micro dissected in the extracellular solution. Whole-cell Patch clamp recordings were performed using the EPC10/2 amplifier (HEKA Electronics, Germany) with the Patchmaster software (HEKA Electronics, Germany) as described in our previous studies (Lin et al., 2019; Liu et al., 2019a; Zhao et al., 2020). Current-voltage relationships of Ca2+ influx in inner hair cells (IHCs) were obtained from current responses to ramp depolarization from -90 to 60 mV, and fitted to the following equation:
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where V is the command membrane potential, Vrev is the reversal potential, Gmax is the maximum conductance, Vhalf is the half activation potential, and the Kslope is steepness of voltage dependence in current activation.

Inner hair cell capacitance measurement (Cm) were performed with the lock-in feature and the “Sine + DC” method in the software Patchmaster (Liu et al., 2019b). Briefly, a 1 kHz sine wave and 70 mV peak-to-peak magnitude was superposed on the IHC holding potential of –90 mV. The averaged capacitances change before and after the depolarization were calculated to monitor exocytosis from IHCs: △Cm = Cm (response) – Cm (baseline). Ca2+ current charge (Qca) was calculated by taking the integral of the leak-subtracted current during depolarization.



In situ Apoptosis Staining

Hair cell apoptosis in the cochlea was evaluated using a terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining kit (in situ cell death detection kit, Roche). After hair cells were labeled with anti-Myo7a antibody, the cochlear tissues were incubated with freshly prepared TUNEL working solution at 37°C for 1 h in a humidified chamber away from light. After rinsing in PBS three times, Nuclei were counterstained with a 4′, 6-diamidino-2-phenylindole (DAPI) staining solution (Beyotime, P0131). Nuclei of TUNEL positive cells intensely labeled by green were identified as apoptotic cells. Images were captured on a Zeiss LSM 880 laser confocal scanning microscopy (Carl Zeiss Microscopy, Germany).



Date Processing and Statistical Analysis

Imaging data processing and statistical analyses were carried out with GraphPad Prism 8.0 and Adobe Illustrator CC 2018. A two-tailed, unpaired Student’s t-test with Welch’s correction was used for comparisons between the Hars2 CKO and control mice. For multiple comparison which involves sound level, frequency and cochlear turn, statistical analysis was performed using two-way ANOVA followed by Bonferroni post-hoc test. Data were expressed as mean ± SEM. For all statistical analysis, values were considered statistically significant when P < 0.05. In Figures, NS represents P > 0.05, * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001.




RESULTS


HARS2 Is Robustly Expressed in Postnatal Mouse Cochlea

To explore the role of HARS2 in hearing function, we first examined the expression pattern of HARS2 in the mouse cochlea. As shown in Figure 1A, cryosection immunostaining of the P30 WT mice indicated that HARS2 is widely expressed in the cochlea including inner (IHC) and outer hair cells (OHC), spiral ganglia neurons, stria vascularis, and supporting cells. Western blot analysis in cochleae of different postnatal ages showed that the expression of HARS2 is highest at P1 and gradually decreases at P14, P30, and P60 (Figure 1B).



The Hars2 Conditional Knockout Mice Have Rapidly Progressive Hearing Loss

The Hars2Loxp/Loxp;ACTBCre full-body KO mice died perinatally, hindering further investigation of Hars2 in auditory function. To overcome this obstacle, we generated a Hars2Loxp/Loxp; Gfi1Cre CKO mouse line (Figures 1C,D). The specifical knockout of Hars2 in cochlear hair cells was confirmed by immunofluorescence staining (Figure 1E). The Hars2 CKO mice has apparently normal development. ABR thresholds of the Hars2 CKO mice were initially indistinguishable from that of the littermate Hars2+/+; Gfi1Cre controls at P21 (Figure 2A), but gradually elevated at P30 and P45 and rapidly reached profoundly deaf before P60 (Figures 2B–D). At P30 but not P21, the Hars2 CKO mice also showed decreased supra-threshold amplitude and prolonged latency of the ABR wave I at sound frequencies 8, 16, and 22.6 kHz (Figures 2E,F and Supplementary Figure 1), which indicates abnormal IHC synaptic transmission, synchronization and auditory nerve conduction (McKay et al., 2015).
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FIGURE 2. Auditory brainstem response threshold and Wave-I analysis of the Hars2 CKO mice. (A) Indistinguishable ABR thresholds of the Hars2 CKO and control mice at P21. (B) Significantly elevated ABR thresholds at frequencies of 11–32 kHz at P30. (C) Further elevated ABR thresholds at all frequencies at P45. (D) Profound hearing loss at P60. (E) Significantly reduced ABR suprathreshold wave-I amplitudes at frequencies of 8, 16, and 22.6 kHz at P30. (F) Significantly prolonged ABR suprathreshold wave-I latencies at frequencies of 8, 16, and 22.6 kHz at P30. * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001.




The Hars2 Conditional Knockout Mice Have Progressive Hair Cell Loss

Immunostaining of the cochlear hair cells showed that the Hars2 CKO mice have normal OHC and IHC numbers as the wild-type at P21 and P30 (Figures 3A,B). At P45, mild hair cell loss, more notable in OHCs than IHCs, can be observed at the basal turns of the Hars2 CKO cochleae (Figure 3C). The hair cell loss proceeds rapidly and extends from the basal turn to the middle and apical. At P60, most OHCs of the Hars2 CKO mice are lost, especially in the middle and basal turns, while the IHC loss is relatively less severe (Figure 3D).
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FIGURE 3. Hair cell loss in the Hars2 CKO mice. (A,B) No significant hair cell loss at P21 and P30. (C) Partial loss of hair cells at the basal turn at P45. (D) Severe hair cell loss in all turns at P60. Left panels: Whole-mount cochleae were immunostained with anti-Myo7a antibody (green) and DAPI (blue). Right panels: Quantification of the numbers of OHCs (left) and IHCs (right). control: n = 5; Hars2 CKO: n = 5. Scale bars = 20 μm. * represents P < 0.05, *** represents P < 0.001.




Hars2 Knockout Activates Mitochondrial Apoptosis Pathway in Hair Cells

We next investigated that whether hair cell loss of the Hars2 CKO mice is due to apoptosis. The TUNEL assay was used to label nuclear DNA fragmentation, a key feature of apoptosis (Majtnerová and Roušar, 2018). At P30, all hair cells remain TUNEL-negative (Supplementary Figure 2). At P45, TUNEL-positive OHCs can be observed in all three turns of the Hars2 CKO cochleae, while TUNEL-positive IHCs are present in the basal turn only (Figures 4A,B). Expression of multiple pro-apoptotic proteins caspase-3, caspase-9, and cytochrome C are significantly up-regulated in the Hars2 CKO cochleae, while the anti-apoptotic protein BCL-2 is down-regulated (Figures 4C,D).
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FIGURE 4. Apoptosis analysis by TUNEL and Western blot in the cochleae of the Hars2 CKO mice at P45. (A) TUNEL (green) and anti-Myo7a (red), DAPI (blue) staining of whole-mount cochlea in the Hars2 CKO and control mice. Scale bars = 20 μm. (B) Quantification of the number of TUNEL positive OHCs and IHCs at the apical, middle, and basal turns of cochlea. (C) Protein expression of cleaved caspase-3, BCL-2, cytochrome C, and cleaved caspase-9 detected by Western blotting. (D) Relative protein expression levels after normalization against endogenous β-actin. All experiments were replicated in triplets. ** represents P < 0.01, *** represents P < 0.001.




Hars2 Knockout Elevates Reactive Oxygen Species in Hair Cells

Since mitochondrial ROS has pivotal role in triggering hair cell apoptosis and hearing loss (Wu et al., 2020; Fu et al., 2021b), we then assessed the level of ROS in the Hars2 CKO cochleae. Increased immunolabeling of the ROS markers 3-NT and 4-HNE can be observed as early as P30 in most turns of cochleae (Figures 5A–D). Quantitative reversed transcribed PCR also showed decreased mRNA expression of several antioxidant enzymes xCT, Nqo1, Sod2, and Gsr, and increased expression of the oxidant enzyme Lpo in the Hars2 CKO cochleae (Figure 5E). These results suggested that increased ROS in cochlear hair cells is likely the initiating cause for hearing loss in the Hars2 CKO mice.
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FIGURE 5. ROS analysis in the cochleae of the Hars2 CKO mice at P30. (A,B) Immunostaining of whole-mount cochleae using anti-3-NT or anti-4-HNE antibodies (green), Phalloidin (red), and DAPI (blue). Scale bars = 20 μm. (C,D) Quantification of the 3-NT or 4-HNE immunolabeling in hair cells. (E) qPCR analysis of sensory epithelia (without spiral ganglion neurons) showing significantly decreased expression of the antioxidant factors xCT, Nqo1, Sod2, and Gsr and increased expression of pro-oxidant factor Lpo (n = 6). NS represents P > 0.05, * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001.




Hars2 Knockout Disrupts Inner Hair Cell Synaptic Transmission

Since the Hars2 CKO mice has significant hearing loss at P30 without apparent hair cell loss (Figures 2B, 3B), we further investigated the IHC functions of the Hars2 CKO mice at this age. Whole-mount immunostaining showed that the Hars2 CKO mice has normal IHC ribbon synapse counts as the controls (Supplementary Figure 3). Whole-cell patch-clamp recording in IHCs, however, recorded a significantly smaller Ca2+ current with lower current amplitude (ICa), reversal potential (Vrev) and half activation potential (Vhalf), and normal steepness of voltage dependence (kslope) for the Hars2 CKO mice at physiological conditions (Figures 6A–E). Membrane capacitance change (ΔCm), which measures synaptic vesicle release, is normal under short (20 ms) stimulation but significantly reduced under prolonged (200 ms) stimulation (Figures 6F–J). The Ca2+ efficiency triggering exocytosis, quantified as the ratio of ΔCm/QCa, remain unaltered for both short and prolonged stimulations (Figures 6H,K). Taken together, these results suggested that the Hars2 CKO mice have disrupted IHC synaptic transmission due to reduced calcium influx, which likely contributes to the hearing loss at P30 and is consistent with the decreased supra-threshold amplitude and prolonged latency of the ABR wave I (Figures 2E,F).
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FIGURE 6. Inner hair cell patch-clamp recording in the Hars2 CKO mice. (A) Representative of the Ca2+ current in IHCs of the Hars2 CKO and control mice. The current response was induced by a voltage ramp from –90 to 60 mV and then leak subtracted. (B,C) The Ca2+ current amplitude (ICa) and reversal potential (Vrev) are significantly reduced. (D) The half activation potential (Vhalf) of calcium current is less negative. (E) Slope of activation (kslope) is normal. (F) Representative traces of Ca2+ current (top) and capacitance (bottom) upon 20 ms step depolarization. (G) The membrane capacitance change (ΔCm) is comparable for stimulations of 20 ms. (H) The Ca2+ efficiency of exocytosis triggering, quantified as the ratio of ΔCm/QCa, is comparable for stimulation of 20 ms. (I) Representative traces of Ca2+ current (top) and capacitance (bottom) upon 200 ms step depolarization. (J) The ΔCm is significantly reduced for stimulations of 200 ms. (K) The ΔCm/QCa is comparable for stimulation of 200 ms (control: n = 5; Hars2 CKO: n = 5). NS represents P > 0.05, * represents P < 0.05, ** represents P < 0.01.




Hars2 Knockout Causes Accumulation of Morphologically Abnormal Mitochondria in Hair Cells

We finally evaluated the proportion of morphologically abnormal mitochondria, defined by swelling, deformation, loss of cristae, and emergence of large intrinsic vacuoles, in IHCs (Figure 7) and OHCs (Figure 8) of the Hars2 CKO mice by Transmission Electron Microscopy (TEM). At P7, the number and distribution of mitochondria in both IHCs and OHCs of the Hars2 CKO mice are normal, and the ultrastructure of the mitochondria is mostly indistinguishable from the control mice with clearly visible cristae. From P14, a series of abnormal mitochondria can be observed in hair cells of the Hars2 CKO mice (Figures 7A, 8A), which represents reduced inner membrane surface together with low-density mitochondrial mass. The proportion of morphological abnormal mitochondria appears to increase with age and is larger in IHCs than in OHCs (Figures 7B, 8B). In addition, cristae surface area, positively correlated with the amount of ATP produced by oxidative phosphorylation (van der Laan et al., 2012; Wollweber et al., 2017), significantly decreases in the Hars2 CKO mice, again more prominently in IHCs than in OHCs (Figures 7C, 8C).
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FIGURE 7. Inner hair cell transmission electron microscopy of the Hars2 CKO mice between P7 and P45. (A) IHCs of the control mice at different ages contains abundant mitochondria with easily-identifiable cristae, whereas various morphologically abnormal mitochondria be observed in IHCs of the Hars2 CKO mice including swollen (open arrowhead), deformed (black arrowhead) mitochondria, mitochondria with deformed cristae (black arrows), or intrinsic vacuole (black asterisk). (B) Quantified proportion of abnormal mitochondria in IHCs. (C) Quantified number of mitochondrial cristae per mitochondria in IHCs. NS represents P > 0.05, ** represents P < 0.01, *** represents P < 0.001.
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FIGURE 8. Outer hair cell transmission electron microscopy of the Hars2 CKO mice between P7-P45. (A) OHCs of the control mice at different ages contains abundant mitochondria with easily-identifiable cristae, whereas various morphologically abnormal mitochondria be observed in OHCs of the Hars2 CKO mice including swollen (open arrowhead), deformed (black arrowhead) mitochondria, mitochondria with deformed cristae (black arrows), or intrinsic vacuole (black asterisk). (B) Quantified proportion of abnormal mitochondria in OHCs. (C) Quantified number of mitochondrial cristae per mitochondria in OHCs. NS represents P > 0.05, * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001.





DISCUSSION

The functions of deafness genes play an essential role on the morphology and development of hair cells (Liu et al., 2019d; Qi et al., 2019, 2020; Chen et al., 2021a), synaptic transmission of spiral ganglion neurons (Guo et al., 2020; Guo R. et al., 2021; Hu et al., 2021; Wei et al., 2021), and many other important components of the inner ear, including supporting cells, greater epithelial ridge cells and lesser epithelial ridge cells (Ding et al., 2020; Zhang et al., 2020; Chen et al., 2021b). In this study, we generated a Hars2 conditional knockout mice to investigate the function of HARS2 in hearing and its pathogenic mechanism for deafness. Previous studies have shown that missense mutations in HARS2, which account for the majority of reported mutations in humans, lead to significantly decreased protein function (Yu et al., 2020), similar to the loss of function effect in this mouse model. Though HARS2 was found to be widely expressed in many cell types of mouse cochlea (Figure 1), the current study chose to focus on cochlear hair cells that have an essential role in converting mechanical sound stimulus into neural electrical signals (Schwander et al., 2010). Notably, our hair cell-specific Hars2 CKO mice display delayed-onset, rapidly progressive hearing loss (Figure 2), which is very similar to the human hearing phenotype associated with the HARS2 mutations (Yu et al., 2020), supporting our hypothesis that hair cell is among the primary targets for Hars2-related pathogenesis in cochlea. At the same time, we acknowledge that the function of HARS2 in other inner ear cell types, such as spiral ganglion neurons and supporting cells, remain to be further studied.

Underlying increasingly elevated ABR hearing thresholds in postnatal Hars2 CKO mice (Figure 2), we observed rapidly progressive hair cell loss due to increased ROS level and activated apoptosis pathway (Figures 3, 4, 5). These results are consistent with previous studies on HEK293T cells, which show that the mtARSs are essential in mitochondrial protein synthesis and oxidative phosphorylation (OXPHOS) (Fine et al., 2019; Yu et al., 2020). Reduction of OXPHOS electron transport chain activity may lead to elevated ROS, which in turn can induce opening of mitochondrial permeability transition pore and reduce of mitochondrial membrane potential, triggering mitochondrial apoptotic pathways (Kamogashira et al., 2015).

The hearing loss of the Hars2 CKO mice, however, cannot be entirely attributed to loss of hair cells, as it already occurs at as early as P30 without apparent hair cell loss (Figures 2B, 3B). In hair cells, neurotransmission of the sound signal relies on rapid and sustained vesicle release of the ribbon synapses, which is an energy demanding process relying heavily on mitochondria (Safieddine et al., 2012). Patch-clamp recordings in acute brainstem slices have demonstrated that energy limitations can negatively affect synaptic transmission (Nagase et al., 2014), with similar results also reported in hippocampal slices (Liotta et al., 2012). In this study, by TEM we observed morphological degeneration of mitochondria, which indicate mitochondrial dysfunction in Hars2 CKO hearing cells at different postnatal periods including P14. In mammalian hair cells, Ca2+ influx current triggers both rapid and sustained exocytosis, which releases the readily releasable pool of synaptic vesicles and ensures their efficient recycling (Meyer et al., 2009; Graydon et al., 2011). Besides energy supply, mitochondria also contributes to maintaining of intracellular calcium homeostasis and influx in hair cells (Wang et al., 2019) and is associated with the susceptibility to noise-induced hearing loss (Liu et al., 2020). Although the number of ribbon synapses in IHCs of the Hars2 CKO mice is unaltered at P30 (Supplementary Figure 3), our IHC patch-clamp recording showed that the IHC Ca2+ influx current is significantly reduced at physiological conditions (Figure 6). Consistently, while the rapid exocytosis and the efficiency of Ca2+ triggering exocytosis remains normal, the sustained exocytosis is also reduced in IHCs of the Hars2 CKO mice. These results are in agreement with previous studies showing that partial block of evoked mitochondria-Ca2+ uptake in mature zebrafish hair cells was sufficient to impair presynaptic-Ca2+ influx current, especially during sustained stimuli (Castellano-Muñoz and Ricci, 2014; Wong et al., 2019). Overall, our results suggested that Hars2 deficiency leads to mitochondrial dysfunction, reduced presynaptic Ca2+ influx current and compromised sustained exocytosis, which in combination likely contributes to the hearing loss of the Hars2 CKO mice prior to the hair cell loss.

Our TEM study revealed the progressive morphological abnormalities of mitochondria in hair cells of the Hars2 CKO mice (Figures 7, 8). Mitochondria is a dynamic organelle whose morphology directly reflects its functional status (Friedman and Nunnari, 2014). Here we calculated the proportion of morphologically abnormal mitochondria and the number of mitochondrial cristae per mitochondria to quantify the mitochondrial dysfunction. Interestingly, the distortion and corruption of mitochondria is far more severe in IHCs than in OHCs of the Hars2 CKO mice. This is in agreement with previous studies on cisplatin-induced hearing loss and noise-induced hearing loss, which showed similar trends for differential mitochondrial damages between IHCs and OHCs (Hill et al., 2016; Chen et al., 2019). However, both previous and our current studies (Figure 3) showed that OHCs encounter greater cell loss than IHCs under ROS stress (Choung et al., 2009), suggesting that these two hair cell types perceive the mitochondrial damage differently.

Overall, our study revealed a progressive, rapidly deteriorating course for hair cell mitochondrial damage and hearing loss in the Hars2 CKO mice, accompanied with elevated ROS, compromised IHC sustained exocytosis and eventual hair cell loss (Figure 9). As antioxidant drugs targeting mitochondrial ROS pathway have been proven effective to relieve hearing loss associated with noise, ototoxic-drug, and aging (Fetoni et al., 2013; Kamogashira et al., 2015; Kim et al., 2019), HARS2 and other mtARSs may present interesting targets for future therapeutic studies.


[image: image]

FIGURE 9. Schematic diagram of the hearing phenotype and hair cell maintenance of the Hars2 CKO mice between P14 and P60 based on the current morphological and functional studies.




CONCLUSION

Our study suggested that Hars2 is critically required for hair cell survival and maintenance of appropriate function. Mutations in Hars2 may lead to progressive, rapidly deteriorating hearing loss by hair cell synaptopathy and mitochondrial apoptosis, which are triggered by accumulating mitochondrial damage and elevated ROS stress.
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Sensorineural hearing loss (SNHL) is one of the most prevalent sensory deficits in humans, and approximately 360 million people worldwide are affected. The current treatment option for severe to profound hearing loss is cochlear implantation (CI), but its treatment efficacy is related to the survival of spiral ganglion neurons (SGNs). SGNs are the primary sensory neurons, transmitting complex acoustic information from hair cells to second-order sensory neurons in the cochlear nucleus. In mammals, SGNs have very limited regeneration ability, and SGN loss causes irreversible hearing loss. In most cases of SNHL, SGN damage is the dominant pathogenesis, and it could be caused by noise exposure, ototoxic drugs, hereditary defects, presbycusis, etc. Tremendous efforts have been made to identify novel treatments to prevent or reverse the damage to SGNs, including gene therapy and stem cell therapy. This review summarizes the major causes and the corresponding mechanisms of SGN loss and the current protection strategies, especially gene therapy and stem cell therapy, to promote the development of new therapeutic methods.
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INTRODUCTION

Hearing loss is one of the major health problems worldwide, affecting over 5% of the population of the world or approximately 466 million people1. Children with hearing loss have difficulties in language and cognitive development, thus affecting their school performance, ability to integrate into mainstream job markets, and overall quality of life (Wake et al., 2004; Borton et al., 2010). Hearing loss in the elderly may increase the risk of dementia and Alzheimer’s disease (Lin et al., 2011). Based on the affected cochlear sites, hearing loss is generally categorized into conductive and sensorineural hearing loss (SNHL). SNHL is usually caused by irreversible damage to cells along the auditory pathway, including spiral ganglion neurons (SGNs). The major causes of SGN loss include harmful extrinsic (noise, ototoxic drugs, etc.) and intrinsic causes (genetic factors, aging, etc.). The mature sensorineural tissues of the cochlea in mammals, including hair cells (HCs) and SGNs, have very limited repair capacity and do not regenerate, so this damage is usually permanent.

The somata of SGNs reside in Rosenthal’s spiral canal. Each cell body of SGNs gives rise to a peripheral process that extends toward the organ of Corti and a central process that connects together to form the auditory nerve emitting into the brain, thus establishing a point-to-point communication between the cochlear HCs and the cochlear nucleus. Human SGNs are divided into two types: type I and type II afferent neurons. Ninety-five percent of the neuron population in the spiral ganglion consists of type I afferent neurons, which are myelinated and connect inner hair cells (IHC) with the cochlear nuclei of the brainstem (Eybalin, 1993). Each dendrite of type I afferent neurons innervates only one IHC, while each IHC receives contacts from 10 to 20 dendrites from type I afferent neurons (Eybalin, 1993). Type II afferent neurons account for only 5–10% of the neuron population (Spoendlin, 1972; Ruggero et al., 1982) and they are pseudounipolar and non-myelinated neurons (Berglund and Ryugo, 1986, 1991). Each type II afferent neuron innervates approximately 15 to 20 outer hair cells (OHCs), which are from the same row, while each OHC receives only one contact from one type II afferent neuron.

Until recently, the only treatments for SNHL have been hearing aids and cochlear implants, both of which are highly unnatural compared with normal sound stimulation, and they perform poorly in noisy environments. Cochlear implants are the standard therapy for severe to profound hearing loss, and their performance is variable, which is likely related to the number of residual SGNs (Seyyedi et al., 2014). No clinical therapies existed to rescue the dying SGNs or regenerate these cells once lost. Fortunately, great progress has been made in new biological therapies, such as gene therapy and stem cell therapy, providing promising perspectives for the future restoration of hearing in deaf people. This review summarizes the major causes and the related mechanisms leading to the degeneration of SGNs and discusses recent therapeutic strategies in gene therapy and stem cell therapy research to reverse SGN damage.



MAJOR CAUSES AND CORRESPONDING MECHANISMS OF SPIRAL GANGLION NEURONS LOSS


Noise Exposure

Exposure to excessive levels of sound leads to a temporary threshold shift (TTS) that can fully recover to normal or a permanent threshold shift (PTS) that fails to return to pre-exposure levels. The loss of afferent ribbon synapses and the degeneration of SGNs can be triggered by noise exposure (Fernandez et al., 2015). After mild noise exposure with TTS, swelling of afferent endings and the primary degeneration of SGNs were observed in a mouse model (Puel et al., 1998; Kujawa and Liberman, 2009). During the early stage of noise exposure, the quantity and quality of the ribbon synapses significantly deceased without total recovery even after several days when the hearing was fully recovered (Shi et al., 2015). This form of damage is thought to contribute to hearing difficulties in noisy environments, tinnitus, and other auditory dysfunctions (Kujawa and Liberman, 2009). However, high-intensity exposure (>100 dB sound pressure level, SPL) or repeated overstimulation leads to PTSs (Spoendlin, 1985). After overexposure, hair cell damage can be visible within minutes, while the death of SGNs is delayed by months to years (Johnsson, 1974).

Excitotoxicity is a complex process triggered by the overactivation of glutamate receptors that results in degenerative neuronal cell death (Lai et al., 2014). Type I SGNs are activated by glutamate, and excessive release of the excitatory neurotransmitter (glutamate) from IHC could lead to the death of SGNs. Excitotoxicity is thought to play an essential role in noise-induced hearing loss. SGN afferent synapse swelling after noise exposure is likely due to glutamate toxicity (Robertson, 1983; Puel et al., 1998). Excessive glutamate release after noise overstimulation leads to the overactivation of glutamate receptors on the postsynaptic membrane of SGNs. Such overactivation leads to an influx of cations such as Na+ and Ca2+. Then, Cl– and water molecules passively cross the plasma membrane, leading to edema and even death of the SGNs (Pujol and Puel, 1999; Wang et al., 2002). Administration of exogenous glutamate receptor agonists, including AMPA and kainite, to the cochlea could mimic this process (Ruel et al., 2000; Le Prell et al., 2004), while swelling of the afferent synapse could be prevented by treatment with a glutamate antagonist (Puel et al., 1998). These results suggest a contribution of excitotoxicity to SGN damage induced by noise exposure. In addition, an influx of Ca2+ into the afferent nerves of the cochlea leads to calcium-dependent caspase-mediated apoptosis by the intrinsic (mitochondria-mediated) pathway (Puel et al., 1998; Pujol and Puel, 1999; Ruel et al., 2007).



Toxic Drugs

Certain therapeutic agents could cause functional impairment and cellular degeneration of SGNs. More than 130 drugs have been found to be ototoxic (Liu et al., 2011, 2012; Lanvers-Kaminsky et al., 2017). Two important classes are aminoglycoside antibiotics (Jeong et al., 2010; Wang et al., 2021) and platinum-based antineoplastic agents (Tsukasaki et al., 2000; Liu et al., 2019b,2021), which could cause permanent hearing loss. Cisplatin, the most commonly used platinum-based antineoplastic agent and the most ototoxic drug in frequent use in the clinic (Muggia et al., 2015), results in OHC loss in a basal to apical gradient and SGN and cell loss in the stria vascularis (Schacht et al., 2012). Degeneration of SGNs caused by toxic drugs is frequently observed secondary to hair cell loss. However, Wang et al. (2003) found that the neurotoxic effects after carboplatin treatment occurred approximately 1 day before the IHCs were injured. A unique case showed that the benefit of cochlear implantation (CI) was lost due to the use of cisplatin (Harris et al., 2011). These results indicate that SGNs are the primary injury sites after treatment with platinum-based antineoplastic agents, and they are not limited to hair cell loss. However, the mechanisms of SGN damage induced by cisplatin have not been fully explained. One of these mechanisms is thought to be mediated through ROS generation, subsequently inducing calcium influx and apoptosis (Kawai et al., 2006; Mohan et al., 2014). Cisplatin also activates apoptosis by increasing the release of cytochrome c (Garcia-Berrocal et al., 2007; Jeong et al., 2007). The expression of JNK, phospho-JNK, c-Jun, and phospho-c-Jun are also increased (Jeong et al., 2010), indicating that activation of the c-Jun N-terminal kinase signaling pathway is involved in SGN apoptosis in response to oxidative stress. Liu et al. (2019b) found that Wnt signaling activated TIGAR, protecting SGNs against cisplatin-induced damage through the suppression of oxidative stress and apoptosis. Autophagic flux was found to be activated by PRDX1 via the PTEN/AKT signaling pathway in SGNs after cisplatin damage, attenuating ROS accumulation to mediate protective effects (Liu et al., 2021).



Infections

Infection with some viruses or bacteria, such as cytomegalovirus (CMV) and Streptococcus pneumoniae, leads to SNHL due to the degeneration of SGNs. CMV is the leading cause of congenital virus infection, and it affects around0.5–1% of all live births worldwide, with approximately 10% of infected infants developing hearing loss (Lombardi et al., 2010; Plosa et al., 2012). A histopathological study of the human temporal bone showed that the total number of SGNs was significantly reduced in ears with congenital infectious diseases compared to normal ears (Miura et al., 2002). However, the mechanisms of the pathogenesis are still unclear. Mouse models of CMV-induced profound SNHL have shown that SGNs are preferentially infected by CMV and that the number of SGNs dramatically decreases (Juanjuan et al., 2011; Schachtele et al., 2011; Bradford et al., 2015; Ikuta et al., 2015). These results indicate that a reduction in the number of SGNs may be the major cause of congenital CMV infection-induced SNHL. Increased numbers of macrophages and CD3 + mononuclear cells were detected in the SGNs of infected mice with hearing loss (Schachtele et al., 2011; Bradford et al., 2015). High levels of ROS were found to be involved in CMV-induced profound SNHL (Schachtele et al., 2011; Zhuang et al., 2018). Multiple proinflammatory molecules, including tumor necrosis factor-α, interleukin-6, CCL8, CXCL9, and CXCL10 were increased in CMV infection-induced SNHL (Teissier et al., 2011; Gabrielli et al., 2013; Melnick and Jaskoll, 2013; Bradford et al., 2015). Li et al. (2016) demonstrated that SGN apoptosis has an important relationship with SNHL induced by CMV infection. In addition to CMV, Streptococcus pneumonia and Mycobacterium tuberculosis infection-induced SNHL also led to a markedly decreased density of SGNs (Klein et al., 2003; Kuan et al., 2007; Perny et al., 2016).



Genetic Factors

Genetic factors play a crucial role in SNHL, including congenital and later-onset hearing loss. More than 150 genes have been identified to be directly associated with SNHL. Among the genes identified are those encoding transcription factors (POU3F4), ion channels (KCNQ1 and KCNE1), extracellular matrix components (COCH), cytoskeletal proteins (several unconventional myosins), and proteins of unknown function (DFNA5). Mutations in these genes result in either primary and/or secondary SGN damage. Primary SGN degeneration is more likely to be observed with mutations of genes that play an important role in neuronal survival and the regulation of synaptic transmission, such as POU3F4, SLC17A8, and PJVK (Ruel et al., 2008; Brooks et al., 2020; Cheng et al., 2020). Mutations in POU3F4/Pou3f4, the encoding of a transcription factor, and POU-domain protein cause deafness in humans and mice (Kandpal et al., 1996; Minowa et al., 1999). Pou3f4–/– mice showed disrupted radial bundle fasciculation and synapse formation (Coate et al., 2012) and degeneration of SGNs (Coate et al., 2012; Brooks et al., 2020). The hair cells and supporting cells in the Pou3f4–/– mice appeared normal, indicating that the degeneration of SGNs is primary in this mouse model. Secondary SGN degeneration often occurs due to mutations in genes affecting hair cells or supporting cells. Mutations in the GJB2 gene, expressed in supporting cells, are the most common cause of hereditary hearing loss. Conditional Cx26-null mice exhibit secondary SGN degeneration resulting from the degeneration of hair cells and supporting cells (Wang et al., 2009; Takada et al., 2014). Degeneration of SGNs was observed in mice with mutations in other deafness genes, such as KCNQ1 and KCNE1 (Vetter et al., 1996; Eugene et al., 2009). In addition, hundreds of genes, including mitochondrial genes and antioxidant defense-related genes, are thought to predispose people to noise-induced, drug-induced and age-related hearing loss by aggravating SGN damage (Wang and Puel, 2018).



Aging

Age-related hearing loss (ARHL) is the third most prevalent chronic medical condition affecting the elderly (Lethbridge-Cejku et al., 2004), and it is characterized by difficulties in speech discrimination and sound detection and localization, particularly in the presence of background noise. It is symmetric, progressive, and sensorineural, and it begins in the high-frequency region and spreads toward the low-frequency regions as age advances. SGNs are frequently lost during aging secondary to the loss of HCs (Schacht and Hawkins, 2005) as hair cells and supporting cells provide neurotrophic support, including neurotrophin-3 (NT3), brain-derived neurotrophic factor (BDNF), and glial cell line-derived neurotrophic factor (GDNF) for SGN survival (Ernfors et al., 1995; Fritzsch et al., 1997; Takeno et al., 1998). However, SGN degeneration without HC loss is common among mammals during aging. The loss of SGNs is probably independent of the age-related loss of HCs. Primary and secondary degeneration of SGNs may coincide in the same cochlea (Hequembourg and Liberman, 2001). It may be impossible to separate the primary and secondary degeneration of SGNs during the early degeneration stages of aging. Oxidative metabolism is involved in age-related SGN loss. Significant age-related loss of SGN fibers has been observed prior to HC in mice lacking copper/zinc superoxide dismutase, the first-line defense against oxidative damage caused by ROS (Keithley et al., 2005). Mitochondria play a key role in ROS generation. It has been shown that age-related loss of SGNs in mice with mitochondrial dysfunction is more severe than in control mice (Niu et al., 2007; Yamasoba et al., 2007). In addition to ROS generation, mitochondria may also promote ARHL via apoptosis and calcium signaling pathways.

Signaling pathways that impact the aging of the whole organism could influence age-related SGN loss, as age is the most important predictor of SGN survival. Two key molecular pathways, the insulin/insulin-like growth factor-1 (IGF-1) pathway and the lipophilic/steroid hormone pathway, are closely related to the survival of SGNs. Caloric restriction (CR) can effectively modulate the IGF-1 pathway to prevent age-related neuronal loss of the enteric nervous system (Cowen, 2002; Thrasivoulou et al., 2006). CR was found to delay auditor brainstem response (ABR) threshold shifts during aging and ameliorate SGN degeneration in mice (Park et al., 1990; Willott et al., 1995; Someya et al., 2007; Yamasoba et al., 2007). Glucocorticoids, lipophilic/steroid hormones, have been shown to have detrimental effects on neuronal function during aging (Sapolsky et al., 1986; Miller and O’Callaghan, 2005; Landfield et al., 2007). In mice lacking the β2 subunit of the nicotinic acetylcholine receptor, SGN loss was accelerated (Bao et al., 2005) and serum corticosterone (a major glucocorticoid) increased (Zoli et al., 1999) during ageing. Acceleration of age-related SGN loss was also found in mice lacking NF-κB (Lang et al., 2006) whose translocation in SGNs appears to be controlled by glucocorticoids (Tahera et al., 2006).




PROTECTION AND REGENERATION OF SPIRAL GANGLION NEURONS

Currently, there are no clinical therapies to prevent SGN degeneration or to regenerate these cells once lost. Numerous efforts have been made to explore potential therapies that could ameliorate the degeneration of SGNs. It is not surprising that agents that could interfere with the progression of SGN degeneration are promising candidates for SNHL. These pharmacological therapies include mitochondrial metabolic regulators, autophagy modulators, antioxidants or inhibitors of kinases, and apoptosis. However, there are no known drugs specifically approved by the FDA to prevent SGN degeneration or promote SGN repair. Although osmotic pumps containing neurotrophic factors (NTs) have been used to treat deaf animal models and have shown promising results, concerns about infection and the duration of efficacy restrict their widespread clinical application (Ma et al., 2019). More recent studies have focused on gene therapy and stem cell therapy, which could possibly provide long-term treatment efficacy (Liu et al., 2019a).


Gene Therapy

Gene therapy is a method that introduces a target foreign gene or gene regulatory element into target cells to replace or fix defective genes (Mulligan, 1993). Factors including vector types, administration routes, administration time, etc., have a vital role in the treatment effect. Currently, transfer vectors include viral and non-viral vectors. The most commonly used and most promising vectors in cochlear gene therapy are adenovirus (Ad)-based and vector adeno-associated virus (AAV)-based vectors, as both have effective transduction of many cochlear cell types (Kesser and Lalwani, 2009; Ruan et al., 2010). The capacity of Ad vectors is large (26–45 kb), which greatly expands the number of target genes, while AAV vectors have limited capacity (4–5 kb). AAV vectors are not associated with any known human disease, making them unique among viral vectors. In addition to choosing a proper vector, a safe and efficient administration route is required for inner ear gene therapies. The most commonly used routes for introducing delivery vectors into the inner ear of neonatal and adult animals are through the scala media, scala tympani, and the semicircular canal (Kilpatrick et al., 2011; Gassner et al., 2012; Chien et al., 2015). Some studies also delivered viral vectors in utero (Bedrosian et al., 2006; Gubbels et al., 2008). Gene therapy goals for SGNs include preventing the degeneration of SGNs and promoting the regeneration of SGNs. The most studied gene therapies in animal models to protect the SGN are NTs, such as BDNF and NT3 (Wan et al., 2014; Budenz et al., 2015; Pfingst et al., 2017). Neurotrophins regulate neuronal differentiation and survival during cochlear development (Fritzsch et al., 1999; Farinas et al., 2001; Rubel and Fritzsch, 2002; Yang et al., 2011). BDNF and NT3, mainly provided by supporting cells of the organ of Corti, have important roles in the development and maintenance of SGNs (Schecterson and Bothwell, 1994; Fritzsch et al., 1999; Stankovic et al., 2004). Loss of BDNF and NT3 support leads to the gradual degeneration of SGNs (Fritzsch et al., 1999; Alam et al., 2007).

Exogenous NT (BDNF, GDNF, NT3, CNTF, and others) administration into the cochlea can prevent precipitous SGN loss (Gillespie et al., 2003) and also promote long-term survival of SGNs (Shepherd et al., 2008; Agterberg et al., 2009; Leake et al., 2011), especially when combined with electrical stimulation (Shepherd et al., 2005; Leake et al., 2013). Several studies in deaf animal models, including guinea pigs, mice (Fukui et al., 2012), rats (Wu et al., 2011) and cats, have reported improved SGN survival with virally mediated NT expression compared to controls after acoustic trauma (Table 1). Staecker et al. (1998) reported that an HSV-1 vector containing BDNF could almost completely rescue the damaged SGNs caused by neomycin despite the destruction of all HCs. Another study demonstrated that enhanced SGN survival was observed for up to 4 weeks in aminoglycoside/diuretic-induced deafened guinea pigs with the administration of Ad-mediated transfection of GDNF compared to the controls (Yagi et al., 2000). Ad-mediated gene transfer of BDNF and NT3 also prevented SGN degeneration after aminoglycoside-induced deafness in guinea pigs (Wise et al., 2010). HSV1-mediated NT3 expression protected SGNs from degeneration caused by cisplatin-induced ototoxicity in aged mice (Bowers et al., 2002). In addition to SGN protection, gene therapy with NTs could also improve the survival and resprouting of the radial nerve fibers of SGNs (Shibata et al., 2010; Wise et al., 2010; Atkinson et al., 2012, 2014; Fukui et al., 2012; Chen et al., 2018).


TABLE 1. Studies of gene therapy for SGNs rescue in deafened animals.

[image: Table 1]
Noise-induced synapse loss could be prevented with inner ear gene therapy with NTs. SGN degeneration and hearing loss in rats exposed to blast waves were prevented by gene therapy with Ad-mediated human beta-nerve growth factor gene transfer (Wu et al., 2011). Synapse damage caused by noise exposure could be prevented by Ntf3 overexpression via gene therapy (Wan et al., 2014). AAV-mediated NT3 overexpression prevented and repaired noise-induced synaptopathy (Chen et al., 2018; Hashimoto et al., 2019). Pfingst et al. (2017) also demonstrated that AAV-mediated NT3 gene therapy could prevent SGN degeneration in deafened, implanted guinea pigs.

A proper administration approach is important for SGN gene therapy. Wise et al. (2010) demonstrated that injection of vectors into the scala media resulted in more localized gene expression, greater neuron survival, and more localized fiber responses than scala tympani injection. This result indicates that vector injection into the scala media may be a better method for gene therapy of SGNs. Another important factor to consider with gene therapy is the acute treatment window. Andrew et al. showed that the efficacy of SGNs protection of viral-mediated NT expression diminished with an increasing duration of deafness, which indicates that there is a treatment window of gene therapy (Wise et al., 2011). Interestingly, Budenz et al. (2015) reported that BDNF was more effective in preventing SGN degeneration after deafness, while NT3 had a greater effect in eliciting the regrowth of radial nerve fibers. These results suggest that combining the overexpression of BDNF and NT3 may have a better effect on SGN protection.

Although great progress has been made in gene therapy for protecting SGNs, there are some problems that need to be solved. NT overexpression has been reported to have detrimental effects on hearing. A recent study showed that overexpression of Ntf3 in normal guinea pig cochleae led to disruption of synapses in the cochlea and hearing loss (Lee et al., 2016). Another study also found that overexpression of human GDNF in normal mice caused severe neurological symptoms and hearing loss (Akil et al., 2019). These findings indicate that extremely high levels of transgene NT expression should be avoided. Another obstacle for gene therapy application is that the gene therapy effect gradually disappears due to degeneration of the transduced cell (Atkinson et al., 2014). A long-term study on NT gene therapy showed that the efficacy of one-time injection could only last for up to 11 weeks (Atkinson et al., 2012). At 3 months after gene therapy with BDNF or NT3, peripheral auditory fibers still showed considerable regrowth in the basilar membrane area compared to the controls, although the neurotrophin levels were not significantly elevated in the cochlear fluids (Budenz et al., 2015). Finally, an important limitation blocking the transition into clinical practice is the lack of diagnostic tools to detect synaptopathy.



Stem Cell Therapy

Cell therapy refers to the use of live cells to repair damaged cells or to replace lost cells. Stem cells and differentiated cells can be used for these purposes (Parker, 2011). Stem cells, including embryonic stem cells (ESCs), adult stem cells (ASCs), and induced pluripotent stem cells (iPSCs), are involved in the regeneration of SGNs. There are two strategies for stem cell-based therapy: to stimulate resident stem cells within the organ of Corti to differentiate into SGNs and to supply exogenous stem cells (stem cell transplantation) into the inner ear. Theoretically, the first approach is supposed to be the best strategy for repairing or replacing damaged SGNs. Unfortunately, there is an insufficient number of resident stem cells in the adult cochlea, and they are not capable of restoring hearing.

Consequently, recent studies (Table 2) have focused on the second approach (Maharajan et al., 2021). Stem cell therapy includes stem cell differentiation into target cells in vitro and differentiated cell transplantation into the cochlea. Gunewardene et al. (2012) proposed the stepwise differentiation of ESCs and iPSCs into otic or neuronal precursors. In our opinion, the major challenge in stem cell therapy is cell transplantation, as the environment in the cochlea is hostile to the survival of foreign stem cells. Strategies to introduce exogenous neural stem cells into the cochlea include administration via the perilymph and endolymph (Lang et al., 2008) into the modiolus or the cochlear nerve (Corrales et al., 2006; Ogita et al., 2009) and into the lateral wall (Zhang et al., 2013). Although transplantation into the modiolus has shown a higher cell survival rate and increased populations of exogenous cells in Rosenthal’s canal compared to transplantation into the perilymph and endolymph (Matsuoka et al., 2007; Lang et al., 2008), the transplantation process may cause hearing damage (Corrales et al., 2006; Ogita et al., 2009). The transplantation of stem cells into the sidewall of the cochlea achieved efficient results and temporary relief of auditory impairment (Zhang et al., 2013). This method may be a better choice for transplantation. Lee et al. (2017) preconditioned the scala media to reduce the potassium concentration before transplantation, thus increasing the survival of transplanted cells. However, some stem cells lose their pluripotency and differentiation ability.


TABLE 2. Studies of stem cell in animal models for SGN regeneration.
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Embryonic stem cells (ESCs) are pluripotent stem cells and have limitless potential to proliferate and differentiate. Studies have demonstrated that human ESCs (hESCs) are able to differentiate into otic neuronal progenitors (ONPs) and SGN-like cells. Newly differentiated SGN-like cells have genotypic and phenotypic SGN-specific features, and their neurites extend toward the cochlear nucleus (Matsuoka et al., 2017). Hyakumura et al. (2019) recently found that human pluripotent stem cells (hPSCs) could be derived from sensory neuronal cells, which formed synaptic connections with hair cells and cochlear nuclei in organotypic coculture. ESC-derived mouse neural progenitor cells were transplanted via a round window membrane into ouabain-deafened gerbils, and they successfully engrafted into the modiolus and formed ectopic ganglia with differentiated neuronal-type cells that projected to sensory cells in the organ of Corti (Corrales et al., 2006). Chen et al. (2012) demonstrated that transplantation of neural progenitors into adult ouabain-deafened animals rescued the auditory function of the deafened animals. Although hESCs have high proliferative capacity, ethical concerns, immunological rejection, difficulty in procurement, and tumorigenic potential limit their utilization.

ASCs are thought to be a promising resource for SGN regeneration from both ethical and patient compatibility perspectives. Some cell markers of stem cells in the olfactory epithelium are the same as some cells in the auditory epithelium, and they have good regenerative capacity in adults, making them a good source of SGNs (Graziadei and Graziadei, 1979; Roisen et al., 2001). Olfactory stem cells can survive and migrate to Rosenthal’s canal after transplantation (Zhang et al., 2013; Xu et al., 2016), ameliorating noise-induced hearing impairment (Xu et al., 2016). Bone marrow stromal stem cells (Naito et al., 2004) and a purified subpopulation of glial cells expressing Sox2 isolated from the auditory nerve also showed efficient cell migration and differentiation ability (Lang et al., 2015). However, ASCs showed far less differentiation ability than ESCs, which limited their application.

In recent years, much attention has been given to iPSCs with the development of reprogramming technology. iPSCs are adult differentiated cells that are genetically reprogrammed to form pluripotent stem cells. iPSCs can easily be obtained from the somatic cells of the patient. Thus, there is no concern about immunological rejection and fewer ethical problems. A research group demonstrated that hiPSC-derived neurons could form presynaptic connections with HCs in the in vitro coculture system (Gunewardene et al., 2016). iPSCs also have some disadvantages, such as a low proliferation rate, the tendency to differentiate into the original somatic tissue, and tumorigenicity (Nishimura et al., 2012). One main concern in regards to their tumorigenicity is the use of viral vectors during reprogramming. A recent study described a specific stepwise neural induction method for hiPSCs to eliminate undifferentiated cells from transplants, allowing the use of only terminally differentiated neurons, thus reducing the probability of tumorigenicity. First, a neural induction method was established on Matrigel-coated plates. Then, hiPSCs were differentiated into neurons on a 3D collagen matrix, and the neuron subtypes were examined. Finally, the cultured neurons were transplanted into the guinea pig cochlea (Ishikawa et al., 2017). Boddy et al. (2021) found that human-induced pluripotent cell lines are capable of differentiating into otic cell types, including hair cells and neuronal lineages, using the non-integration approach. This technology lacks genetic integration problems, making it highly attractive in the field of regenerative medicine.




CONCLUSION AND FUTURE PROSPECTS

Different approaches are being developed for the treatment of deafness. Great progress has been made in gene therapy and stem cell therapy over the last decade. There are some problems that need to be solved, including viral safety and long-term treatment effects. Ad and AAV are widely used in cochlear gene therapy, and their safety has been confirmed in animal models. Additional research should be conducted to assess the safety and efficiency of treating humans. The treatment efficacy gradually decreases over time, so a second or even regular repeated treatments may be a solution. With regard to stem cell therapy, iPSC technology is thought to be promising. As a transplant source, autologous neurons from patient-derived iPSCs are ideal for the replacement of neurons in the injured cochlea. However, some challenges need to be overcome before application to humans, such as tumorigenesis and controlled growth of transplanted cells. Future therapies to rescue auditory function must consider multiple targets.

Combining several therapeutic strategies, for instance, stem cell delivery, gene therapy and cochlear implants, may achieve better performance. The treatment effect of cochlear implants relies at least partially on the number of surviving SGNs (Yagi et al., 2000). It is not surprising that gene therapy or stem cell therapy combined with cochlear implants could enhance the performance of cochlear implants, as gene therapy and stem cell therapy could prevent SGN degeneration. Guinea pigs treated with Ad-BDNF had a lower CI threshold and higher survival of SGNs, indicating that the combination of Ad-BDNF inoculation and electrical stimulation improved the functional measures of cochlear implant performance (Chikar et al., 2008). Scheper et al. (2019a) also showed that the alginate-MSC coating of CI significantly prevented SGN degeneration. A study demonstrated that coculture with Wnt1-expressing Schwann cells enhanced the neuronal differentiation of transplanted neural stem cells (He et al., 2014). This result reminds us that cotransplantation modified cells expressing specific cytokines along with stem cells may help us overcome the barrier of a low transplant survival rate. Genetically modified hMSCs overexpressing BDNF protect neurons significantly better from degeneration than native MSCs (Scheper et al., 2019b), which indicates that genetic modification prior to stem cell transplantation may provide a better effect. Efforts should continue toward the development of gene therapy and stem cell therapy for treating deafness.
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Connexin30-Deficiency Causes Mild Hearing Loss With the Reduction of Endocochlear Potential and ATP Release

Junmin Chen1,2,3†, Penghui Chen1,2,3†, Baihui He1,2,3†, Tianyu Gong1,2,3, Yue Li1,2,3, Jifang Zhang1,2,3, Jingrong Lv1,2,3, Fabio Mammano4,5, Shule Hou1,2,3* and Jun Yang1,2,3*


1Department of Otorhinolaryngology—Head & Neck Surgery, Xinhua Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China

2Ear Institute, Shanghai Jiaotong University School of Medicine, Shanghai, China

3Shanghai Key Laboratory of Translational Medicine on Ear and Nose Diseases, Shanghai, China

4Department of Physics and Astronomy “G. Galilei”, University of Padua, Padua, Italy

5Department of Biomedical Sciences, Institute of Cell Biology and Neurobiology, Italian National Research Council, Monterotondo, Italy

Edited by:
Zuhong He, Wuhan University, China

Reviewed by:
Renjie Chai, Southeast University, China
Cheng Cheng, Nanjing Drum Tower Hospital, China

* Correspondence: Shule Hou, houshule8562@xinhuamed.com.cn
 Jun Yang, yangjun@xinhuamed.com.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cellular Neuropathology, a section of the journal Frontiers in Cellular Neuroscience

Received: 21 November 2021
 Accepted: 22 December 2021
 Published: 17 January 2022

Citation: Chen J, Chen P, He B, Gong T, Li Y, Zhang J, Lv J, Mammano F, Hou S and Yang J (2022) Connexin30-Deficiency Causes Mild Hearing Loss With the Reduction of Endocochlear Potential and ATP Release. Front. Cell. Neurosci. 15:819194. doi: 10.3389/fncel.2021.819194



GJB2 and GJB6 are adjacent genes encoding connexin 26 (Cx26) and connexin 30 (Cx30), respectively, with overlapping expressions in the inner ear. Both genes are associated with the commonest monogenic hearing disorder, recessive isolated deafness DFNB1. Cx26 plays an important role in auditory development, while the role of Cx30 in hearing remains controversial. Previous studies found that Cx30 knockout mice had severe hearing loss along with a 90% reduction in Cx26, while another Cx30 knockout mouse model showed normal hearing with nearly half of Cx26 preserved. In this study, we used CRISPR/Cas9 technology to establish a new Cx30 knockout mouse model (Cx30−/−), which preserves approximately 70% of Cx26. We found that the 1, 3, and 6-month-old Cx30−/− mice showed mild hearing loss at full frequency. Immunofluorescence and HE staining suggested no significant differences in microstructure of the cochlea between Cx30−/− mice and wild-type mice. However, transmission electron microscopy showed slight cavity-like damage in the stria vascularis of Cx30−/− mice. And Cx30 deficiency reduced the production of endocochlear potential (EP) and the release of ATP, which may have induced hearing loss. Taken together, this study showed that lack of Cx30 can lead to hearing loss with an approximately 30% reduction of Cx26 in the present Cx30 knockout model. Hence, Cx30 may play an important rather than redundant role in hearing development.

Keywords: connexin30, hearing loss, connexin26, stria vascularis, endocochlear potential


INTRODUCTION

Hearing loss is a major global health problem, which can be caused by continued excessive noise (Guo et al., 2021), ototoxic drugs (Breglio et al., 2020), aging (Guo et al., 2021), genetic factors (Fu et al., 2021), and infections (Zhang et al., 2021), among which genetic factors caused 50% of the hearing loss. GJB2 and GJB6 are two adjacent genes encoding connexin 26 (Cx26) and connexin 30 (Cx30) respectively which form gap junctions (GJs) between supporting cells (SCs) or exist as the hemichannels at the surface of the SCs in the cochlea (Mammano, 2019). There are two independent GJ networks identified in the inner ear: the epithelial gap junctional network in the organ of Corti and the connective tissue gap junctional network in the cochlear lateral wall (Kikuchi et al., 1995).

Auditory development depends not only on the functional maturation of cochlear hair cells (HCs) but also on the normal differentiation and organization of nonsensory SCs. SCs are coupled through Cx26 and/or Cx30 GJ channels or hemichannels to form a supporting cell network, transmit ATP, ions, signals, and nutrient molecules (Bruzzone et al., 1996; Jagger and Forge, 2015; Verselis, 2019), and the microenvironment of surrounding HCs (Chen et al., 2018). ATP triggers cytosolic Ca2+ concentration oscillations and propagation of intercellular Ca2+ waves, which appear to play a crucial role in the normal development of the cochlear sensory epithelium, hearing acquisition and the functional maturation of HCs (Johnson et al., 2017; Mammano and Bortolozzi, 2018; Mazzarda et al., 2020). Chai et al. (He et al., 2017; Zhang et al., 2020a, b; Zhang Y. et al., 2020) further confirmed that regenerating HCs cannot achieve functional maturity in the absence of a normal and stable microenvironment by SCs.

GJB2 and GJB6 mutations account for up to 50% of all nonsyndromic hearing loss cases (Denoyelle et al., 1997; Estivill et al., 1998; Mishra et al., 2018). Homozygous Cx26 and Cx30 deletions lead to severe hearing loss in animal models (Kelsell et al., 1997; del Castillo et al., 2002). It has been reported that Cx26 and Cx30 are both important for hearing development (Adadey et al., 2020). Notably, Cx30 knockout mice displayed severe hearing loss in the absence of endocochlear potential, accompanied by a 90% reduction in Cx26 (Teubner et al., 2003; Boulay et al., 2013). Over-expression of Cx26 in Cx30 knockout mice rescued hearing (Ahmad et al., 2007), but not vice versa (Qu et al., 2012). These results indicated that Cx26 is critical for hearing development since it could not be substituted by Cx30 in early cochlear development. Cx30-deficient mice with nearly 50% Cx26 expression showed normal hearing (Boulay et al., 2013). Therefore, the role of Cx30 in the cochlea remains controversial.

In this study, we used CRISPR/Cas9 technology to establish a novel Cx30 knockout mouse model (Cx30−/−), which preserved approximately 70% of Cx26 expression in the cochlea and displayed mild hearing loss under full frequency. This new genotype model showed different morphological and functional phenotypes from the past. We believe that this model is of significant importance to explore the mechanism of hearing loss caused by Cx30 deletion.



MATERIALS AND METHODS


Creation and Genotyping of Cx30 Knockout Mice

Cx30 knockout mice (Cx30−/−) maintained on a pure C57BL/6 background were purchased from the Shanghai Model Organisms. CRISPR/Cas9 technology was used to repair the mutation introduced by non-homologous recombination, resulting in the shift of the protein reading frame of the Gjb6 Exon3 gene and loss of function. The mouse genotyping was identified by PCR amplification with the following primers: Gjb6 primer 1 (P1) 5’-CTAGTGCAACAGCACCCGTA-3’, Gjb6 P2 5’-CTAGTGCTGAAGGTGTGGGG-3’,Gjb6 P3 5’-TGGCATTGTTTCACCGTAGT-3’, Gjb6 P4 5’-AGGTCATGTGAATCTGTCTC-3’, Wild type (WT): Gjb6 P1 and P2 PCR to obtain a single 2369 bp band; Gjb6 P3 and P4 can obtain a 512 bp band; Heterozygous (HE): Gjb6 P1 and P2 PCR to obtain both 527 bp and 2,369 bp bands; Gjb6 P3 and P4 to obtain 512 bp band; Homozygous (HO): Gjb6 P1 and P2 PCR obtained a single 527 bp band; Gjb6 P3 and P4 could not obtain a band. The WT littermates served as controls in the experiment. The experimental procedures were approved by the Shanghai Xinhua Hospital’s Animal Center and conducted according to the standards of the NIH Guidelines for the Care and Use of Laboratory Animals.



Assessment of Hearing Loss

Auditory brainstem response (ABR) reflects the electrical response of the cochlear ganglion neurons and the nuclei of the central auditory pathway to sound stimulation. Their threshold assesses the cochlear sensitivity and it is visually measured according to the occurrence of Wave II in a series of repeatable ABR responses obtained at various sound intensities. After 1, 3, and 6-month-old littermates were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg), they were subjected to sudden tones of various frequencies from 4 to 32 kHz (duration of 10 ms, rising -The fall time is 0.5 ms). The sound is generated by Tucker-Davis System II hardware and software (Tucker-Davis Technologies, Alachua, FL).



Quantitative PCR Analyses

Total RNA was extracted from the whole dissected cochlea, the basemental membrane (BM), or the stria vascularis (SV) of postnatal day 5 (P5, where P0 is the date of birth) and 1-month-old mice using the Takara MiniBEST Universal RNA Extraction Kit (Takara, 9767, Japan). Reverse transcription was performed using 1 μg of RNA. Quantitative PCR (qPCR) was conducted on cDNAs using. The primers used are as follows:

Cx30 primers: Forward 5’-AAGACCTGGAGGACATCAAACG-3’ and

Reverse 5’-CGAAATGAAGCAGTCCACGAG-3’

Cx26 primers: Foward 5’-TCACAGAGCTGTGCTATTTG-3’ and

Reverse 5’-ACTGGTCTTTTGGACTTTCC-3’

Actin primers: Foward 5’-GAGAGGGAAATCGTGCGTGA-3’ and

Reverse 5’-ACATCTGCTGGAAGGTGGAC-3’),

using TB Green® Premix Ex TaqTM (Takara, RR420B, Japan). Samples were analyzed in triplicate on Applied Biosystems 7500 (ThermoFisher). The expression levels of mRNAs were calculated by the 2−ΔΔCT method.



Western Blot Analysis

Proteins were extracted from the whole dissected cochlea, the BM, or the SV of P5 and 1-month-old mice. The proteins were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% skim milk (Beyotime, Shanghai, China) at room temperature for 1 h and then incubated with primary antibodies against Tublin (Zen Bioscience, 330628, 1:1,000, China), Cx30 antibody (Invitrogen, 71-2800, 1:200, USA), and Cx26 antibody (Invitrogen, 33-5800, 1:200, USA) at 4°C overnight. After three times of washing with PBS-0.01% Tween 20 (PBS-T), the membranes were incubated with a secondary antibody, anti-rabbit IgG, or antimouse IgG (Beyotime; 1:1,000, China), for 2 h at 37°C. After washing the membranes, and adding freshly prepared chemiluminescence solution (Millipore; A:B = 1:1), the immunoreactive bands were imaged under the Bio-Rad ChemiDoc XRS+ (Bio-Rad Co., Hercules, CA, USA). Semiquantitative densitometric analysis was performed with ImageJ software.



Immunohistochemistry and Confocal Imaging

Cochleas of P5 and 1-month-old mice were fixed with 4% paraformaldehyde, decalcified, frozen, and cut by a cryostat. The tissue sections were directly mounted onto glass slides for staining and storage. The cochlear section was incubated in a blocking solution (10% goat serum and 1% BSA in the PBS) with 0.1% Triton X-100 for 1 h at room temperature. Then, the section was incubated with rabbit anti-Cx30 antibody (Invitrogen, 71-2800, 1:200, USA), the rabbit anti-Cx26 antibody (Invitrogen, 51-2800, 1:200, USA), or the mouse anti-Cx26 antibody (Invitrogen, 33-5800, 1:200, USA) in the blocking solution at 4°C overnight, following reaction with corresponding Alexa Fluor 488-, 458- or 647- secondary antibodies (Invitrogen, 1:500, USA) for 2 h at room temperature (23°C). The sections were further stained by 1% 40, 6-diamidino-2-phenylindole (DAPI, Invitrogen, 1:200, USA) for ~10 min or AlexaFluor 568 phalloidin (Servicebio, G1041, 1:500) for ~15 min following the 2nd antibody incubation to visualize cell nuclei or F–Actin. After washout, the sections were mounted and observed under a microscope.



ATP Release Measurement

The P5 mouse temporal bone was micro-dissected in ice-cold HBSS (Thermo Fisher Scientific). The inner ear was opened from its apex to base. After removal of the bone, the exposed BM and SV were dissected separately and put into an incubation chamber. For testing ATP release, the isolated BM and SV was incubated in a zero Ca2+ solution (ZCS) containing (in mM): 137 NaCl, 5.36 KCl, 0.44 KH2PO4, 0.18 Na2HPO4, 0.1 EGTA, 25 HEPES, and 5.55 Dextrose (pH 7.3). To quantify ATP release, the BM and SV were incubated in ZCS for 20 min at 37°C, 5% CO2. The collected incubation solutions were kept on ice. The amount of ATP was measured by a bioluminescence method with a luciferin-luciferase assay kit (FL-ASC, Sigma, USA) using a black 96-well plate to avoid optical cross-talk. The bioluminescence was read by a Biotek Synergy 4 Hybrid Microplate Reader (Biotek Instruments Inc, Winooski, VT, USA). All bioluminescence measurements reported in this article fell within the linearity range of the ATP standard curve generated according to the manufacturer’s instructions.



Measurement of Endocochlear Potential

The endocochlear potential was recorded under general anesthesia on Cx30−/− (n = 6) mice and Wt (n = 6) mice at 1- month-old. Mice were anesthetized with ketamine (150 mg/kg, IP) and xylazine (6 mg/kg, IP). Body temperature was maintained at 37°C on a heating operating table (Harvard Apparatus, 73-3771). A mouse head holding adaptor (MA-6N, Narishige, Tokyo, Japan) was used to maintain a supine position. A tracheotomy was performed, followed by opening the auditory bulla through a ventral approach to expose the basal turn of the cochlea. A silver chloride reference electrode was placed under the skin. Access to the scala media of the basal turn was obtained by thinning the bone over the spiral ligament and making a small opening with a pick. A micropipette electrode (~2 μm) filled with 150 mM KCl was advanced through the bony aperture into the spiral ligament. Entry of the electrode tip into the endolymph is characterized by transients in recorded potentials. The electrode was advanced until a stable potential was observed. The signal was amplified through a patch-Clamp Amplifier (HEKA EPC 10 USB double, Germany). The DC potentials were recorded via an A-D converter (HEKA EPC 10 USB PROBE 1, Germany).



Transmission Electron Microscope Observation

After the cochlea of P5 mice was dissected, it was fixed in 2.5% glutaraldehyde for 24 h and decalcified with 10% EDTA for several days. The samples were fixed in 1% osmic acid for 2 h, dehydrated with acetone, and embedded in 812 resin. After staining the ultrathin sections with alkaline lead citrate and uranyl acetate, the structure of each cochlea under a Hitachi HF5000 transmission electron microscope (Hitachi, Tokyo, Japan) was observed.



Statistics

Several statistical methods were used to analyze the data. The Kolmogorov-Smirnov test was used to analyze the normality of the distribution. The Student t-test compared statistical means. The Mann-Whitney U test was used for non-normal distributions or distributions with different variances. All statistical analyses were performed using SPSS v19.0 (SPSS Inc. Chicago, IL). Mean values are quoted ± standard error of the mean (s.e.m.) where p < 0.05 was assumed as statistically significant.




RESULTS


Deletion of Cx30 in the Cochlea

In our model, CRISPR/Cas9 technology was used to repair the mutation introduced by non-homologous recombination, resulting in a shift of the protein reading frame of the Gjb6 exon 3 gene and loss of function (Figures 1A,B). To test for Cx30 inactivation, we measured Cx30 expression in the inner ear by qPCR (Figure 1C). As expected, no Cx30 transcript was detected in Cx30−/− mice, whereas Cx30+/– mice displayed a 57.6% reduction in expression of Cx30 mRNA compared to Cx30+/+ (WT) control mice. Consistent with the mRNA results, Western blot analysis of protein levels in the inner ear of Cx30 +/– mice showed a 61.1% reduction compared to WT mice, while it was undetectable in Cx30 −/− mice (Figures 1D,E).
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FIGURE 1. Cx30−/− mice model. (A) CRISPR/Cas9 technology was used to repair the mutation introduced by non-homologous recombination, resulting in the shift of the protein reading frame of the Gjb6 Exon3 gene. (B) PCR genotyping: Wild type (WT): Gjb6 primer 1 (P1) and P2 PCR to obtain a single 2,369 bp band; Gjb6 P3 and P4 can obtain a 512 bp band; Heterozygous (HE): Gjb6 P1 and P2 PCR to obtain both 527 bp and 2,369 bp bands; Gjb6 P3 and P4 to obtain 512 bp band; Homozygous (HO): Gjb6 P1 and P2 PCR obtained a single 527 bp band; Gjb6 P3 and P4 could not obtain a band. (C–E) Cx30 expression was quantified by qPCR (C) and western blot (D,E) in the whole cochlea. Data presented as Mean ± SEM; three independent experiments; three mice of each genotype per experiment; t-test. ***p < 0.001.





Hearing Loss in Cx30−/− Mice

One-month-old, 3-month-old and 6-month-old Cx30−/− mice displayed mild hearing loss at the full frequency (Figure 2). Compared with WT mice, the ABR thresholds in 1-month-old Cx30−/− mice at 4, 8, 11, 16, 22, 32, and 40 kHz were elevated by 22.7 ± 2.1 (p < 0.001), 20 ± 4.2 (p < 0.01), 15 ± 5.9, 11.3 ± 3.8 (p < 0.01), 15.3 ± 4.2 (p < 0.05), and 6.8 ± 4.4 dB SPL, respectively. Compared with WT mice, the ABR thresholds in 3-month-old Cx30−/− mice at 4, 8, 11, 16, 22, 32, and 40 kHz were elevated by 21.8 ± 2.62 (p < 0.001), 17 ± 2.9 (p < 0.001), 18.6 ± 3.4 (p < 0.001), 14.3 ± 2.9 (p < 0.001), 15 ± 4.5 (p < 0.01), and 25.5 ± 3.9 (p < 0.001) dB SPL, respectively. Compared with WT mice, the ABR thresholds in 6-month-old Cx30−/− mice at 4, 8, 11, 16, 22, 32, and 40 kHz were elevated by 17.5 ± 2.9 (p < 0.01), 35 ± 2.9 (p < 0.001), 32.1 ± 1.7 (p < 0.001), 33.3 ± 1.7 (p < 0.001), 18.3 ± 4.4, and −2.5 ± 2.9 dB SPL, respectively. At 6-months of age, the high-frequency hearing thresholds in Cx30−/− mice and WT mice were nearly identical.
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FIGURE 2. Mild hearing loss in Cx30−/− mice. ABR waveforms were recorded from Cx30−/− and WT littermate mice at 1 m, 3 m, 6 m. 1 m: 1-month-old; 3 m: 3-month-old; 6 m: 6-month-old. Data presented as Mean ± SEM; n > 3 in each group. t-test.*p < 0.05, **p < 0.01, ***p < 0.001. ABR, Auditory brainstem response.





Normal Cochlea Microstructure in Cx30−/− Mice

Cx30−/− mice had no cochlear developmental disorders (Figure 3). Whole-mounting of the apical, middle, and basal turns of the cochlear sensory epithelium of 1-month-old Cx30−/− mice and WT mice showed no apparent hair cell loss (Figures 3A,E). HE staining of cochlear frozen sections in Cx30−/− mice and WT mice showed no difference in the number of SGNs and the thickness of SV (Figures 3B–D).
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FIGURE 3. The microscopic structure of cochlea in Cx30−/− mice. (A,E) Whole-mountings of the apical, middle and basal turns of cochlear sensory epithelium in 1-month-old Cx30−/− mice and WT mice were obtained by maximal intensity back-projection of 15 confocal optical sections from a 0.8 μm step through—focus sequence (z-stack); actin filaments were stained with phalloidin (red); scale bar: 50 μm. (B,D) HE staining of frozen sections of the cochlea in Cx30−/− mice and WT mice showed no difference in the number of spiral ganglions (SGNs). Scale bar: 50 μm. (C) HE staining of frozen sections of the cochlea in Cx30−/− mice and WT mice showed no difference in the thickness of SV. SV, stria vascularis. Scale bar: 50 μm. NS, not statistically significant. Data presented as Mean ± SEM. t-test.





Cx26 Expression in Cx30−/− Mice

Immunofluorescence showed that Cx26 expression in the BM of Cx30−/− mice was stronger than that of WT mice, and Cx26 expression in the vascular stripe of Cx30−/− mice was significantly lower than that of WT mice both in 1-mouth-old and P5 (Figures 4A,B).The mRNA and protein levels of Cx26 in the cochlea of Cx30−/− mice relative to that of WT mice were quantified (Figures 4C,D). qPCR analysis showed that the whole cochlear Cx26 mRNA levels of 1-month-old Cx30−/− mice decreased by 41.8% compared with WT mice; whole cochlear mRNA levels in Cx30−/− mice decreased by 28% compared with WT mice at P5; cochlear BM Cx26 mRNA levels in Cx30−/− mice increased by 36.7% compared with WT mice at P5; cochlear SV Cx26 mRNA levels in Cx30−/− mice decreased by 56.6% compared with WT mice in P5 (Figure 4D). Western blot showed that the whole cochlear Cx26 protein levels in 1-month-old Cx30−/− mice decreased by 25.9% compared with WT mice; whole cochlear Cx26 protein levels of Cx30−/− mice reduced by 9.84% compared with WT mice at P5; cochlear BM Cx26 protein levels of Cx30−/− mice increased by 19.8% compared with WT mice at P5; cochlear SV Cx26 protein level of Cx30−/− mice decreased by 25.6% compared with WT mice in P5 (Figure 4C).
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FIGURE 4. Cx26 expression in Cx30−/− mice. (A) Immunofluorescence analysis of frozen sections and BM in the cochlea of 1-month-old mouse. (B) Immunofluorescence analysis of frozen sections and BM in the cochlea at P5. Both in 1-month-old and P5, Cx26 expression in the BM of Cx30−/− mice was stronger than that of WT mice, and Cx26 expression in the vascular stripe of Cx30−/− mice was significantly lower than that of WT mice. Cx26: Green, Phalloidin: Red, DAPI: Blue (for cell nuclei); scale bar: 10 μm, 20 μm, 40 μm. (C) Western blot analysis of the cochlea, BM, and SV in 1-month-old and P5 mice. Whole cochlear Cx26 protein levels in 1-month-old Cx30−/− mice showed a 25.9% decrease compared with WT mice; whole cochlear Cx26 protein levels of Cx30−/− mice showed 9.84% reduction compared with WT mice at P5; cochlear BM Cx26 protein levels of Cx30−/− mice increased by 19.8% compared with WT mice at P5; Cx26 protein level in SV of the cochlea in Cx30−/− mice decreased by 25.6% compared with WT mice in P5. (D) qPCR analysis of the cochlea, BM, and SV in 1-month-old and P5 mice. Whole cochlear Cx26 mRNA levels of 1-month-old Cx30−/− mice declined by 41.8% compared with WT mice; whole cochlear mRNA levels of Cx30−/− mice decreased by 28% compared with WT mice at P5; cochlear BM Cx26 mRNA levels in Cx30−/− mice increased by 36.7% compared with WT mice at P5; cochlear SV Cx26 mRNA levels in Cx30−/− mice reduced by 56.6% compared with WT mice at P5. Data presented as Mean ± SEM. t-test. *p < 0.05, **p < 0.01, ***p < 0.001. BM, basemental membrane; SV, stria vascularis; Co, Corti’s organ.





Mild Damaged Stria Vascularis Submicroscopic Structure in Cx30−/− Mice

Figure 5 shows the transmission electron microscopy images of the submicroscopic structure of the SV in Cx30−/− mice. There was some visible vacuolar injury in the SV of Cx30−/− mice compared with WT mice, which suggested that Cx30 deletion might cause mild damage to the SV.
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FIGURE 5. Transmission electron microscopy of the submicroscopic structure of the stria vascularis in Cx30−/− mice. Visible cavity-like damage in the SV of Cx30−/− mice compared with WT mice. Scale bar: 5 μm, 1 μm.





Reduction of Endocochlear Potential in Cx30−/− Mice

Figure 6 shows a reduction of EP in 1-month-old Cx30−/− mice compared with the WT mice. EPs in Cx30−/− mice and WT mice were 80.1 ± 2.6 mV and 104.6 ± 1.9 mV, respectively (Figure 6B). EP in Cx30−/− mice was significantly reduced by 23.4% (p < 0.001) relative to WT mice.
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FIGURE 6. Endocochlear potential (EP) measurements in WT and Cx30 KO mice. (A) (I) Cross-section of a cochlea. (II) Schematic diagram of the cross-section of the basal cochlear turn illustrating the method of EP measurement. A microelectrode filled with 3 M KCl was inserted into the endolymph-filled scala media (100 mV in a WT mouse) to record EP. (III) Photograph of a surgically exposed cochlea before EP measurement showing the location of the stapedial artery and the insertion site of the microelectrode. (B,C) Representative EP recordings from 1-month-old WT and Cx30 KO mice. The traces showed the voltage (mV) of the scala media as a function of time (s). (D) The graph illustrates a significant 23.4% reduction in the EP in 1-month-old Cx30 KO mice (80.1 ± 2.6 mV) compared with age-matched WT mice (104.6 ± 1.9 mV). Data presented as Mean ± SEM (n = 6). t-test. ***p < 0.001. Co, Corti’s organ; SGNs, spinal ganglion neurons; SL, spiral ligament; SLm, spiral limbus; SM, scala media; ST, scala tympani; SV, stria vascularis; SVb, scala vestibuli.





Reduction of ATP Release in Cx30−/− Mice

Figure 7 shows reductions in ATP release of Cx30−/− mice relative to WT mice, both in BM and SV at P5. Compared with WT mice, ATP release in Cx30−/− mice was significantly reduced by 14.2% (p < 0.05) in BM and 37.9% (p < 0.01) in SV, respectively. ATP release of SV decreased more significantly than that of BM.
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FIGURE 7. Reduction of ATP release in the cochlea in Cx30−/− mice. ATP release is reduced in Cx30−/− mice in BM and SV at P5. Data presented as Mean ± SEM. t-test. *p < 0.05, **p < 0.01. BM, basemental membrane; SV, stria vascularis.






DISCUSSION

Seven large genomic deletions of GJB6 have been previously reported, including >920 kb deletion (Feldmann et al., 2009), 179 kb deletion (Tayoun et al., 2016), 131 kb deletion (Wilch et al., 2010), del(GJB6-D13S175), del(GJB6-D13S1830), del(GJB6-D13S1854; Bliznetz et al., 2017) and del(GJB6-D13S1834; Pandya et al., 2020). Homozygous deletion of GJB6 results in severe to profound hearing loss in humans, similar to the mouse model (Teubner et al., 2003; Mei et al., 2017; Pandya et al., 2020). In many cases, the large deletions of GJB6 disrupt a 50 cis-acting element upstream of both genes, which abolishes the expression of GJB2, and hence is responsible for the phenotype (Rodriguez-Paris and Schrijver, 2009). A recent study reported the del (GJB6-D13S1830) deletion in 16.35% of all GJB2 heterozygotes, which causes more profound hearing loss than those with bi-allelic change in GJB2 (Pandya et al., 2003, 2020; Snoeckx et al., 2005). The more severe audiological findings in digenic probands cannot be explained by the sole theory of a putative cis-regulatory element in the deleted region (Pandya et al., 2020), suggesting that both GJB6 and GJB2 products may contribute to the hearing loss.

The Corti’s organ is the core in the auditory system, which is composed of HCs and SCs. SCs release ATP via connexin which triggers intercellular Ca2+ wave propagation and might be critical for the functional maturation of HCs (Johnson et al., 2017). The function of HCs is to transduce the sound mechanical stimulation into the primary acoustic signals (Abeytunge et al., 2021), while the spiral ganglion neurons (SGNs) transmit primary acoustic information from HCs in the organ of Corti to the higher auditory centers of the central nervous system (Wei et al., 2021). GJB6 and GJB2 are located on the same chromosome (13q12.11) in the human genome. Due to the relative proximity of these two genes, their expressions might be controlled by the same set of regulatory elements (Wilch et al., 2006). Homozygous deletion mutations of either Cx26 or Cx30 could cause deafness in humans (Kelsell et al., 1997; del Castillo et al., 2002). Cx26 plays a critical role in auditory function and its deficiency leads to significant hearing loss in the animal model (Cohen-Salmon et al., 2002; Chen et al., 2014). Cx26 deficiency in the cochlea could cause pathological changes, including cochlear developmental disorders (Wang et al., 2009; Liang et al., 2012), HCs and SGNs degeneration (Cohen-Salmon et al., 2002; Sun et al., 2009; Wang et al., 2009), EP reduction (Chen et al., 2014), and impairment of active cochlear amplification (Zhu et al., 2013, 2015). HCs and SGNs degeneration was detected around P14 in Cx26-deficient mice (Sun et al., 2009; Wang et al., 2009). However, severe hearing loss precedes substantial hair cell loss after the deletion of Cx26 (Liang et al., 2012). Nevertheless, EP remained normal after targeted deletion of Cx26 expression in Deiters SCs and outer pillar SCs, which are located around OHCs in the cochlear sensory epithelium (Zhu et al., 2013). This indicates that impairment of the cochlear sensory GJ network may not affect EP generation in the inner ear (Zhu et al., 2013; Chen and Zhao, 2014; Chen et al., 2015). However, Cx26 deficiency in the cochlear SCs can affect OHC electromotility and active cochlear amplification, since distortion product otoacoustic emission (DPOAE) was reduced (Yu and Zhao, 2009; Zhu et al., 2013, 2015). On the other hand, the cochlear tunnel opens from P5 (Kraus and Aulbach-Kraus, 1981). Cx26 deficiency before P5 can lead to occlusion of the cochlear tunnel and induce cochlear developmental disorders with congenital deafness (Chen et al., 2014). Nevertheless, cochlear development proceeded normally, the cochlear tunnel opened normally, and hearing remained normal at a young age after deletion of Cx26 after P5 (Chen et al., 2014). These findings suggest that Cx26 expression in the cochlea at the early postnatal development stage is critical for cochlear postnatal development and maturation.

Teubner et al. (2003) found that Cx30 knockout mice display severe hearing loss with the absence of EP. Whether the Cx30 deficiency itself or the accompanying significant decrease of Cx26 (approximately 90%) leads to hearing loss in this model remains unknown. Restoration of Cx26 protein level in the cochlea completely rescues hearing in Cx30 knockout mice, whereas hearing loss in the conditional Cx26 (cCx26) null mice could not be rescued by genetically over-expressing Cx30 (Ahmad et al., 2007; Qu et al., 2012). Cx26 protein expression preceded that of Cx30, and Cx26 is the only and essential GJ protein detected by immunolabeling in the organ of Corti during the early postnatal period (Qu et al., 2012). During the postnatal development, the lack of GJs in the Corti’s organ leads to obstacles in intercellular material transport and communication, and failure of Corti’s organ to mature, leading to hearing loss. However, the Cx26 expression of BM increased in Cx30−/− mice at the early postnatal period (P5) in the present study.

Boulay et al. (2013) established Cx30fl/fl mice, and found no significant difference in hearing between Cx30fl/fl mice and WT mice, however, Cx26 was decreased to 35% and Cx30 was reduced to 64%. Normal EP and DPOAE were observed in this kind of mice (Boulay et al., 2013). Crossing Cx30fl/fl mice with Pgk-Cre mice generated Cx30Δ/Δ mice to delete Cx30, which exhibited no hearing loss, while Cx26 was decreased to 52% (Boulay et al., 2013). The threshold level of Cx26 decline in Cx30-deficient mice that causes hearing loss remains unclear. The Cx30−/− mice established in this study exhibited only mild hearing loss, while cochlear Cx26 decreased to 74%. Since Cx26 did not show any major decrease through Cx30 knockout, the mechanism of hearing loss needs to be further explored.

The high positive potential of EP is critical for animal hearing and develops rapidly in the days before the onset of hearing (P4–P11; Chen et al., 2015). EP (+100–110 mV) is the driving force for the generation of auditory receptor currents and potentials by K+ ions through transduction channels in the HCs, which are formed by a complex process in the SV of the cochlea. The widely accepted “two-cell” model suggests that EP production begins in the fibroblasts of the spiral ligament. Type II fibroblasts depolarize the cells to ~5 mV via Na+/K+ - ATPase and Na+, K+, 2Cl− cotransport proteins. The intermediate cells of the SV are subsequently coupled by Cx26 and Cx30 via GJs. Thereafter, the ATP-dependent Kir4.1 K+ channel on the apical membrane of intermediate cells (Ando and Takeuchi, 1999; Liu and Zhao, 2008; Nin et al., 2008) generates a 105–110 mV transmembrane potential (Nernst’s K + balance potential) between the intracellular space and the intrastriatal space. This positive intrastriatal potential eventually leads to EP positivity in the middle-grade endolymph. The network of two GJs composed of Cx26 and Cx30 forms a pathway through which K+ ions that pass through sensory cells during mechanosensory transmission can be recirculated into the endolymphatic space such that they re-enter sensory cells (Wangemann, 2002). GJs deficiency may lead to the obstruction of K+ circulation, thus affecting the formation of EP and hearing. ATP is necessary for EP generation and K+ recycling (Zhu and Zhao, 2010; Chen et al., 2015). The perfusion of ATP into the cochlea can significantly increase EP (Sueta et al., 2003). As described above, depolarization of fibroblasts by co-activation of Na +/K + - ATPase and Na +, K +, 2Cl−-cotransporters is the first step in EP production. Although Na+/K+ - ATPase is primarily driven by intracellular ATP, extracellular ATP can stimulate Na+/K+ - ATPase activity by activating purinergic receptor and Src family kinase (SFK) as well (Shahidullah et al., 2012). In addition, the function of the primary active Na+/K+ - ATPase requires K-channel coupling to recycle K+ (Muto et al., 2003). This “pump coupling” was proposed in 1958, and was subsequently confirmed by experimental data (Koefoed-Johnsen and Ussing, 1958; Dawson and Richards, 1990; Tsuchiya et al., 1992). Recently, it was found that extracellular ATP can also activate ATP-sensitive (KIR) K channels in hippocampal CA3 pyramidal neurons and lung epithelial cells, which cooperate with Na+/K+ - ATPase activity. ATP may initially activate the P2X receptor and subsequently activate the KIR potassium channel and Na+/K+ - ATPase (Telang et al., 2010; Jiang et al., 2013; Schmid and Evans, 2019).

In this study, we established a novel Cx30 complete knockout mouse model, with a mild full-frequency hearing loss as indicated by ABR. The protein level of Cx26 was decreased by less than 30% in the cochlea of these mice, which was significantly different from the previous Cx30-deficient mouse model. Moreover, both EP and ATP release showed a decreasing trend in the present mouse model. These results suggest that Cx30 may play an important role in hearing development, however, further investigation on the underlying mechanism is needed in the future.
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Otitis media (OM) is a pervasive disease that involves hearing loss and severe complications. In our previous study, we successfully established a mouse model of human OM using Tlr2tm1Kir (TLR2–/–) mice with middle ear (ME) inoculation of streptococcal peptidoglycan-polysaccharide (PGPS). In this study, we found that hearing loss and OM infections in OM mice were significantly alleviated after treatment with rapamycin (RPM), a widely used mechanistic target of RPM complex 1 (mTORC1) inhibitor and autophagy inducer. First of all, we tested the activity of mTORC1 by evaluating p-S6, Raptor, and mTOR protein expression. The data suggested that the protein expression level of p-S6, Raptor and mTOR are decreased in TLR2–/– mice after the injection of PGPS. Furthermore, our data showed that both the autophagosome protein LC3-II, Beclin-1, ATG7, and autophagy substrate protein p62 accumulated at higher levels in mice with OM than in OM-negative mice. The expression of lysosomal-associated proteins LAMP1, Cathepsin B, and Cathepsin D increased in the OM mice compared with OM-negative mice. Rab7 and Syntaxin 17, which is necessary for the fusion of autophagosomes with lysosomes, are reduced in the OM mice. In addition, data also described that the protein expression level of p-S6, mTOR and Raptor are lower than PGPS group after RPM treatment. The accumulation of LC3-II, Beclin-1, and ATG7 are decreased, and the expression of Rab7 and Syntaxin 17 are increased significantly after RPM treatment. Our results suggest that autophagy impairment is involved in PGPS-induced OM and that RPM improves OM at least partly by relieving autophagy impairment. Modulating autophagic activity by RPM may be a possible effective treatment strategy for OM.
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INTRODUCTION

OM (otitis media), one of the most common childhood infections (Rovers et al., 2004; Monasta et al., 2012), is associated with the potential burden of hearing loss and leads to excessive antibiotic consumption and severe complications (Vergison et al., 2010). The pathogenesis of OM is associated with many factors, including immune system dysfunction, genetic susceptibility, pathogen exposure, and middle ear (ME) damage (Rovers et al., 2004). ME is part of a functional system composed of the nasopharynx and eustachian tube anteriorly and the mastoid air cells posteriorly (Bluestone and Doyle, 1988). The tympanic membrane serves as the boundary between the ME and the outer ear. OM is a common inflammatory response in diseases of the auditory system (Harmes et al., 2013). Toll receptors (TLR) play a role in the innate immune response in mammals and TLR2 recognizes components from a variety of microbial pathogens (Takeda and Akira, 2015). Previously, we successfully established a mouse model of OM using Tlr2tm1Kir (TLR2–/–) mice. TLR2–/– mice were inoculated with streptococcal peptidoglycan-polysaccharide (PGPS) into their ME by tympanic membrane puncture (Zhang et al., 2015). Our results demonstrated that compared with wild-type (WT) C57BL/6J mice, TLR2–/– mice inoculated with PGPS exhibited severe and long-lasting inflammation and tissue damage.

Recently, autophagy was found to be involved in immunological and inflammatory diseases. Autophagy provides a source of peptides for antigen presentation and is involved in the engulfment and degradation of intracellular pathogens, and it is also a key regulator of inflammatory cytokines (Harris et al., 2017). Autophagy plays an important role in inflammasome activation and in the release of interleukin-1 (IL-1) family cytokines, which are an essential part of innate and adaptive immune responses (Garlanda et al., 2013). Autophagy is a lysosome-dependent intracellular degradation pathway unique to eukaryotes. It is considered to have several stages: autophagy induction, autophagosome formation, the fusion of autophagosomes and lysosomes and substrate degradation (Mizushima, 2007; Glick et al., 2010). The lipidated form of microtubule-associated protein 1A/1B-light chain 3 (LC3), LC3-II, and the accumulation of the cargo receptor of autophagosomes, sequestosome 1 (SQSTM1/p62), have been used as markers for active autophagy (Tanida et al., 2004; Sou et al., 2006). In recent years, researchers have discovered that the expression of mRNA associated with autophagy, like LC3-II and Beclin-1 in the ME fluid samples of patients with OM increased (Jung et al., 2020a,b), but the mechanism of autophagy involved in OM has not been clarified. Therefore, our experiment would like to verify whether autophagy is involved in OM and explore the role of autophagy in OM.

Rapamycin (RPM), an autophagy inducer, activates autophagy by repressing the mechanistic target of RPM complex 1 (mTORC1) (Sekiguchi et al., 2012). It has been used in some clinical trials, such as allograft rejection, cancer and lymphangioleiomyomatosis (Bissler et al., 2008; Li et al., 2014; Franz et al., 2016; Koenig et al., 2018; Mandrioli et al., 2018). Topical RPM appears effective and safe for treatment of tuberous sclerosis complex -related facial angiofibromas. To date, RPM has been also shown to be effective in a variety of inflammatory diseases in animal model. It relieved inflammation in experimental autoimmune encephalomyelitis in a mouse model (Li et al., 2019a,b). It also suppressed airway inflammation and inflammatory molecules in retinal inflammation (Okamoto et al., 2016; Joean et al., 2017). In addition, it was shown to protect cartilage endplates from chronic inflammation-induced degeneration (Zuo et al., 2019). However, previous studies have not determined whether RPM treatment has an otoprotective effect in OM. We speculate that autophagy may be involved in the process of OM, and RPM may have a protective effect on OM. Therefore, we also want to find out whether RPM could relieves the OM caused by PGPS and identify the possible mechanism of this process.

We have confirmed that the ME inflammation of TLR2–/– mice injected with PGPS was more severe than that of WT mice through the electric otoscope image and the hematoxylin-eosin (H&E) staining firstly (Supplementary Figures 1A,B). In addition, we found that the protein expressions of LC3-II and p62 were increased obviously from the ME tissues injected by PGPS in TLR2–/– mice but not in WT mice, which suggested that the autophagy impairment may be involved in PGPS-induced OM in TLR2–/– mice (Supplementary Figure 1C). PGPS induces relatively stable OM in TLR2–/– mice, which provides a longer time window for drug screening and studying mechanisms of prevention and treatment. Based on the above reasons, we chose TLR2–/– mice as our OM model. In this study, TLR2–/– mice with PGPS-induced OM are called “OM mice.”

In this study, we observed the therapeutic effect of RPM against PGPS-induced OM and investigated the role of autophagy in this process. Our results suggested that RPM alleviates hearing loss and inflammation in the OM mice and that normal autophagy contributes to this process. We hope that our study will help improve the clinical treatment of OM.



MATERIALS AND METHODS


Animals

Both male and female Tlr2tm1Kir (TLR2–/–) mice and WT mice aged 6–8 weeks were obtained from the Jackson Laboratory (Bar Harbor, ME, United States) and housed in a pathogen-free facility. The experimental protocol was approved by the Animal Use and Care Committee of Binzhou Medical University.



Drug Treatment

Mice were treated with normal saline (NS), PGPS, NS + DMSO, or PGPS + rapamycin (RPM). Individual mice were intraperitoneally anesthetized with 4% chloral hydrate (0.01 ml/g; Biotopped Life Sciences, Beijing, China). All the mice received treatment in their right ears. The mice in the NS group received intratympanic (IT) injections of 10 μl of saline. The mice in the PGPS group received IT injections of 60 μg PGPS (100P, BD Bioscience, San Jose, CA, United States) freshly prepared in 10 μl of NS as described previously (Zhang et al., 2015). Purified (purity 99%) PGPS was extracted from the Streptococcus pneumoniae cell wall (Fulghum and Brown, 1998; Komori et al., 2011). RPM (Selleck, S1039, Shanghai, China) for IT injections was dissolved in 100% dimethyl sulfoxide (DMSO) to make 22 mM stock solutions and diluted with a PGPS solution immediately before injection for a final dose of either 0.35 or 0.7 μM in a 10 μl PGPS solution. 0.7 μM RPM and 0.35 μM are obtained from 22 mM stock solutions diluted with PBS. The mice in the vehicle group received IT injections of equal volumes of DMSO or NS. The mouse tympanic membranes were examined on day 3 post-injection using an otoscopic digital imaging system (MedRx VetScope System, Largo, FL, United States).



Auditory Brainstem Response and Tympanometry Procedure

The Auditory brainstem response (ABR) and tympanometry of individual experimental mice were assessed on day 3 post-injection. A computer-aided evoked potential system (IHS3.30 Intelligent Hearing Systems, Miami, FL, United States) was used for ABR measurements as described previously (Hu et al., 2016). Briefly, click, 8, 16, and 32 kHz tone burst frequencies were channeled through an earphone inserted into the right ear. The ABR threshold was identified as the lowest stimulus level at which clear and repeatable waveforms were recognized. Tympanometry measurements were performed using an MT 10 tympanometer (Interacoustics, Assens, Denmark).



Histological Analysis of the Middle Ear

The experimental mice were sacrificed on day 3 post-injection, and their right auditory bullae (including both the middle and inner ear) were dissected and subjected to pathological examination as described previously (Zhang et al., 2015). The bullae tissues were fixed with 4% paraformaldehyde for 24 h at 4°C, decalcified with a 10% EDTA solution for 5 days, and embedded in paraffin. The paraffin sections were stained with H&E and examined under a light microscope (Leica DMI4000 B, Germany).



Immunohistochemistry

The right bullae from experimental mice were fixed in 4% paraformaldehyde and decalcified before they were embedded in paraffin. The bullae tissues were sectioned at 5–7 μm. After deparaffinization, rehydration, and antigen retrieval, the sections were immunohistochemically stained with an anti-p62 antibody (Abcam, ab56416, Cambridge, England, United Kingdom), anti-Beclin-1 antibody (Abcam, ab210498), anti-ATG7 antibody (Proteintech, 10088-2-AP), anti-Cathepsin B Rabbit Polyclonal Antibody (Proteintech, 12216-1-AP), anti-Cathepsin D antibody (Proteintech, 21327-1-AP), anti-Rab7 antibody (Abcam, ab137029), anti-p-S6 antibody (Ser235/236) (Cell Signaling Technology, #4858), anti-mTOR antibody (Proteintech, 20657-1-AP), and anti-Raptor antibody (Affinity, #DF7527). The sample slides were observed under a light microscope and imaged by LAS X software (Leica DM4500 B, Leica Microsystems Inc., Buffalo Grove, IL, United States).



Immunofluorescence

After deparaffinization, rehydration, and antigen retrieval, the sections were stained with an anti-LC3B antibody (Novus Biologicals, NB100-2220, Co., United States), anti-TNF-α antibody (Proteintech, 17590-1-AP), anti-LAMP1 antibody (Abcam, ab24170), anti-Syntaxin 17 antibody (Proteintech, 17815-1-AP) and DAPI (Invitrogen, Carlsbad, United States). The stained tissues were imaged using a confocal microscope (LSM 880, Zeiss, Oberkochen, Germany).



Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End Labeling Staining

Paraffin sections from bullae tissues obtained from the mice were stained using a TUNEL Kit (In Situ Cell Death Detection Kit, Fluorescein, 11684795910; Roche Diagnostics) and following the manufacturer’s protocol. The samples were then viewed under a fluorescence microscope (Leica DM4500 B, Leica Microsystems Inc., Buffalo Grove, IL, United States).



Statistical Analysis

Each experiment was repeated at least three times. All the data are presented as the mean ± SEM. Data analyses were conducted using Microsoft Excel and GraphPad Prism 9 software (GraphPad, San Diego, CA, United States). Unpaired Student’s t-tests were used to determine the statistical significance when comparing two groups, and one-way ANOVA was used when comparing more than two groups. The value of P < 0.05 was considered statistically significant.




RESULTS


PGPS Induces Severe Otitis Media

TLR2–/– mice were inoculated with 10 μl of 60 μg PGPS or NS solution. Images of the mouse ears under an otoscope showed that hyperemia and hydrotympanum (white arrowhead) were present in the ears of the PGPS group (Figure 1A). Histological examination revealed excessive inflammatory infiltrations in the tympanic cavity and severe tissue damage in the PGPS group compared with the NS group (Figure 1B). The inflammatory areas in the ME of PGPS-treated mice were significantly larger than those of NS-treated mice (Figure 1D). Tumor Necrosis Factor α (TNF-α), an inflammatory cytokine, is responsible for a diverse range of signaling events within cells, leading to necrosis or apoptosis (Idriss and Naismith, 2000). The immunofluorescence staining revealed that expression levels of TNF-α increased in the PGPS group (Figures 1C,E). Taken together, these data confirmed that PGPS induced severe inflammation in the mouse ME.
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FIGURE 1. Inoculation with PGPS induces ME inflammation and hearing loss. (A) Otoscopic images of ears from the NS and PGPS groups are shown. Hyperemia and hydrotympanum (white arrow) were detected in PGPS group. (B) H&E histology showing the structures and pathology of the ME. (C) Mice were inoculated with NS or PGPS for 3 days. Representative immunostaining for TNF-α expression in ME. (D) Quantification of the relative area of ME covered by inflammatory cells is shown in the bar graph. n = 4 per group (E) Quantification of the fluorescence intensity of TNF-α is shown in the bar graph. n = 4 per group (F) Representative images of ABR waveforms at click stimuli are shown. The red lines and arrowheads represent threshold waveforms. (G) Mice were inoculated with PGPS for 3 days, and the ABR thresholds were measured at the stimuli frequencies of click, 8 kHz, 16 kHz, and 32 kHz. The mean ABR thresholds in PGPS-injected mice were compared with those in NS-injected mice. The data is presented as the mean ± SEM. n = 10 per group (H) The latency of ABR wave I at click stimuli (80 dB SPL) in PGPS-injected mice compared with that in NS-injected mice is shown. Horizontal bars are mean values. n = 10 per group. (I) The tympanometry values in PGPS-injected mice compared with those in NS-injected mice are shown. The data are presented as the mean ± SEM. n = 10 per group. V represents the mean value of volume, C represents compliance in tympanometry parameters, G represents the gradient, and P represents the pressure. #P < 0.05 vs. NS group, Student’s t-test. Scales bar, 100 μm (B,C).


Next, we investigated the hearing function of the OM mice. The average ABR thresholds and tympanometry values were measured after inoculation. Representative images of ABR waveforms for click stimuli are shown in Figure 1F. The mean ABR thresholds in the PGPS group were significantly higher than those in the NS solution group at click, 8 kHz and 32 kHz stimulus frequencies (Figure 1G). The latency of ABR wave I at click stimuli (80 dB SPL) increased in PGPS-injected mice compared with NS-injected mice (Figure 1H). There were significant differences in tympanometry value, compliance, and pressure between the NS and PGPS groups (Figure 1I). These data indicated that the OM mice developed severe hearing impairment.



Rapamycin Treatments Alleviate the Severity of Otitis Media Induced by PGPS

Previous studies have shown that RPM improves inflammation in organs such as the airway and retina. Thus, we investigated whether RPM has a protective effect in PGPS-induced OM mice. Histomorphological examination showed that after RPM treatment, the ME inflammation was reduced, and the inflammation area of ME in RPM-treated mice was significantly smaller than that of PGPS-treated mice (Figure 2A). In addition, the immunofluorescence staining revealed that the expression of TNF-α decreased more in the RPM-treated mice than in the PGPS-treated mice (Figure 2B). These results showed that RPM could reduce the inflammatory infiltrates in the tympanic cavity and the expression level of TNF-α. Representative images of ABR waveforms at click stimuli are shown in Figure 2C. The mean ABR thresholds decreased more in the PGPS + 0.35 μM RPM group and the PGPS + 0.7 μM RPM group than in the PGPS-treated group at click, 8 and 16 kHz stimulus frequencies (Figure 2D). The latency of ABR wave I at click stimuli (80 dB SPL) decreased in the PGPS + 0.7 μM RPM group compared to the PGPS-treated group (Figure 2E). These data suggested that RPM may ease hearing loss by attenuating PGPS-induced inflammation in OM mice.
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FIGURE 2. Rapamycin treatment inhibits PGPS-induced inflammation and improves hearing function in PGPS-inoculated OM mice. (A) H&E histological images showing the structures and pathology of the ME. Quantification of the relative area of ME covered by inflammatory cells is shown in the bar graph. n = 4 per group. (B) Representative immunostaining for TNF-α expression in the ME. Quantification of the fluorescence intensity of TNF-α is shown in the bar graph. n = 4 per group. (C) Representative images of ABR waveforms at click stimuli are shown. The red lines and arrowheads represent threshold waveforms. (D) Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. The ABR thresholds were measured at the stimuli frequencies of click, 8, 16, and 32 kHz. The mean ABR thresholds in the NS + DMSO, PGPS + 0.35 μM RPM, and PGPS + 0.7 μM RPM groups were compared with those in the PGPS group. The data is presented as the mean ± SEM. n = 10 per group. (E) The latency of ABR wave I at click stimuli (80 dB SPL) in the NS + DMSO, PGPS + RPM combination treatment groups were compared with that in the PGPS group. Horizontal bars are mean values. n = 10 per group. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar, 100 μm (A), 50 μm (B).


Taking into account the complexity of RPM signaling pathways, we also injected the mice with 0.35 and 0.7 μM RPM separately. Compared with the PGPS group, the two groups of mice injected with RPM alone had normal morphology and no obvious inflammatory cells (Supplementary Figure 2A). The results of immunofluorescence demonstrated that the expression of TNF-α was almost invisible after the RPM injection alone (Supplementary Figure 2B). Compared with the PGPS group, the area of ME covered by inflammatory cells and TNF-α expression level were significantly lower in the RPM injection alone group. Compared with the NS group, there was no statistical significance. The experimental results showed that there was no obvious inflammation caused by RPM injection alone.

We also investigated the hearing function in RPM single treatment group by ABR, and the representative images of ABR waveforms at click stimuli are shown in Supplementary Figure 2C. Compared with the PGPS group, the average ABR thresholds of the NS group, 0.35 and 0.7 μM RPM group at click, 8, 16, and 32 kHz stimulation frequencies were lower than those in the PGPS group, and were statistically significant (Supplementary Figure 2D). In addition, the latency of ABR wave I in the PGPS group under the click stimulus (80 dB SPL) was longer than that of the other three groups (Supplementary Figure 2E). Compared with NS group, the hearing threshold and the wave I latency in RPM treatment alone group is basically no statistical significance. These data showed that after injection of RPM alone, there is almost no effect on the hearing of mice.



Autophagy Impairment Is Involved in PGPS-Induced Otitis Media

Rapamycin, an autophagy inducer, activates autophagy by repressing the mTORC1 (Sekiguchi et al., 2012). S6 ribosomal protein (S6) phosphorylation was shown to be a critical downstream component of mTOR signaling (Ruvinsky et al., 2005). mTORC1 contains mTOR, which is the catalytic subunit of the complex (Laplante and Sabatini, 2009). It also contains the large protein Raptor, which is the regulatory-associated protein of mTOR (Thoreen et al., 2009). To find out whether mTORC1 signaling is involved in PGPS-induced autophagy impairment, we examined the phosphorylation of mTORC1 substrate, S6 phosphorylation at 235/236 (p-S6) and mTORC1 components, mTOR and Raptor. PGPS treatment resulted in a significant decrease in the levels of p-S6, Raptor and mTOR compared with NS group (Figures 3A–F), suggesting an inhibition of mTORC1 activity. In this study, we found that the fluorescence intensity of LC3 in PGPS-treated OM mice was higher than that in NS-treated mice. Quantification of the size and number of LC3 vesicles also increased in PGPS-treated OM mice (Figure 3G). These results suggested that OM mice are activated at the initial stage of autophagy, but it may also be due to the accumulation of LC3 caused by the blocked autophagy flux.
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FIGURE 3. Peptidoglycan-polysaccharide induces autophagy impairment in OM mice. Mice were inoculated with NS or PGPS for 3 days. Paraffin-embedded sections of ME tissues were immunostained with antibodies. (A) The representative images of p-S6 expression in ME tissues. (B) The representative images of Raptor expression in ME tissues. (C) The representative images of mTOR expression in ME tissues. (D) The quantification of p-S6 expression in ME tissues. (E) The quantification of Raptor expression in ME tissues. (F) The quantification of mTOR expression in ME tissues. (G) The representative images of LC3 expression, as well as quantitative images of the fluorescence intensity of LC3 protein expression and quantitative images of the size and number of LC3 vesicles. (H) The representative images of ATG7 expression in ME tissues. (I) The representative images of Beclin-1 expression in ME tissues. (J) The representative images and quantification of p62 expression in ME tissues. (K) The quantification of ATG7 expression in ME tissues. (L) The quantification of Beclin-1 expression in ME tissues. (M) The quantification of p-62 expression in ME tissues. #P < 0.05 vs. NS group, n = 4 per group, Student’s t-test. ME represents the middle ear; EC represents epithelial cells. Scale bar = 25 μm.


In addition, we also tested the expressions of ATG7 and Beclin-1. ATG7 is considered to be essential molecules for the induction of autophagy (Arakawa et al., 2017), and Beclin-1 initiates the nucleation step of autophagy to begin autophagic flux (Liang et al., 1999; Matsunaga et al., 2009). The results of immunohistochemistry showed that compared with the NS group, the expression of ATG7 and Beclin-1 were increased in OM mice (Figures 3H,I,K,L). These results suggested that after the injection of PGPS, the activity of mTORC1 was inhibited and the initial stage of autophagy was activated. We speculate that autophagy may act as an instinctive stress response to resist external stimuli by PGPS. However, p62 protein accumulation in the ME epithelial cells of OM mice was higher after PGPS treatment than after NS treatment (Figures 3J,M). These data indicated that PGPS could induce the initiation of autophagy, but at the same time cause impairment in the degradation of stage autophagy.



PGPS Induces Dysfunction of Autophagosome and Lysosome Fusion

The dysfunction of autophagy degradation may be due to the impairment of lysosomal function or dysfunction in the fusion stage of autophagosomes and lysosomes. Firstly, we test lysosomal function. Lysosomal activity is important for the autophagy degradation process (Tai et al., 2017). In order to investigate whether the autophagy impairment mechanism induced by PGPS is related to the dysfunction of lysosome, we examined the protein expression level of key lysosome enzymes like LAMP-1, Cathepsin B and Cathepsin D to evaluate the lysosomal function. Lysosome associated membrane protein-1 (LAMP-1) is a major protein component of the lysosomal membrane (Eskelinen, 2006). Cathepsin B, a member of the cysteine cathepsin family, involved in regulating the bioavailability of lysosomes and autophagosomes (Man and Kanneganti, 2016). Cathepsin D is one of the major lysosomal proteases indispensable for the maintenance of cellular proteostasis (Marques et al., 2020). Immunofluorescence results showed that compared with NS group, the expression of LAMP1 protein increased in the PGPS group (Figure 4A). The immunohistochemical results of Cathepsin B and Cathepsin D also showed a consistent increase in PGPS group (Figures 4B,C,E,F). These data showed that lysosome function maybe is not impaired.
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FIGURE 4. Peptidoglycan-polysaccharide induces obstacles to the fusion of autophagosomes and lysosomes in OM mice. Mice were inoculated with NS or PGPS for 3 days. Paraffin-embedded sections of ME tissues were immunostained with antibodies. (A) The representative images and quantification of LAMP1 expression in ME tissues. (B) The representative images of Cathepsin B expression in ME tissues. (C) The representative images of Cathepsin D expression in ME tissues. (D) The representative images of Rab7 expression in ME tissues. (E) The quantification of Cathepsin B expression in ME tissues. (F) The quantification of Cathepsin D expression in ME tissues. (G) The quantification of Rab7 expression in ME tissues. (H) The representative images and quantification of Syntaxin 17 expression in ME tissues. #P < 0.05 vs. NS group, n = 4 per group, Student’s t-test. ME represents the middle ear; EC represents epithelial cells. Scale bar = 25 μm.


Considering that lysosome function does not seem to be impaired, we examined the process of autophagosome and lysosome fusion by evaluating expression of Rab7 and Syntaxin 17 protein. Rab7 is a member of the Rab family, involved in transport to late endosomes and in the biogenesis of the perinuclear lysosome compartment (Gutierrez et al., 2004; Guerra and Bucci, 2016). It plays a critical role in the final maturation of late autophagic vacuoles (autophagosome and lysosome fusion) (Jager et al., 2004; He et al., 2019). Syntaxin 17 is also required for fusion between the autophagosome and lysosome (Itakura et al., 2012; Shen et al., 2021). Our results showed that Rab7 and Syntaxin 17 expression decreased in the PGPS group compared with the NS group (Figures 4D,G,H). These results suggested that PGPS may block the autophagy degradation stage mainly due to the impairment of the autophagosome and lysosome fusion stage. And PGPS may impair the fusion of autophagosomes with lysosomes by decreasing the expression of Rab7 and Syntaxin 17.



Rapamycin Treatment Enhances Autophagy in PGPS-Treated Otitis Media Mice

Immunohistochemical staining showed that after injection of PGPS + 0.35/0.7 μM RPM, p-S6, Raptor and mTOR exhibited lower protein levels than the PGPS group (Figures 5A–C). These results suggested that RPM may enhance autophagic initiation by inhibiting mTORC1 activity. LC3 staining in ME epithelial cells revealed lower expression of LC3 and lower numbers of LC3 vesicles in RPM-treated mice than in PGPS-treated mice, the size of LC3 vesicles did not show a significant difference (Figure 6A). These results suggested that there may be a certain accumulation of LC3 after injection of PGPS, and after the treatment of RPM, the autophagy flux may became smooth. Immunohistochemical staining showed that after injection of PGPS + 0.35/0.7 μM RPM, ATG7 and Beclin-1 exhibited lower protein levels than the PGPS group (Figures 6B–C).
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FIGURE 5. Rapamycin treatment inhibits mTORC1 activity. Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images and quantification of p-S6 expression in ME tissues. (B) The representative images and quantification of Raptor expression in ME tissues. (A) The representative images and quantification of p-S6 expression in ME tissues. (C) The representative images and quantification of mTOR expression in ME tissues. n = 4 per group. ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.
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FIGURE 6. Rapamycin treatment enhances autophagy in PGPS-treated OM mice. Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images of LC3 expression, as well as quantitative images of the fluorescence intensity of LC3 protein expression and quantitative images of the size and number of LC3 vesicles. n = 4 per group. (B) The representative images and quantification of ATG7 expression in ME tissues. n = 4 per group. (C) The representative images and quantification of Beclin-1 expression in ME tissues. n = 4 per group. (D) The representative images and quantification of p62 expression in ME tissues. n = 4 per group. ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.


In order to understand the role of RPM, we injected RPM alone in TLR2–/– mice. The results showed that the expression of LC3 and the number of LC3 vesicles in RPM injection group was lower than that of the PGPS group, but it was higher than that of the NS group (Supplementary Figures 3A,B,D). There was almost no statistical difference in the size of LC3 vesicles among the groups (Supplementary Figures 3A,C). These results suggested that after the injection of PGPS, the mouse ME epithelial cells activated the initiation of autophagy to resist the toxicity by PGPS. However, obstacle may occur in the autophagy degradation stage, which led to the accumulation of LC3 protein. Moreover, RPM may promote the degradation stage of autophagy.

In addition, there was less p62 protein accumulation in the RPM-treated mice than in the PGPS-treated mice (Figure 6D). After injection of RPM alone, the expression level of p62 was significantly lower compared with the PGPS group, and there was almost no difference compared with the NS group (Supplementary Figure 3E). These results indicated that degradation function may be improved after RPM treatment.

Similarly, we tested lysosome function and the fusion function of autophagosome and lysosome after RPM treatment alone. The results showed that the expression of LAMP1, Cathepsin B and Cathepsin D (Figures 7A–C) in the RPM-treated mice was relatively weaker than that in the PGPS group. After RPM injection alone, we found that the expression level of Cathepsin B protein was lower than that of the PGPS group, but higher than that of the NS group (Supplementary Figure 3F). We further speculate that the increased activity of lysosomal after PGPS injection may be a response to external stimuli by PGPS, so the expression level of Cathepsin B is higher than that of the RPM injection group. We speculate that RPM may promote lysosome function, thus the expression level of Cathepsin B in RPM injection alone group is higher than that of NS group. In addition, the expression of Rab7 and Syntaxin 17 protein increased in the PGPS + RPM-treated mice (Figures 8A,B), thus RPM may promote the process of autophagosome and lysosome fusion. TUNEL staining showed that there were less apoptotic cells in the ME after RPM treatment (Figure 9). In addition, we did not find obvious apoptotic cells in the RPM alone group (Supplementary Figure 4). These data indicated that RPM may enhance the autophagic activity of OM mice by inhibiting the activity of mTORC1, increasing the fusion of autophagosomes with lysosomes and relieving ME epithelial cell apoptosis.
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FIGURE 7. Lysosome function may not be impaired after PGPS injection Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images and quantification of LAMP1 expression in ME tissues. (B) The representative images and quantification of Cathepsin B expression in ME tissues. (C) The representative images and quantification of Cathepsin D expression in ME tissues. n = 4 per group, ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.
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FIGURE 8. Rapamycin treatment increases the fusion of autophagosomes and lysosomes in OM mice. Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images and quantification of Rab7 expression in ME tissues. (B) The representative images and quantification of Syntaxin 17 expression in ME tissues. n = 4 per group, ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.



[image: image]

FIGURE 9. Rapamycin treatment relieved ME epithelial cell apoptosis. Apoptotic cells in the MEs were examined by TUNEL staining. The quantitative image of apoptotic cells was shown in Figure B. The PGPS + 0.7 μM RPM group showed fewer TUNEL-positive epithelial cells than the PGPS group. ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, n = 4 per group, Scale bar = 500 μm, one-way ANOVA.





DISCUSSION

Otitis media, a general term for inflammatory changes in the ME cavity, is one of the most common childhood conditions (Mittal et al., 2014; Venekamp et al., 2017). The pathogenic mechanism of OM is not yet clear and excessive antibiotic treatment has also brought a heavy burden to society, so it is particularly important to explore the mechanism of OM and find suitable drug treatments (Vergison et al., 2010). In recent years, the autophagy pathway has played a certain role in inflammation, but the research on the relationship between autophagy and OM has not been in-depth. It was found that the expression of LC3-II was significantly increased in the inflammatory ME tissues in human (Jung et al., 2020b). Studies have shown that in the ME fluid of patients with OM, the mRNA level of autophagy initiation-related genes such as Beclin-1, is increased in OM patients with cholesteatom (Jung et al., 2020a). Our study aims to explore the role of autophagy in the pathogenesis of OM by TLR2–/– mice model, and treat OM mice by RPM, aiming to provide a theoretical basis and new treatment strategies for the treatment of clinical OM.

The mTOR is involved in the induction and initiation of autophagy (Cayo et al., 2021). We tested the expression of p-S6, Raptor and mTOR after injection of PGPS, and found that the mTORC1 activity of mice in the PGPS group was weakened. These results indicated that autophagy may be activated in the mice in the PGPS group, which seems to be consistent with the increase in the expression of proteins related to autophagy initiation like LC3, ATG7 and Beclin-1. Among them, the expressions of LC3, ATG7 and Beclin-1 in the PGPS group all showed increased compared with NS group. We speculate that autophagy may act as an instinctive stress response to resist external stimuli by PGPS. RPM + PGPS combination treatment groups showed that the protein expression of LC3, ATG7 and Beclin-1 were reduced compared with the PGPS group. Considering the complexity of the RPM pathway, we also injected RPM alone in TLR2–/– mice. The results suggested that the expression of LC3, ATG7, and Beclin-1 in RPM injection alone group was also lower than PGPS group, but was higher than NS group. These results indicated that the PGPS group does not seem to be impaired during the initiation of autophagy. We speculated that there may be obstacles in the degradation stage of autophagy, resulting in accumulation of LC3 protein in PGPS group. The expression of p62 in PGPS group is more increasing than NS group, and after the injection of PGPS + RPM combination, the level of p62 decreased, which demonstrated that PGPS may induce autophagy impairment in the autophagy degradation stage and RPM may promote the degradation stage of autophagy.

Both the function of lysosome and the fusion of autophagosomes and lysosomes affect the autophagic degradation. We first evaluated the lysosomal function. Lysosome-related proteins such as LAMP1, Cathepsin B and Cathepsin D play an important role in the normal function of lysosomes (Eskelinen, 2006; Man and Kanneganti, 2016; Marques et al., 2020). In our experiment, compared with the NS group, the expression of the three proteins increased in the PGPS group. The expression level of the three proteins in the RPM + PGPS combination treatment group was lower than that of the PGPS group. After injection of RPM alone, the expression of Cathepsin B also decreased compared with PGPS group, but was higher than NS group. These results seemed to demonstrate that the lysosomes of OM mice are not impaired. On the contrary, increased lysosomal function may be a stress response after PGPS injection.

Based on the above experimental results, we tested the fusion stage of autophagosomes and lysosomes by evaluating the protein expression of Rab7 and Syntaxin 17. Our results showed that after PGPS injection, the expression of Rab7 and Syntaxin 17 decreased, and co-treatment with RPM, the expression of Rab7 and Syntaxin 17 increased. These results suggested that after injection of PGPS, the fusion of autophagosome and lysosome is impaired, leading to autophagy impairment. RPM treatment may stimulate the fusion of autophagosomes and lysosomes, making the autophagy pathway smoothly. Previous study also found that RPM could promote the fusion of lysosomes and autophagosomes (Choi et al., 2016). In addition, we also found that after PGPS and RPM combination treatment, the expression of p-S6, mTOR and Raptor was lower than that of PGPS alone. Therefore, we speculate that when TLR2–/– mice injected with PGPS, autophagy acts as an instinctive stress response to resist external stimuli. But, there may be an obstacle when autophagosomes fuse with lysosomes, which leads to obstacles in the degradation stage of autophagy and causes protein accumulation. This may produce proteotoxic stress, and autophagy is insufficient to resist proteotoxic stress during OM. After RPM treatment, mTORC1 could be further inhibited, thereby promoting the initial stage of autophagy. At the same time, our experimental results also found that RPM may promote the degradation stage of autophagy. In summary, RPM may play a positive role in both stages, so as to exert its therapeutic effect.

In this study, we verify again that PGPS injection could cause OM in TLR2–/– mice, which leads to hearing loss. In addition, we demonstrated that inflammation in OM mice may be due to the impairment of autophagy pathway, mainly due to impairment in the process of autophagosome fusing to lysosomes, which is manifested by the decrease of Rab7 and Syntaxin 17 expression in the PGPS group. We also found that after injection of RPM, it could inhibit the activity of mTORC1, increase the expression level of Rab7 and Syntaxin 17 and promote autophagy flux. RPM treatment also reduce the inflammatory response of ME epithelial cells, reduce cell apoptosis, and thereby alleviate hearing loss in OM mice. Therefore, these data suggested that autophagy impairment may be involved in the development of OM and that RPM could effectively improve OM conditions, most likely by alleviating autophagy impairment. A general scheme showing that RPM-enhanced autophagy protects against PGPS-induced OM in TLR2–/– mice is shown in Figure 10.
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FIGURE 10. The proposed mechanism for RPM-enhanced autophagy protects against PGPS-induced OM in TLR2– /– mice. TLR2 deficiency may inhibit fusion between autophagosomes and lysosomes, leading to the accumulation of p62. It may also induce inflammation and apoptosis. RPM treatment may improve the autophagic clearance ability and have a protective effect against OM injury.


Autophagy is a bulk degradation system that delivers cytoplasmic constituents to autolysosomes for recycling and maintaining cell homeostasis. In addition, autophagy has critical functions in cell-autonomous defense in immunity (Matsuzawa-Ishimoto et al., 2018). Many studies found autophagy impairment could mediate susceptibility to infectious and inflammatory diseases like Crohn’s disease and chronic obstructive pulmonary disease (Lupfer et al., 2013; Lassen et al., 2014; Murthy et al., 2014). In this study, we found for the first time that autophagy was involved in OM and that RPM significantly alleviated autophagy impairment and improved ME inflammatory conditions.

To date, RPM has been used in some clinical trials like tuberous sclerosis complex-related facial angiofibromas (Koenig et al., 2018). It has been also shown to be effective in a variety of inflammatory diseases like autoimmune encephalomyelitis and retinal inflammation (Okamoto et al., 2016; Joean et al., 2017; Li et al., 2019a,b). In this study, we showed that RPM significantly alleviated autophagy impairment and improved ME inflammatory conditions. Some researchers also found that RPM could promote the fusion of lysosomes and autophagosomes (Choi et al., 2016; Cheng et al., 2021). Therefore, we speculate that RPM may play a positive role in the treatment of OM. Due to the complexity of RPM signaling pathways, we do not rule out the possibility that the protective effect of RPM on the OM may also involve other branches of RPM signaling in addition to autophagy. Nonetheless, our data suggest that modulating autophagy activity may be possible intervention for OM. Our study provides a theoretical basis for the clinical application of RPM in the treatment of OM. However, it has been reported that RPM has immunosuppressive side effects. Several new RPM analogs have demonstrated reduced side effects, and these new drugs may be safer and less immunosuppressive than RPM (Fu et al., 2018). Perhaps the ability of these analogs to prevent OM should be tested.

In summary, our research shows that autophagy impairment is related to OM, and impairment to the fusion of autophagosomes and lysosomes is an important factor leading to the occurrence of PGPS-induced otitis media. RPM treatment could alleviate hearing loss to a certain extent. These findings highlight the potential of specific autophagosome-to-lysosome fusion activators in reducing PGPS-induced OM. Considering that increasing autophagic clearance may be useful as a new therapeutic strategy against severe OM damage, autophagosome and lysosome fusing dysfunction may be a candidate target for therapeutic intervention. Therefore, extensive pharmaceutical studies should be performed in the near future. Future research is necessary to better explain the mechanism underlying the protective role of the normal autophagy process against the pathogenesis of OM, and then design and test potential therapeutic methods to prevent or treat OM.
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Auditory diseases are disabling public health problems that afflict a significant number of people worldwide, and they remain largely incurable until now. Driven by continuous innovation in the fields of chemistry, physics, and materials science, novel materials that can be applied to hearing diseases are constantly emerging. In contrast to conventional materials, new materials are easily accessible, inexpensive, non-invasive, with better acoustic therapy effects and weaker immune rejection after implantation. When new materials are used to treat auditory diseases, the wound healing, infection prevention, disease recurrence, hair cell regeneration, functional recovery, and other aspects have been significantly improved. Despite these advances, clinical success has been limited, largely due to issues regarding a lack of effectiveness and safety. With ever-developing scientific research, more novel materials will be facilitated into clinical use in the future.
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INTRODUCTION

According to the latest World Health Organization estimates, 466 million people around the world (over 5% of the world population) experience disabling hearing loss. By 2050, this number is projected to rise to approximately 900 million, and nearly 2.5 billion people are at risk of contracting auditory diseases (World Health Organization [WHO], 2021). The early detection, vaccination, accurate management, and timely treatment of auditory diseases can help improve clinical outcome. Nevertheless, therapeutic modalities and prevention strategies for the occurrence and development of auditory diseases are still limited currently. Hearing impairment caused by auditory diseases is categorized into three clinical types: conductive (CHL), sensorineural (SNHL), and mixed (MHL) hearing loss. CHL is known to result primarily from structural damage, blockage, and sclerosis of the outer and middle ear, eventually leading to aberrant signaling to the inner ear. Disruption of the inner ear, auditory nerve, central auditory nuclei, or cortex are classified as SNHL, with an elaborate pathology that includes loss of sensory hair cells, spiral ganglion neurons (SGNs), and stria vascularis cells in the inner ear, ultimately leading to the failure of auditory perception (Ma et al., 2019). The established therapy for patients suffering from conductive deafness focuses on middle-ear infection, otosclerosis, etc. Research on curative therapies for sensorineural hearing loss mainly focuses on the repair and regeneration of hair cells, stria vascularis, and nerve synapses.

The practical application of new materials is continuously undergoing considerable advancements, and substantial success has been achieved in some aspects. Whereas the new materials are being applied to treat auditory diseases, the abundant advances made in the fields of diabetes, cardiovascular disease, and neuromuscular disease using new materials are progressing. Recently, the Food and Drug Administration (FDA) approved the first RNA interference-based gene silencing technology drug—Patisiran—which regulates gene expression by the delivery of RNA to target cells, improving the prognosis of patients with rare cardiac and neurologic disease (Adams et al., 2018). For another example, with a fundamental role in the future repair or replacement of tissues defects (Zakrzewski et al., 2019), stem cells differentiate into insulin-producing cells after being implanted into the body, bringing considerable improvements to the prognosis of type 1 diabetes (Shahjalal et al., 2018). Regarding to stem cell therapy, graphene, with remarkable biocompatible and bioadhesive properties, can be fabricated as scaffolds for the proliferation and direct differentiation of stem cells (Kenry Lee et al., 2018). Some scholars even propose stem cell engraftment as a highly feasible and fundamental curing method for sensorineural deafness (Nakagawa and Ito, 2005; Cheng et al., 2019). Many prostheses formed out of new materials were reported to induce fewer immune responses and had a better overall prognosis than conventional materials after implantation (Diken Turksayar et al., 2019; Nappi et al., 2021). This review will focus on the research progress of the novel materials employed for the treatment of CHL and SNHL (see Figure 1).
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FIGURE 1. Treatment sites of new materials for auditory diseases.




TREATMENT ORIENTATION OF HEARING LOSS

Hearing loss is attributable to genetic factors, specific viral infections, chronic ear infections, birth complications, exposure to excessive noise, aging, and ototoxic drugs. CHL may occur as middle-ear effusion, tympanic membrane perforation, physical external trauma, infection, canal stenosis, cholesteatoma, otitis media, otosclerosis, ossicular erosions, and so on (Ontario Health, 2020). At present, treatment for CHL primarily involves surgery and drugs. Primary research directions for novel therapies are focused on new pharmaceuticals, materials, artificial auditory implantation, and other aspects. The artificial auditory implantation comprises middle-ear implant (MEI) and implantable bone-conduction devices (Chen et al., 2014). The current widespread adoption of artificial auditory implantation includes bone-anchored hearing aids (BAHAs), subcutaneous bone bridges (BBs), vibrant sound bridges (VSBs), and semi-implantable middle-ear transducers. However, due to the pathway for bone conduction being more complex than air conduction, the following areas must be considered: percutaneous attenuation of high-frequency sound after the implantation of bone-conduction hearing aid devices; the susceptibility to infection of surgical sites after BAHA implantation; vibrator displacement after MEI implantation; ossicular necrosis; the wide fluctuation of postoperative gain, and so on. Therefore, further research aimed at bone-conduction audiology and more development of audiological assist devices are still required (Ghoncheh et al., 2016).

Diseases that could contribute to SNHL are age-related hearing loss (ARHL), inherited hearing impairments, Meniere’s disease (endolymphatic hydrops), autoimmune inner-ear disease, ear infection, drug-induced deafness, ear trauma, and idiopathic SNHL (Merchant and Nadol, 2001; Kanzaki et al., 2020). In addressing sudden sensorineural hearing loss (SSNHL), current SSNHL management guidelines recommend glucocorticoids, psychotherapy, and intravenous agents that can improve microcirculation and neurotrophy, besides which numerous attempts for novel therapies have been reported. For instance, Vanwijck et al. (2019) summarized the efficacy of intratympanic injections of corticosteroids with a Silverstein tube to treat refractory SSNHL. They found that the topical application of corticosteroids with such a tube to the inner ear through the round window membrane can improve the hearing and clarity of patients who have failed in previous conventional therapies. However, therapies for SNHL remain clinically limited thus far, and the therapeutic effects remain less than satisfactory. Owing to the natural anatomical and physiological barriers of the cochlea, the supply and absorption of drugs reaching the targeting cochlea cells have been severely hindered (Zou et al., 2016; Yuan and Qi, 2018). An example is that the cochlea, surrounded by bones and located in a relatively closed environment, is difficult for drugs to access from the blood due to the presence of the blood labyrinth barrier (BLB). For local drug delivery to the cochlea, drug penetration through the oval window (OW) and round window membrane (RWM) becomes difficult due to their permselectivity. In addition, some of the drugs have a short half-life, and inter-individual differences in metabolism are marked, therefore limiting the benefits of drugs administered using traditional approaches.

In recent years, a range of new signaling pathways and genes playing essential roles in hair cell development and differentiation have been discovered that target therapies against SNHL (Diensthuber and Stover, 2018). For example, overexpressing Atoh1 can potentially reprogram supporting cells to become hair cells, subsequently promoting mammalian hair cell regeneration (Richardson and Atkinson, 2015). In cell cycle regulation, the absence of p27Kip1 drives the enhanced proliferation of supporting cells in adult mice, and inactivation of the retinoblastoma 1 (RB1) gene leads to the acquisition of newly generated hair cells originated from highly differentiated hair cells (Sage et al., 2005). For other signaling pathways, the activator of the Wnt signal pathway—β-catenin, the overexpression of which triggers Lgr5-positive cell growth and mitosis—elevates hair cell regeneration (Shi et al., 2013). When β-catenin and Atoh1 are co-expressed, the differentiation of Lg5-positive hair cells in neonatal mice is significantly advanced (Kuo et al., 2015). Furthermore, inhibition of the Notch pathway via γ-secretase inhibitors enables mice to regenerate hair cells in response to noise-induced damage, simultaneously gaining an improvement in their hearing level (Mizutari et al., 2013). Furthermore, there is crosstalk between Notch and Wnt signaling (Li et al., 2015; Ding et al., 2020). Hence, various predictions can be hypothesized based on these theories; that is, gene targets that can be selectively modulated using small molecules or related drugs might drive the regeneration of hair cells.



APPLICATION OF NOVEL MATERIALS IN HEARING LOSS


Treatment of New Materials in Conductive Hearing Loss

In auricle-related disorders, the microtia is a congenital craniofacial malformation, ranking only second to cleft lip (Jiao and Zhang, 2001). Traditional healing strategies employ autologous cartilage as conventional grafts (Bichara et al., 2012). Shang et al. (2016) used 3D printing technology and medical silicone to fabricate an auricular scaffold, and they found the scaffolds were implanted in vivo smoothly, with excellent bio-compatibility, affordable cost, and a simple preparation process. Presently, besides adipose-derived stem cell (ADSC) application for cartilage regeneration, cartilage stem/progenitor cells (CSPCs) have also been used for the successful ear reconstruction and modeling the pathogenesis of auricular deformities (Zhou G. et al., 2018; Zucchelli et al., 2020).

In tympanic-associated disorders, tympanic membrane perforation (TMP) is a commonly seen disease in otorhinolaryngology. Although the preferred autograft materials, such as temporal muscle, cartilage, and fat, have a variety of applications, they have also been reported to be highly susceptible to infection and have pronounced dependence on nutrients from the surrounding tissue (Teh et al., 2013). Therefore, an increasing emphasis is being placed on new materials that can decrease the rate of inflammation, foster tympanic membrane regeneration, and enhance the proliferation and migration of the epithelium. The current methods for tympanic membrane repair combine autologous tissue and novel materials, the latter including platelet-rich plasma (PRP), platelet-rich fibrin (PRF), hyaluronic acid (HA), epidermal growth factor (EGF), and basic fibroblast growth factor (bFGF). Among them, PRP and PRF have gained particular interest because they are enriched in growth factors, which are effective in inducing tissue regeneration and with a lower prevalence of infections (Gur et al., 2016; Stavrakas et al., 2016; Huang et al., 2021). Moreover, a study by Lin et al. (2013) found that recombinant human epidermal growth factor (rhEGF) in conjunction with a gelatin-based sponge scaffold can remarkably enhance the wound healing rate of chronic TMP, reduce improvement time, further improve hearing level, and has no toxic side effects on inner-ear function. Similar multiple studies have been performed for combining new materials into clinical practice, and correspondingly, an increased likelihood of TMP healing has been reported (Gisselsson-Solen et al., 2020). For example, heparin-binding epidermal growth factor (EGF)-like growth factor (Santa Maria et al., 2015), EGF-released nanofibrous patches (Seonwoo et al., 2019b), bacterial cellulose (Mandour et al., 2019), chitosan patch scaffolds incorporated with insulin-like growth factor-binding protein 2 (Seonwoo et al., 2019a), and a fibroblast growth factor (FGF)-infiltrated gelatin sponge (Omae et al., 2017; Kanemaru et al., 2018) have been documented to accelerate tympanic membrane (TM) perforation healing. As a type of novel material, Maharajan et al. (2020) have also reported that mesenchymal stem cells (MSCs) are promising candidates for therapy to treat TMP. Either separate engraftment of multipotent MSCs or a combination of these cells with biological materials and growth factors (GFs) can achieve faster TMP healing via increasing the activation of epidermal stem cell markers and stimulating the proliferation and migration of keratinocytes. MSCs, scaffolds, and GFs have a synergistic role in TM regeneration. The recent advancement of 3D- and 4D-printing technology has driven the development of a precise MSC-attached scaffold designed for the physical structure of patients. The direction of physical and chemical engineering may be incorporated in this advancement, further boosting the degree and rate of the target tissue regeneration (Maharajan et al., 2020). The introduction of a cobalt-chromium (Co-Cr) coronary stent into the eustachian tube potentiates middle-ear ventilation, as validated in sheep (Pohl et al., 2018). A new class of tympanostomy stent made of nickel and titanium with a TiO2 coating has previously been shown to reduce Pseudomonas aeruginosa biofilm formation, resulting in a lower incidence of postoperative complications, such as deafness and catheter blockage after tympanotomy tube insertion (Joe and Seo, 2018).

Tympanoplasty exerts significant actions on the treatment of auditory diseases such as chronic otitis mastoidea, tympanosclerosis, cholesteatomatous chronic otitis media, and middle-ear sound transmission defect caused by trauma. Adhesive otitis patients often require surgical interventions when they present with concomitant middle-ear atelectasis, structural adhesion in the tympanic chamber, sound transmission disorder, recurrent infection, and persistent otorrhea (Larem et al., 2016). To avoid postoperative adhesion and to clean effusion, the filler materials are required for adhesion prevention after removal of tympanic sclerotic foci and middle-ear blockage caused by pathological factors; these materials can be divided into two categories: absorbable and non-absorbable. The most recent anti-adhesive materials include chitosan hydrogel within absorbable materials (Unsaler et al., 2016) and natural polymeric biomaterials–Naso Pore (Huang et al., 2011). These two ingredients are otherwise used for nasal surgery and are of low ototoxicity, inflammatory response, and have strong anti-adhesion effects (Chen and Li, 2020). In the medical management of middle-ear cholesteatoma, traditional surgery combined with novel materials has been found to have superior efficacy. For mastoid postoperative tamponade, synthetic materials have clear advantages of easy accessibility, short procedure time, being less prone to contamination and so on, compared with traditional autologous materials, which are less accessible and unstable. Common filling synthetic materials in mastoid disorders include bioactive glass, hydroxyapatite, titanium, and silicon, with bioactive glass being most frequently used (Lee H. B. et al., 2013; Sorour et al., 2018). Tympanoplasty necessitates the use of transplanted materials, but classically employed autogenous materials are with high risk of shift, complete absorption, and residual cholesteatoma. Bartel et al. (2018) determined that total (TORP) and partial (PORP) ossicular replacement prostheses can be biosynthesized and are stiff, safe, and stable. Compared with traditional materials, the hearing improvement after ossicular chain reconstruction is almost equivalent to using biosynthesizing materials, and the curative effect of myringoplasty is even superior to that of traditional autologous grafting materials (Bartel et al., 2018; Li et al., 2021).

The ear is one of the predilection sites for keloids, frequently following trauma, surgery, burns, and ear piercing. Due to the high rate of recurrence, the search for excellent postoperative coverage materials and preventing recurrence has become a particular research hotspot in the treatment of keloids (Du and Zhu, 2015). Park et al. proposed that employing hydrocolloid dressing as a wound coverage and pressurizing with a magnet during the early postoperative period, compared with traditional dressings used to cover wounds, could protect the wound tissue, facilitate the healing process, and reduce the water content inside the wound tissue (Park and Chang, 2013). Besides, more coverage materials to promote wound healing and reduce inflammation will become available in the coming years. For patients with CHL but normal hearing function of the inner ear, other assistive hearing devices are increasingly promising in addition to the aforementioned BAHA, BB, vibrant sound-bridge (VSB), and middle-ear transducers, such as ADHEAR–a new non-invasive bone-conduction hearing-assistive device, which uses a cohesive adaptor affixed to the skin surface behind the ear and applies no pressure to the skin (Brill et al., 2019).



Treatment of New Materials in Sensorineural Hearing Loss

The loss of outer hair cells and spiral ganglion cell degeneration are major causes of sensorineural hearing loss (Wong and Ryan, 2015). The loss of hair cells, spiral ganglion cells, and auditory nerve fibers in the adult ear is irreversible, leading to permanent SNHL. The surgical implantation of a cochlear implant (CI) is envisaged as one of means to restore hearing, but the function of artificial cochlea is highly reliant on residue numbers of spiral ganglion cells. A recent study has found that superparamagnetic iron oxide (SPIO) nanoparticles can direct spiral ganglion neurites to orient to a CI electrode under the application of magnetic field modulation and maintain the survival of SGNs, producing a positive CI treatment effect (Hu et al., 2021). Various other in vitro experiments have newly demonstrated that the cGMP-dependent atrial natriuretic peptide (ANP) and the permissive environment created by novel silicon micro-pillar substrates (MPS) could facilitate the survival and growth of SGNs (Mattotti et al., 2015; Sun et al., 2020). Through in vivo experiments, mesenchymal stem cells (Maharajan et al., 2021), valproic acid (VPA; 2-propylpentanoic acid) with growth factors (Wakizono et al., 2021), as well as neural stem cells (He et al., 2021) have been found to be beneficial for SGN growth.

Additionally, to achieve more SGNs and hair cell regeneration, researchers have been studying drug delivery systems (DDSs), gene therapy, and cell therapy from different perspectives (Ma et al., 2019) (see Figure 2).


[image: image]

FIGURE 2. The mechanism of novel materials involved in inner-ear regeneration.


The clinical advancement of DDS has been hindered by a short biological half-life, poor pharmacokinetics, and low permeability through the biological barriers of nerve growth factor (NGF). Hence, developing highly efficient and inexpensive materials is of substantial importance (Bartus, 2012; Khalin et al., 2015). Currently, the nanotechnology-based ongoing development of novel NGF delivery systems covers nanogels, hydrogels, micelles, microspheres, electrospun nanofibers, nanoparticles, and supraparticles. NGF could be immobilized in nanomaterials via physical trapping, adsorption, or electrostatic interactions, then the sustained release can be obtained using diffusion of NGF and/or degradation of carriers, with the aim of local, sustained drug release (Ma et al., 2019). One such nanoscaled drug delivery system could be used in targeted drug delivery. By constructing degradable and non-toxic nanoparticle loading drugs, ligands for the specific recognition and delivery into targeted organs or tissues, nanoscaled drug delivery systems show the stability and property of sustained release (Ding et al., 2019; An and Zha, 2020). Moreover, supraparticles have increased volume in comparison to nano-onions, which have yet to be fully translated into clinical practice. The supraparticles have a larger capacity for the delivery of drugs and provide sustained drug release, concurrently spreading to particular targeted areas (Ma et al., 2018). However, several challenges persist for the clinical application of nanoparticle drug delivery systems, such as drug delivery risk assessments through the RWM or OW routes and the implementation of controlled release and targeted nano-drug delivery. For example, intratympanic medication injection or nanoparticle delivery may access the inner ear more through the RWM approach (Du et al., 2013; Liu et al., 2013), but OW shows higher permeability than RWM (King et al., 2011, 2013; Zou et al., 2012). Chen et al. also found similar results in that fluorescence traceable chitosan nanoparticles (CS-NPs) were more quickly transported into the inner ear through OW, with less damage exhibited (Ding et al., 2019), but further validation regarding nanomaterials and loaded drugs for optimum routes of delivery is still necessary. In gene therapy, the introgressed gene in the inner ear typically involves the basic helix-loop-helix (bHLH) family transcription factor (Shou et al., 2003) as well as neurotrophic (Sun et al., 2011), anti-apoptotic (Chan et al., 2007; Pfannenstiel et al., 2009), antioxidant (Kawamoto et al., 2004), connexin (Birkenhager et al., 2006; Sun et al., 2009), cochlear protein-related, interleukin, and other (Zhuo et al., 2008) genes. To cross the BBB and blood labyrinth barrier successfully and transfer functional genes into the mammalian inner ear, both viral and non-viral vectors are the most common tools for transgene delivery. Viral vectors consist of adenovirus (AV), adeno-associated virus (AAV), herpes simplex virus type I, vaccinia virus, and so on. Non-viral vectors can be categorized into liposomes, cationic polymers, peptide-based nanoparticles, and other synthetic vectors (Sun and Wu, 2013). Other vectors, such as viral and non-viral composite carriers, as well as bacterial vectors, are being studied (Akin et al., 2007). AAV2/Anc80L65, a recently discovered synthetic viral vector, targets the inner and outer hair cells of the cochlea with high efficiency and elicits only a weak immune response when compared to other viral vectors with low transfection ability (Zinn et al., 2015). Tan et al. designed a variant of AAV—AAV-inner ear (AAV-ie). The variant not only achieved 90% successful transfection to supporting cells but also expanded the number of mice hair cells via carrying the Atoh1 gene, which did not affect the numbers of hair cells or hearing level (Tan et al., 2019). MicroRNA regulates gene expression in vivo by means of inhibiting protein translation and promoting mRNA degradation, the primary function of which is to play a suppressor role post-transcriptionally (Wu et al., 2020). Luo et al. constructed MicroRNA-146a (miR-146a) lentiviral recombinant vectors and found that miR-146a could significantly mitigate inflammatory injury and auditory dysfunctions of the inner ear after being injected into the inner ear through the scala tympani (Luo et al., 2016). A single microRNA can regulate hundreds of different transcription processes, by which the regeneration of damaged hair cells in the inner ear and treating hearing loss are major focuses of much recent research (Zhou W. et al., 2018). Autoimmune inner ear disease (AIED) is an independent disorder, the main clinical manifestation of which is bilateral, rapidly progressive sensorineural hearing loss. Distinct from conventional systemic glucocorticoid treatment, Cai et al. injected adenoviral-mediated interleukin-10 (IL-10) through the RWM. The authors found that adenoviral carrying IL-10 can be imported into the inner ear of guinea pigs and express the gene products, consequently attenuating inflammatory injury and impairment in the auditory function of the inner ear to some extent (Cai and Tan, 2015). Therapies for sensorineural hearing loss by replacement of damaged or lost cells and secreting neurotrophic factors, cytokines, immunoregulatory protein, etc., with the transplanted cells hold promise in a wide variety of fields (Mehrabani et al., 2016; Kanzaki, 2018). Mesenchymal (MSCs), embryonic (ESCs), and induced pluripotent (iPSCs) stem cells are the most frequently used sources for regenerative medicine in the field of otology. Nevertheless, in contrast, the potential tumorigenicity and immune rejection response caused by ESCs and iPSCs, MSCs have a higher safety profile, anti-apoptotic properties, and characteristics of easy amplification; hence, MSCs have become a particular focus of regenerative medicine research (Kaboodkhani et al., 2021). The application of MSCs promotes BDNF secretion and increases the expression of connexin26 and connexin30, contributing to the alleviation of inflammation, oxidative stress, and apoptosis, the recovery of cell-cell junctions, an increased number of SGNs differentiated into neural progenitor cells and specific lineages of neurons, and significantly decreased hearing threshold and improved audial function (Matsuoka et al., 2007; Jang et al., 2015; Young et al., 2018; Mittal et al., 2020). In regenerative medicine, scaffolds are essential for cell growth and could provide a three-dimensional structure for cell differentiation and migration to restore the normal function of damaged organs (Khodakaram-Tafti et al., 2017). The preparation of scaffolds can be accomplished with various source materials, including decellularizing tissue (Hashemi et al., 2018), 3D printing technologies (Wang and Yang, 2021), tailored hydrogels (Slaughter et al., 2009), and electrospinning (Malik et al., 2021). Recent studies have used biological scaffolds comprising 3D graphene and artificial photonic crystals for stem cell culture. Scaffolds mimicking the microenvironment of cell growth in vivo can positively regulate stem cell growth, proliferation, and differentiation (Yang et al., 2013; Ankam et al., 2015; Fang et al., 2019). Other novel materials yielding similarly supportive effects for stem cells include 3D polydopamine-functionalized carbon microfibrous scaffolds (Yang et al., 2020), Ti3C2TxMxene membranes (Guo et al., 2020), microfluidic chip platforms (Park et al., 2014), and anisotropy inverse opals (Pettinato et al., 2015). Suggested mechanisms of the aforementioned materials include the promotion of cell growth, expansion, development and cell-cell adhesion, alignment, and connection.

In terms of hearing ancillary equipment, the application of CI for bilateral severe-to-profound SNHL has also reached maturity. However, implantation surgery can potentially cause invasive damage. Recent studies have increasingly found that degradable cell coatings for CI electrodes can increase neuronal survival by persistently releasing BDNF from cell-coated surfaces (Richardson et al., 2009). In addition, the local delivery of dexamethasone into the inner ear or coating Cis with dexamethasone during cochlear implantation may alleviate inflammation in the surgical sites (Farhadi et al., 2013; Lee J. et al., 2013).




OTHER NOVEL MATERIALS FOR TREATING AUDITORY-RELATED CONDITIONS

The control of tinnitus by external noise stimuli has become a therapy of particular interest. Tinnitus afflicts approximately 15% of the general population worldwide, and there is currently no cure for this disorder. Attempts have been made to ameliorate tinnitus with individually applied spectrally optimized near-threshold noise (Schilling et al., 2021), with most patients stating that subjective tinnitus loudness was suppressed during the noise stimulation.

The discovery of novel pharmaceuticals is one of the important directions for future research. Today, drug candidates with potential therapeutic applications for hearing loss include antioxidants, regulators of mitochondrial function, ion channel modulators, hair-cell protectants, and anti-inflammatory drugs (Ji et al., 2021). Other potentially effective drugs that have been experimentally validated are N-acetylcysteine (NAC) (Marie et al., 2018), melatonin (Serra et al., 2020), resveratrol (Xiong et al., 2015), mineralocorticoid aldosterone (ALD) (Campos-Banales et al., 2015; Halonen et al., 2016), teprenone (GGA) (Mikuriya et al., 2008), aspirin (Verschuur et al., 2014), and salicylic acid (Li et al., 2020) et al. One example is age-related hearing loss (ARHL); SAMP8 mice models demonstrated notably decreased auditory brainstem response (ABR) thresholds, increased distortion product otoacoustic emission (DPOAE) amplitudes, and memory improvement after the administration of NAC, suggesting that NAC has protective effects on hair cells and neurons of the central nervous system (CNS) (Li et al., 2020). Some systemic diseases are accompanied by damage to the inner ear, such as the microvascular and nerve damage caused by long-term diabetes, further leading to neurovascular injury in the cochlear. Gao et al. (2018) found resveratrol to be effective in preventing cell apoptosis and reducing diabetes damage to the inner ear by hypoglycemic activities, anti-dyslipidemic effects, and inhibiting anti-oxidative stress, ICAM-1, and VEGF expression. GGA was found to up-regulate heat-shock proteins (HSPs), and many experimental studies have demonstrated the protective effect of HSPs against cochlear damage induced by noise exposure, ototoxic drugs, and heat stress. In addition, a decline of ABR thresholds was observed in presbycusis mice (Mikuriya et al., 2008). ARHL models of DBA/2J mice were given injections of 200 mg/kg salicylic acid, and the expression of prestin, hair-cell survival, and function of the cochlea were significantly better than in saline-treated controls (Li et al., 2020). However, although antioxidants, such as resveratrol, ferulic acid (Fetoni et al., 2010), and glutathione (Ohinata et al., 2000) are currently under active research, Sha Suhua et al. expressed caution that long-term or excessive intake of exogenous antioxidants or vitamin supplements is not only hazardous to hearing but also increases the risk of developing cancer (Sha and Schacht, 2017). Additionally, Kashio et al. (2009) and Polanski et al. identified that various antioxidants such as Ginkgo biloba extract (GBE), alpha-lipoic acid (AL), and vitamins A, E, and C do not result in hearing improvement (Polanski and Cruz, 2013). For other novel agents, bioactive peptides from Rapana venosa were found to exert an antioxidant effect, as demonstrated via the diminishing hair-cell uptake of gentamicin, activating Nrf2-Kcap1-ARE, up-regulation of Nrf2, and the expression of related antioxidant genes without damaging mechanoelectrical transduction channels (Yan, 2021). It has been suggested that rapamycin can slow the onset of ARHL through the inhibition of mTORC1 hyperactivation (Fu et al., 2018). Multiple previous studies have also shown that rapamycin reduces cisplatin- and gentamicin-induced nephrotoxicity (Fang and Xiao, 2014; Ebnoether et al., 2017) and alleviates noise-induced hearing loss (NIHL) by reducing oxidative stress (Yuan et al., 2015). However, rapamycin has many side effects as an immunosuppressant. New drugs can simulate the antioxidant activity of rapamycin with fewer side effects, and such classes of drugs are currently undergoing clinical experimentation. Traditional herbal medicines have been used in China for thousands of years. However, to date, the efficacy of these medicines has yet to be confirmed, and their action mechanisms remain unclear. Modern pharmacological studies have also spurred intense research programs targeting the auditory diseases. For instance, Xuan et al. (2018) demonstrated that composite Jianer formulations, mainly consisting of Puerariae Lobatae Radix (Gegen in Chinese), Scutellariae Radix (Huangqin in Chinese), and Salvia miltiorrhiza (Danshen in Chinese), reduced the level of malondialdehyde (MDA), the main product of lipid peroxidation, to exhibit an antioxidant effect in adult mice. Besides, the composite Jianer formulations ameliorated mtDNA damage and the release of Cyt-c, thereby attenuating caspase-mediated apoptosis through the mitochondrial pathway and playing a protective role against age-related decline in hair cells and spiral ganglion neurons. Furthermore, traditional Chinese herbal medicine (TCHM) seems to be associated with few adverse effects (Xuan et al., 2018). Another active ingredient extracted from traditional Chinese medicine Flos puerariae (Gehua in Chinese)—total flavonoids of Pueraria lobata—has been found to suppress the inflammatory response. The total flavonoids of Pueraria lobata reduce isoprenaline-induced damage to the inner ear of the rat via inhibiting the expression of TNF-α, IL-4, and Bax and up-regulating ACTH proteins, at the same time regulating auditory system homeostasis and improving the microvasculature circulation of the inner ear and the ischemia conditions of tissue cells in rats (Zhao and Liang, 2018). Thus, TCHM has substantial potential for treating auditory diseases. The development of new classes of novel antibiotics is valuable for the treatment of hearing loss. For example, for severe chronic suppurative otitis media, new antibiotics are required for effective anti-infectious therapeutics owing to the constant emergence of drug-resistant bacteria. A kind of new cephalosporin— “ceftolozane-tazobactam”—has particularly good therapeutic benefits for moderate to severe suppurative otitis media caused by multidrug- and extensively drug-resistant (MDR and XDR) P. aeruginosa (Saraca et al., 2019).

This study has highlighted some bottlenecks in the application of therapeutic materials for auditory diseases, such as the tumorigenicity of repair-promoting substances, immune reaction to implanted materials, high cost, and a difficult fabrication process. More research combining materials science, basic medicine, and clinical medicine is required to address these bottlenecks, with the aim of obtaining more cost-effective and safer new materials for treating hearing loss.



CONCLUSION

Presently, various deficiencies still exist regarding insufficient treatment options and their modest efficacy for auditory diseases, leading to CHL and SNHL. Nevertheless, the development and application of novel materials are gradually improving the condition. The novel materials are able to hasten perforated tympanic membrane healing, tympanoplasty of the middle ear, and repair of the microtia, as well as promote the regeneration of inner hair cells, spiral ganglion cells, and the synaptic ribbons, decrease inflammation level, and modify hearing level adjunctively. Although the efficacy and safety of novel materials in clinical application remain to be verified, with more progression of research and substantial technological innovation, these novel materials will be continuously improved, and more refined materials could be employed to treat hearing loss clinically.
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Neural stem cells (NSCs) transplantation is a promising approach for the treatment of various neurodegenerative diseases. Superparamagnetic iron oxide nanoparticles (SPIOs) are reported to modulate stem cell behaviors and are used for medical imaging. However, the detailed effects of SPIOs under the presence of static magnetic field (SMF) on NSCs are not well elucidated. In this study, it was found that SPIOs could enter the cells within 24 h, while they were mainly distributed in the lysosomes. SPIO exhibited good adhesion and excellent biocompatibility at concentrations below 500 μg/ml. In addition, SPIOs were able to promote NSC proliferation in the absence of SMF. In contrast, the high intensity of SMF (145 ± 10 mT) inhibited the expansion ability of NSCs. Our results demonstrate that SPIOs with SMF could promote NSC proliferation, which could have profound significance for tissue engineering and regenerative medicine for SPIO applications.

Keywords: SPIO, SMF, neural stem cells, proliferation, regulation


INTRODUCTION

Neural stem cells (NSCs) act as one of the adult stem cells that are typically considered capable of giving rise to neurons and glia cell lineages (Gage, 2000). Currently, they have been widely used for spinal cord repairing and for the treatment of various neurodegenerative diseases in animal models (Gage, 2000; Madhavan and Collier, 2010; Mathieu et al., 2010; Carletti et al., 2011; Yoneyama et al., 2011; He et al., 2012; Reekmans et al., 2012). Nowadays, numerous reports have suggested that biomaterials could provide a tremendous opportunity to influence stem cell behaviors. For instance, the physicochemical properties of biomaterials, including substrate mechanical stiffness (Engler et al., 2006; Lee et al., 2013), nanometer-scale topography (Dalby et al., 2007; Yim et al., 2010; McMurray et al., 2011), and simple chemical functionality (Benoit et al., 2008; Saha et al., 2011), could regulate the stem cell fate. In particular, a previous study has shown that superparamagnetic iron oxide nanoparticles (SPIOs) promoted the proliferation of human mesenchymal stem cells (MSCs) through diminishing intracellular H2O2 and accelerating cell cycle progression (Huang et al., 2009). Furthermore, recent research has indicated that SPIOs promoted osteogenic differentiation of human bone-derived mesenchymal stem cells (hBMSCs) (Wang et al., 2016). Similarly, it has also been reported that SPIOs could promote osteogenic differentiation of adipose-derived mesenchymal stem cells (ASCs) (Xiao et al., 2015). These findings suggest that SPIOs may have the potential to modulate stem cell behaviors.

Stem cell fate is determined by the complex interactions between stem cells and their surroundings, including biochemical factors, extracellular matrix components, intercellular interactions, and physical factors (Allazetta and Lutolf, 2015). A magnetic field is an effective physical factor that has been reported to modulate cell proliferation as earlier as 1999 (Fanelli et al., 1999). Meanwhile, it was reported to mediate the osteogenic differentiation of human ASCs (Kang et al., 2013) and induce MSC differentiation into osteoblasts and cartilage (Ross et al., 2015). In addition, the magnetic fields and magnetic nanomaterials were used together to induce the growth direction of neurons (Riggio et al., 2014) and facilitate drug delivery (Qiu et al., 2017). However, there is no report to explore the biological effects of SPIO under the presence of a magnetic field on NSC behaviors.



MATERIALS AND METHODS


Synthesis of Superparamagnetic Iron Oxide Nanoparticles

The SPIOs were coated by polyglucose-sorbitol-carboxymethylether (PSC) as modified in this experiment. The method to synthesize SPIOs was applied to the classic chemical coprecipitation combined with an excellent alternating-current magnetic field (ACMF)-induced internal-heat mode (Chen et al., 2016). Briefly, 40 mg PSC was dissolved in 2 ml of deionized water, then the mixture of the 6 mg FeCl3 with 3 mg FeCl2 dissolved in 15 ml of deionized water was added. After cooling the mixture to 5°C, 1 g 28% (w/v) ammonium hydroxide was added with stirring for over 2 min. The mixture was then heated at 80°C for 1 h, then the deionized water was purified with five cycles of ultrafiltration using a 100 kDa membrane.



Characterization of Superparamagnetic Iron Oxide Nanoparticles

The core of synthesized SPIOs was detected by transmission electron microscopy (TEM; JEOL/JEM-200CX, Japan). The size distribution was analyzed by dynamic light scattering (DLS) with a particle size analyzer (Malvern Zetasizer Nano ZS90, United Kingdom). The hysteresis loop of SPIOs was measured using a vibrating sample magnetometer (LS 7307-9309, Lakeshore Cryotronic, United States). The final concentrations of iron in the aqueous solution were measured by inductively coupled plasma mass spectrometry (ICP-MS) on an Optima 5300DV instrument.



Neural Stem Cell Culture

Neural stem cell isolation and culture were described in the previously published protocol [32]. Briefly, NSCs were cultured in mixed DMEM-F12 medium (Gibco, Grand Island, NY) containing 2% B-27 (Gibco), 100 U/ml penicillin, and 100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, MO, United States) in the condition of 5% CO2 at 37°C. NSCs were passaged every 3–5 days during culturing. For the determination of NSC proliferation, cells were seeded with a concentration of 5 × 104 cells/ml in DMEM-F12 medium with 2% B-27, 20 ng/ml EGF (R&D Systems, Minneapolis, MN, United States), and 20 ng/ml FGF-2 (R&D Systems, Minneapolis, MN, United States). For NSC differentiation assays, cells were seeded in an NSC differentiation kit (Stem Cell, Hangzhou, China). The care and use of animals in these experiments followed the guidelines and protocol approved by the Care and Use of Animals Committee of Southeast University. All efforts were made to minimize the number of animals used and their suffering.



Cellular Uptake of Superparamagnetic Iron Oxide Nanoparticles by Inductively Coupled Plasma Mass Spectrometry

Cells were seeded in 25 cm2 flasks at the concentration of 1 × 105 to 1 × 106 per flask and incubated with SPIOs at the indicated concentrations. After 1, 2, 3, or 4 days of treatment, cells were harvested and counted. Then, the cell suspension was dissociated by hydrochloric acid with a final concentration of 60%. The concentration of iron in cell lysates was measured by ICP-MS according to PerkinElmer’s operating procedures.



Cell Viability Assay

Neural stem cells were seeded in 96-well cell culture plates at the concentration of 1 × 105 cells per well (n = 6) and cultured overnight. The cells were then incubated with differentiation concentrations of SPIOs at indicated concentrations. After culturing for 12 or 24 h, cell viability was measured by CCK-8 assay (Beyotime, Shanghai, China) according to the manufacturer’s instructions. The NSCs cultured with the ordinary medium were considered as the control.



Immunostaining

Neural stem cells were fixed with 4% paraformaldehyde for 1 h at room temperature, following treatment with blocking medium for 1 h. Next, the cells were incubated with primary antibody diluted solution overnight at 4°C. Then, each sample was washed with phosphate buffer solution [0.1% Triton X-100 in phosphate buffer solution (PBST) twice per 5 min]. The samples were further incubated with a secondary antibody for 1 h at room temperature. Finally, samples were washed with PBST, and an antifade fluorescence mounting medium (DAKO) was added. The antibodies used were Nestin (Beyotime, China). Cell proliferation was detected by Click-it EdU imaging kit (Invitrogen). All the images were captured by a Zeiss LSM 700 confocal microscope, and ImageJ (NIH) was used for image analysis.



Scanning Electron Microscope and Transmission Electron Microscopy Examination

Neural stem cells were seeded in 24-well cell culture plates at the concentration of 1 × 104 cells per well and incubated with a differentiation concentration of SPIOs at indicated concentrations. After incubation for 3 days, cells were washed two times with 1 × PBS (pH 7.4); 2.5% glutaraldehyde solution (Alfa Aesar, Tewksbury, MA, United States) was added to each sample. Cells were co-incubated for 1 h at 37°C. Then, cells were dehydrated overnight, and the cell morphology was detected by scanning electron microscope (SEM) (Ultra Plus, Zeiss, Oberkochen, Germany).

Neural stem cells were seeded in 25 cm2 flasks at the concentration of 1 × 106 and incubated with SPIOs at the concentration of 100 μg/ml. After 12- or 24-h treatment, the cells were harvested and washed two times with PBS; 2.5% glutaraldehyde solution was added to each sample, and cells were co-incubated overnight at 4°C to fix the cells. Then, the samples were transferred to 1% osmium tetroxide, dehydrated in ethanol, and embedded in Epon (Sigma–Aldrich). Finally, uranyl acetate and lead citrate were used for staining of ultrathin slices (60–80 nm). The images were captured by TEM (JEOL/JEM-200CX, Tokyo, Japan).



Statistical Analysis

All data are shown as mean and SD. Statistical analyses were conducted using GraphPad Prism 6 software. For all experiments, n represents the number of replicates, and at least three individual experiments were conducted. One- or two-way ANOVA analysis followed by a Tukey’s post hoc test was used to determine the statistical significance between multiple groups, and Student’s t-test was used for comparisons between two groups. A value of p < 0.05 was considered to be statistically significant.




RESULTS


Synthesis and Characterization of Superparamagnetic Iron Oxide Nanoparticles

The SPIOs were composed of a γ-Fe2O3 core and PSC shell (Figure 1A). The size of the γ-Fe2O3 core is about 6–8 nm (Figure 1B). The hysteresis loop of SPIOs is about 105 emu/g (Figure 1C), which indicates that it has a good superparamagnetic property. The average diameter of whole SPIOs measured by DLS is about 30 nm (Figure 1D). These results suggest that the SPIOs synthesized by this method have a uniform particle size, stable structure, good dispersion (PDI of 0.154), and stronger magnetic properties than the conventional coprecipitation method.


[image: image]

FIGURE 1. Characterization of SPIOs. (A) Schematic structure of SPIOs. (B) TEM image of SPIOs. (C) Hysteresis loop of SPIOs. (D) Particle size distributions of the SPIOs as measured by DLS.




Internalization and Cellular Uptake of Superparamagnetic Iron Oxide Nanoparticles

Superparamagnetic iron oxide could enter the cells after co-incubation for 1 day (Figure 2A). The amount of SPIO could increase with time and concentrations of SPIO (Figure 2D). It was noticed that there was no significant difference between the 3- and 4-day groups, indicating that the uptake by a single cell was stale within 3 days. Furthermore, TEM and fluorescence imaging were employed to examine the internalization of SPIOs in NSCs. TEM results revealed that SPIOs were located in the lysosomes after 24 and 48 h of exposure (Figure 2B). It was further verified that SPIOs were located outside the cell nucleus after 24 h of exposure (Figure 2C).


[image: image]

FIGURE 2. Internalization and cellular uptake of SPIOs. (A) Representative Perl’s blue staining images of SPIOs-treated NSCs. Scale bar = 25 μm. (B) TEM images of NSCs under SPIOs treatment (300 μg/ml for 24 and 48 h). A higher-magnification image of the indicated portion is shown in the inferior panel. (C) Laser confocal images of NSCs with Rhd-B-SPIOs treatment for 24 or 48 h. Red, Rhd-B, blue, nucleus. Scale bar = 5 μm. (D) The amount of intracellular iron uptake in NSCs after SPIOs treatment for different concentrations at the indicated time.


The morphology of NSCs was observed by SEM after 3-day co-incubation with various concentrations of SPIOs. Cells in all groups presented normal phenotypes (Figure 3A). Importantly, SPIOs exposure did not affect NSC viability at concentrations up to 500 μg/ml for 24 h (Figure 3B), indicating the good biocompatibility of SPIOs.


[image: image]

FIGURE 3. Biocompatibility of SPIOs. (A) SEM images of NSCs after culturing with SPIO for 3 days at indicated concentrations. (B) Cell viability was detected by the CCK-8 assay. The cells were treated with SPIOs for 12–24 h at indicated concentrations. Data were normalized to the control group (no SPIOs exposure). Data are presented as mean ± SD. Student’s t-test.




Effects of Superparamagnetic Iron Oxide Nanoparticle and Static Magnetic Field on Neural Stem Cell Proliferation

Neural stem cell proliferation was first evaluated by neurosphere formation assay. NSCs from higher concentrations of SPIOs (300 and 500 μg/ml) had a significantly higher rate of neurosphere formation compared to the control group, while lower concentrations of SPIOs (10, 50, and 100 μg/ml) or 50 ± 10 mT SMF treatment had no obvious effect on the number of neurosphere formation (Figures 4A,B). In contrast, SPIOs at different concentrations (100, 300, and 500 μg/ml) simultaneously exposed to SMF (50 ± 10 mT) resulted in a slower rate of neurosphere formation (Figures 4A,B). Although more neurospheres were generated from NSCs treated with higher concentration SPIOs, there was no significant effect on the diameters of the neurospheres compared to the control group (Figures 4A,C). Notably, when the NSCs were simultaneously exposed to SMF, the neurospheres exhibited a larger diameter at concentrations of 100–500 μg/ml.


[image: image]

FIGURE 4. The number and diameter of neurospheres. NSCs were cultured with indicated concentrations of SPIO (10, 50, 100, 300, and 500 μg/ml) with or without SMF for 3 days. (A) Representative optical images of neurospheres. (B) Quantification of the neurospheres number. (C) Quantification of the neurospheres diameter in the experimental groups. Data are presented as mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001.


Since the low concentration of SPIOs (10 and 50 μg/ml) had no effect on NSC proliferation regardless of SMF presence, these two concentrations were not included in the subsequent experiments. Next, EdU+/DAPI cells were counted to further examine NSC proliferation. NSCs treated with 100, 300, and 500 μg/ml SPIOs generated significantly more EdU+/DAPI cells than those from the control group (control group: 38.60 ± 6.11%; 100 μg/ml: 46.61 ± 6.16; 300 μg/ml: 46.13 ± 6.62; 500 μg/ml: 53.57 ± 7.49%; p < 0.001) (Figures 5A,C). Furthermore, SMF (145 ± 10 mT) presence inhibited the ratio of EdU+/DAPI cells when compared to the control (0 μg/ml: 71.62 ± 3.93%; SMF: 66.58 ± 4.98%; p < 0.001). Next, when NSCs were cultured in the presence of SPIOs (100, 300, and 500 μg/ml) plus SMF (145 ± 10 mT) for 3 days, significantly lower ratio of EdU+/DAPI cells was observed (100 μg/ml: 54.92 ± 6.03%; 300 μg/ml: 43.79 ± 6.93%; 500 μg/ml: 38.37 ± 7.39%) (Figures 5B,D).


[image: image]

FIGURE 5. Neural stem cells proliferation was measured by EdU labeling. NSCs were cultured with indicated concentrations of SPIO (100, 300, and 500 μg/ml) with or without 145 ± 10 SMF for 3 days. EdU was added to the culture from day 2 to day 3. Representative images for EdU staining in (A) control group and (B) 145 ± 10 mT SMF group with or without SPIO treatment at indicated concentrations (100, 300, and 500 μg/ml). The ratio of EdU + /DAPI was shown in (C,D), respectively. Data are presented as mean ± SD, **p < 0.01, ***p < 0.001.


Interestingly, when the SMF intensity was reduced to 50 ± 10 mT, the exposure of SPIOs at concentrations of 100–300 μg/ml failed to reduce the ratio of EdU+/DAPI cells (Figures 6A,C). However, 100 ± 10 mT SMF could significantly suppress NSC proliferation when SPIO concentration was more than 500 μg/ml, as evidenced by the decreased ratio of EdU+/DAPI cells (Figures 6B,D).


[image: image]

FIGURE 6. Neural stem cells proliferation was measured by EdU labeling. NSCs were cultured with indicated concentrations of SPIO (100, 300, and 500 μg/ml) with or without SMF for 3 days. EdU was added to the culture from day 2 to day 3. Representative images for EdU staining in (A) 50 ± 10 mT group and (B) 100 ± 10 mT SMF group with or without SPIO treatment at indicated concentrations (100, 300, and 500 μg/ml). The ratio of EdU + /DAPI was shown in (C,D), respectively. Data are presented as mean ± SD, **p < 0.01.





DISCUSSION

Stem cells have a wide application prospect in the biomedical fields. NSCs have been verified for their potential in the treatment of various diseases, especially neural diseases [3–9]. The stem cell niche is the interaction between stem cells and their microenvironment which is regarded as key players in stem cell fate decisions. The niche includes several physical factors, biochemical factors, and extracellular matrix components (Allazetta and Lutolf, 2015). Many biomaterials have been proposed to modulate the stem cell niche to further regulate stem cell fate. For example, SPIOs have been reported to be able to modulate stem cell behaviors, including proliferation and differentiation (Huang et al., 2009; Xiao et al., 2015; Wang et al., 2016). Meanwhile, the magnetic field is also confirmed as one of the physical factors that affect stem cell fate decisions. In this research, we introduced SPIOs and magnetic fields together to explore whether they could affect NSC proliferation.

Some types of SPIOs have been reported to exert excellent biocompatibility, while the potential toxicity under certain conditions (e.g., surface modification) is still under debate. Numerous studies focus on SPIO cytotoxicity on different types of cells. SPIO labeling was found not to alter MSC viability and apoptosis (Schafer et al., 2009; Zhang et al., 2014; Singh et al., 2019; Xu et al., 2020). It was further revealed that SPIOs coated with unfractionated heparin did not affect MSC survival (Lee et al., 2012). Furthermore, histological examination showed that silica-coated SPIOs induced no obvious tissue impairments or abnormal inflammation and pathology in major organs (Ledda et al., 2020). Our results were consistent with the above reports that SPIOs at concentrations less than 500 μg/ml did not affect NSC adhesion or induce cell death. SPIO toxicity is believed to be highly correlated with the cores and coatings. Usually, the SPIO core should have a magnetic responsive component. Some high-magnetic materials such as nickel are easy to be oxidized, thus leading to certain toxicity (Tartaj and Serna, 2003; Mahmoudi et al., 2011). The main iron oxides, hematite (α-Fe2O3), maghemite (γ-Fe2O3), and magnetite (Fe3O4) are superparamagnetic and also have good biocompatibility. In this study, SPIOs were prepared by an alternating-current magnetic field (ACMF)-induced internal-heat mode that was described previously (Chen et al., 2016). The SPIOs synthesized in this study were composed of a γ-Fe2O3 core and PSC shell. This type of SPIOs has good biosafety, as evidenced by our results. In addition, size could be a critical factor to determine SPIO cytotoxicity. It is believed that SPIOs with a diameter ranging from 10 to 100 nm are considered to be optimal for the purpose of systemic administration (Wahajuddin and Arora, 2012). SPIO toxicity was also reported with a particle size within this range. In this study, the SPIO size was within 20–40 nm, and no obvious cytotoxicity was observed at this range.

In summary, we found that SPIOs are a potential regulator for NSC expansion. SPIOs at appropriate concentrations can elevate the proliferation ability of NSCs. In the meantime, our results also indicate that SMF may suppress NSC proliferation at high intensity. In the future, we will make the best effort to uncover the biological effects of SPIOs on NSC behaviors, including migration and differentiation. Also, the detailed mechanisms underlying the observed effects will be explored as well.
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The excessive generation of reactive oxygen species (ROS) and mitochondrial damage have been widely reported in noise-induced hearing loss (NIHL). However, the specific mechanism of noise-induced mitochondrial damage remains largely unclear. In this study, we showed that acoustic trauma caused oxidative damage to mitochondrial DNA (mtDNA), leading to the reduction of mtDNA content, mitochondrial gene expression and ATP level in rat cochleae. The expression level and mtDNA-binding function of mitochondrial transcription factor A (TFAM) were impaired following acoustic trauma without affecting the upstream PGC-1α and NRF-1. The mitochondria-target antioxidant mito-TEMPO (MT) was demonstrated to enter the inner ear after the systemic administration. MT treatment significantly alleviated noise-induced auditory threshold shifts 3d and 14d after noise exposure. Furthermore, MT significantly reduced outer hair cell (OHC) loss, cochlear ribbon synapse loss, and auditory nerve fiber (ANF) degeneration after the noise exposure. In addition, we found that MT treatment effectively attenuated noise-induced cochlear oxidative stress and mtDNA damage, as indicated by DHE, 4-HNE, and 8-OHdG. MT treatment also improved mitochondrial biogenesis, ATP generation, and TFAM-mtDNA interaction in the cochlea. These findings suggest that MT has protective effects against NIHL via maintaining TFAM-mtDNA interaction and mitochondrial biogenesis based on its ROS scavenging capacity.

Keywords: noise-induced hearing loss, reactive oxygen species, mitochondrial transcription factor A, mitochondrial biogenesis, sensory hair cells, rat model


INTRODUCTION

Hearing loss is the most prevalent sensory disorder and affects more than 1.5 billion people worldwide (WHO, 2021). Common causes of acquired sensorineural hearing loss include exposure to loud noise (Sha and Schacht, 2017), aminoglycosides (He et al., 2017), platinum-based chemotherapy (Fernandez et al., 2020), heavy metals (Ding et al., 2019), and aging (He et al., 2021a). With the rapid development of modern society, noise has become one of the most common environmental pollutants in industrial and recreational settings. Exposure to high-intensity or chronic noise leads to noise-induced hearing loss (NIHL). Moderate noise leads to temporary threshold shift (TTS) that completely recovers to normal in 1–2 weeks. However, high-intensity or chronic noise can result in permanent threshold shift (PTS), i.e., irreversible hearing loss (Kurabi et al., 2017). According to WHO, about 10% of the world’s population is exposed to noise, 5.3% of whom develop NIHL (WHO, 2021). Those who experience hearing loss have difficulties in social communication, which may cause potential mental and cognitive disorders such as anxiety, depression, and dementia (Loughrey et al., 2018; Blazer and Tucci, 2019).

The cochlea is a metabolically active auditory sensory organ. Loud noise causes a dramatic increase in energy consumption of the cochlea (Chen et al., 2012). Production of reactive oxygen species (ROS) was observed in the cochlea in a few minutes following noise exposure, including superoxide (O2·-), hydroxyl radical (·OH), and hydrogen peroxide (H2O2). Moreover, ROS can be generated continuously for 7–10 days after cessation of the noise exposure (Ohlemiller et al., 1999; Yamashita et al., 2004). A lower level of ROS induced by moderate noise is reported to induce autophagy which protects against NIHL (Yuan et al., 2015). However, high-intensity noise induces excess ROS and activates 5’ adenosine monophosphate-activated protein kinase (AMPK), leading to hair cell death and hearing loss (Wu et al., 2020). Oxidative stress has been considered as a key factor in the mechanism of NIHL (Fetoni et al., 2019). ROS in the cochlea mainly comes from the mitochondrial metabolism of various cells. Mitochondrial pathology and dysfunction are associated with hearing loss of various etiologies (Fischel-Ghodsian et al., 2004; Böttger and Schacht, 2013). Mitochondria are essential organelles with several vital functions including energy production, maintenance of calcium homeostasis, and regulation of apoptosis (Lin and Beal, 2006). Due to the proximity to ROS production, mitochondria are also the first organelles damaged by ROS. The phenomenon of mitochondrial damage has been reported to be involved in NIHL in previous studies (Coleman et al., 2007; Park et al., 2012). However, the underlying mechanism has not been fully elucidated yet.

The mitochondrial DNA (mtDNA) is a circular double-stranded DNA located in the matrix of mitochondria, encoding 13 essential subunits of the mitochondrial respiratory chain (MRC; Scarpulla, 2008). Due to the lack of the repair mechanism and histone proteins like genomic DNA, mtDNA is more susceptible to the damage by ROS (Tsutsui et al., 2009). Mitochondrial transcription factor A (TFAM), a nucleus-encoded protein, is essential for the stabilization and maintenance of mtDNA. TFAM can bind to mtDNA in a sequence-independent manner to compact and stabilize the genome. In addition, TFAM can also bind sequence-specifically to promoter regions of mtDNA, initiating transcription and replication of mtDNA (Kang et al., 2007; Chandrasekaran et al., 2015). Previous studies have reported mitochondrial disintegration and vacuolization in hair cells (HCs) after acoustic trauma (Coleman et al., 2007; Park et al., 2012). However, the specific mechanism of noise-induced mitochondrial damage remains unclear. There are few studies on the alterations of the cochlear mtDNA content and expression level after acoustic trauma. Whether TFAM dysregulation is involved in the pathogenesis of NIHL is still unknown.

Recently, several novel antioxidants that specifically target mitochondria have been developed for the treatment of oxidative stress-related diseases (Zinovkin and Zamyatnin, 2019). 2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl (mito-TEMPO) is a mitochondria-target antioxidant with strong superoxide scavenging capacity and several hundred-fold accumulations in mitochondria (Shetty et al., 2019). A previous study demonstrated that mito-TEMPO (MT) can ameliorate renal fibrosis by reducing oxidative stress, mitochondrial dysfunction, and inflammation (Liu et al., 2018). In addition, recent studies have shown that MT has a protective effect against acetaminophen-induced hepatotoxicity with a wider therapeutic time window than N-acetyl-L-cysteine (NAC; Du et al., 2017; Abdullah-Al-Shoeb et al., 2020). Systemic administration of MT was able to alleviate ischemic brain damage in rats (Li et al., 2018). In addition, MT can pass through the blood-brain barrier (BBB) which is structurally similar to the blood-labyrinth barrier (BLB) in stria vascularis of the cochlea (Zhelev et al., 2013; Nyberg et al., 2019). However, whether MT has a protective effect on hearing has not been reported yet.

In the present study, we explored whether MT has a protective effect against NIHL and the underlying mechanism using an in vivo rat model. We first detected whether MT entered the inner ear after the systemic administration. Then we investigated the alleviation of noise-induced hearing loss, outer hair cell (OHC) loss, inner hair cell (IHC) ribbon synapse loss, and auditory nerve fiber (ANF) degeneration with systemic use of MT. We hypothesized that MT exerted the protective effect on hearing via reducing mtDNA oxidative damage, stabilizing the TFAM-mtDNA interaction, maintaining mitochondrial biogenesis and function.



MATERIALS AND METHODS


Animals

Sixty-two female adult Sprague-Dawley rats (200–250 g) were used in this study. Two rats were used for the determination of MT in the cochlea. Sixty Rats were randomly assigned to three groups (n = 20 for each group): control, noise + vehicle treatment, noise + MT treatment. All animals were kept at 22 ± 1°C under a 12 h light/12 h dark cycle with free access to water and food. All procedures of the animal experiments were approved by the Institutional Animal Care and Use Committee of Fourth Military Medical University.



Auditory Brainstem Response (ABR) Measurements

The hearing function of 18 animals (n = 6 for each group) was evaluated by auditory brainstem response (ABR) at four frequencies of 8, 16, 24, and 32 kHz. ABR measurements were carried out 2 days before (−2d), 3 days after (+3d) and 14 days after (+14d) the noise exposure to evaluate the baseline hearing function and noise-induced auditory threshold shifts. Rats were anesthetized with an intraperitoneal injection of the cocktail anesthetic (chloral hydrate, pentobarbital sodium, and magnesium sulfate). Body temperature was maintained at near 37°C with a heating pad. Three subdermal electrodes were inserted at the vertex of the skull (active), the left mastoid (reference), and the right mastoid (ground). Tucker-Davis Technologies (TDT) RZ6 System was used to generate acoustic stimuli and record the responses. Tone pip stimuli at 8, 16, 24, and 32 kHz (5-ms-duration with 2.5-ms rise–fall time) were delivered monaurally with an earphone inserted into the external auditory canal of the left ear. Acoustic stimuli were generated from 90 dB and then attenuated in 10-dB and 5-dB steps until no ABR waves were recognizable. A total of 1,024 responses were averaged for each stimulus level. ABR wave II was used to determine ABR thresholds for each frequency. The thresholds were defined as the lowest intensity able to evoke repeatable response waves.



Drug Administration

MT (Sigma-Aldrich, SML0737) was dissolved in normal saline as a stock solution and stored at −20°C. The stock solution was diluted with normal saline at a concentration of 0.5 mg/ml before the injection. For animals in the MT treatment group, a dose of 1 mg/kg was selected based on the previous studies (Liu et al., 2018; Xing et al., 2021). For the animals to be sacrificed on day 1, MT was injected intraperitoneally (i.p.) 24 h before, 1 h before, and immediately after noise exposure. The Animals to be sacrificed on day 3 and 14 received three additional injections once daily for the following 3 days. The animals in the control group and the vehicle treatment group received three or six injections of normal saline with the same experimental procedure.



Perilymph Extraction and Sample Preparation

Two rats were injected intraperitoneally with 1 mg/kg MT. Fifteen minutes after the injection, rats were sacrificed and the cochleae were harvested. Then 2 μl of perilymph was sampled using a capillary tube from the round window of the cochlea. A total of 8 μl of perilymph was pooled and used for the determination of MT. Then 100 μl of methanol was added to the sample. After vortexing, the sample was centrifuged at 5,000×g for 10 min at 4°C. The supernatant was retained and used for liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis.



Chromatographic Separation and MS/MS Detection

The LC-MS/MS analysis was performed with the Triple Quadrupole LC/MS (Agilent, 6470B, USA). Chromatographic separation was performed using an Agilent C18 column (100 × 2.1 mm i.d., 3 μm particle size). The sample injection volume was 10 μl. The column temperature was maintained at 35°C. Then a gradient of mobile phase A (0.1%(v/v) formic acid in 5 mM ammonium acetate) and mobile phase B (acetonitrile) was run at 0.3 ml/min as follows: 95% A and 5% B, 0–15 min; 20% A and 80% B, 15–17 min; 100% A, 17–20 min. The MS/MS analysis was performed in the positive electrospray ionization (ESI+) mode. The source temperature was kept at 500°C. The ion spray voltage was 4,500 V, and the curtain gas was set to 35 psi. The detection of the ions was operated in the multiple reaction monitoring (MRM) mode, monitoring transitions of m/z 474.2 → 320.1 for MT. The quantification of the MT in the perilymph was analyzed by calculating the peak area ratios using the external standard.



Acoustic Trauma

The acoustic trauma was induced by continuous noise exposure. The rats were placed separately in wire cages located in a sound-proof room. The acoustic signal of 8–16 kHz octave band noise was generated by RZ6 Noise software. Then the signal was amplified and output by the power amplifier (Crown, XLi800, China) and four loudspeakers (CHUANGMU, CP-75A, China). The level of the noise was maintained at 112 ± 1 dB SPL confirmed by the Sound Level Meter. Animals were exposed to noise for 2 h.



Immunofluorescence Histochemistry for Surface Preparations and Frozen Sections of the Cochlea

Twelve animals used for the analyses of 4-HNE, DHE, 8-OHdG level, and TFAM-mtDNA interaction were sacrificed 1 h after the noise exposure. Eighteen animals used for analyses of OHC loss, IHC ribbon synapse loss, and ANF degeneration were sacrificed 14d after the noise exposure. Rat cochleae were quickly dissected from the temporal bones following rapid decapitation. The round and oval windows were opened after removing the stapes. Then the cochleae were gently perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS) via the round window, and kept in the fixative overnight at 4°C. After the fixation, the cochleae were rinsed three times with PBS for 5 min and then decalcified with 10% ethylenediaminetetraacetic acid (EDTA) for 5 days at room temperature with a daily solution change. After the decalcification, the cochleae were rinsed three times with PBS for 5 min. For cochlear surface preparations, the organ of Corti (OC) was dissected in PBS by carefully removing the lateral wall, Reissner’s membrane, and the tectorial membrane of the cochlea using micro-dissecting forceps and scissors under a stereomicroscope (Olympus, SZ61, Japan). Then the specimens were transferred into a 96-well plate, followed by permeabilization using 1% Triton X-100 in PBS for 15 min at room temperature. The specimens were blocked with immunol staining blocking buffer (Leagene, IH0338) for 1 h at room temperature. Then the specimens were incubated overnight at 4°C with the following primary antibodies: Myosin VIIa (Proteus Biosciences, #25-6790, 1:1,000), TFAM (Abcam, ab252432, 1:500), dsDNA (Abcam, ab27156, 1:500). After being rinsed with PBS three times, the specimens were incubated for 2 h at room temperature in darkness with following secondary antibodies: donkey anti-rabbit IgG Alexa Fluor 594 (Invitrogen, A21207, 1:200), donkey anti-mouse IgG Alexa Fluor 488 (Invitrogen, A21202, 1:200). After being rinsed with PBS three times, the specimens were incubated with Acti-Stain 670 Phalloidin (Cytoskeleton, #PHDN1-A, 1:70) or DAPI (Roche, #10236276001, 1 μg/ml) for 30 min at room temperature.

For immunolabeling of IHC ribbon synapses, the specimens were permeabilized with 3% Triton X-100 in PBS for 30 min at room temperature. After blocking for 1 h, the specimens were incubated overnight at 37°C with following primary antibodies: Myosin VIIa (Proteus Biosciences, #25-6790, 1:1,000), CtBP2 (BD Bioscience, #612044, 1:500), GluR2 (Alomone Labs, AGC-005, 1:1,000). After being rinsed with PBS three times, the specimens were incubated for 2 h at room temperature in darkness with following secondary antibodies: goat anti-rabbit IgG Alexa Fluor 568 (Invitrogen, A11036, 1:200), goat anti-mouse IgG1 Alexa Fluor 647 (Invitrogen, A21240, 1:200), goat anti-mouse IgG2a Alexa Fluor 488 (Invitrogen, A21131, 1:200). After the final rinse with PBS, each specimen was dissected into the apex, middle and base turns. Each cochlear turn was transferred to the slide and placed in the mounting medium (Vector, H-1000). Finally, the specimen was covered with a coverslip and the edge was sealed with transparent nail polish.

For the preparation of cochlear frozen sections, the decalcified cochleae were incubated in 10% sucrose and 20% sucrose for 4 h and 30% sucrose overnight at 4°C for dehydration. Then the specimens were embedded in an optimal cutting temperature (OCT) compound. The midmodiolar cryosections at a thickness of 8 μm were prepared using a Cryostat Microtome (Leica, CM1860, Germany). The sections were permeabilized with 0.5% Triton X-100 in PBS for 15 min at room temperature, followed by blocking with immunol staining blocking buffer for 1 h at room temperature. Then the sections were incubated overnight at 4°C with following primary antibodies: Myosin VIIa (Proteus Biosciences, #25-6790, 1:1,000), Tuj1 (GeneTex, GTX631836, 1:200), 4-HNE (GeneTex, GTX17571, 1:50), 8-OHdG (Abcam, ab48508, 1:200), Tuj1(ABclonal, A17913, 1:500). After being rinsed with PBS three times, the specimens were incubated with secondary antibodies for 2 h at room temperature in darkness. For DHE staining, the permeabilized sections were incubated with 1 μM DHE solution (Beyotime, S0063) for 30 min at 37°C in darkness. After being rinsed with PBS three times, a drop of mounting medium with DAPI (Vector, H-1200) was added onto the section. Finally, the section was covered with a coverslip and the edge was sealed with transparent nail polish. Images were obtained with the Confocal Laser Scanning Microscope (CLSM; Olympus, FV1000, Japan) under identical parameter settings in each experiment.



Quantitative or Semi-quantitative Analyses of the Fluorescence Signals

The quantitative or semi-quantitative analyses of the fluorescence signals were conducted with ImageJ software (version 1.53a, USA). For the OHC counting 14d after noise exposure, cochlear surface preparations labeled with Myosin VIIa and DAPI were used. The OHC counting was measured in apex, middle and base turns of surface preparations in 0.3-mm segments. The absence of both the nucleus (DAPI) and the cell body (Myosin VIIa) was considered as the OHC loss. The mean OHC survival in each group was calculated with four specimens. The quantification of IHC ribbon synapses was analyzed in the 0.1-mm segment of the surface preparation (containing about 10 IHCs), corresponding to frequencies of 16–20 kHz. The juxtaposition of CtBP2 and GluA2 was considered as the paired synapse. The total number of paired fluorescent spots was counted and divided by the number of IHC within the image. For the analysis of ANF density, cochlear frozen sections immunolabelled with Tuj1 and Myosin VIIa were used. The intensity of Tuj1 fluorescent signals in nerve fibers in the upper-base turn of the cochlea was analyzed and considered as ANF density. For the semi-quantitative analyses of 8-OHdG and 4-HNE expression, the intensity of the fluorescent signals in SGNs, HCs, or SV region in the upper-base turn of the cochlea was analyzed. Briefly, the images were converted into 8-bit grayscale type. The intensity of the background signal was subtracted and the average grayscale intensity of SGNs, HCs or SV region was then measured. The relative grayscale values were calculated by normalizing the ratio to the control group. The quantification of TFAM-mtDNA interaction was analyzed in the 70-μm segment at the base turn of the surface preparation. Those green fluorescent spots (dsDNA) in the cytoplasm that were not colocalized with red ones (TFAM) were considered as naked mtDNA. The total naked mtDNA spots in OHCs were counted and divided by the number of OHC within the image. All quantitative and semi-quantitative analyses were performed in four specimens for each group.



Extraction of Cochlear DNA and RNA

Six animals were sacrificed on day 1 after the third injection and six animals were sacrificed on day 3 after the ABR testing. The cochleae were dissected in Hanks’ balanced salt solution on ice and frozen in liquid nitrogen until use. Twelve cochleae (n = 4 for each group) of the animals sacrificed on day 1 were used for the extraction of total RNA. Twelve cochleae (n = 4 for each group) of the animals sacrificed on day 3 were used for genomic DNA (gDNA) extraction. The gDNA and total RNA were extracted using the Tissue DNA Extraction Kit (TIANGEN, DP304) and RNeasy Plus Mini Kit (QIAGEN, #74134) according to the manufacturer’s instructions, respectively. The purity and concentration of the DNA and RNA products were analyzed using the microplate spectrophotometer (BioTek, Epoch, USA). Then the isolated RNA was reverse transcribed to cDNA using PrimeScript RT Master Mix (TaKaRa, RR036A). The gDNA and cDNA products were stored at −20°C until use.



Quantification of mtDNA Copy Number and Mitochondrial Nd6 mRNA Expression

The mtDNA copy number and mitochondrial Nd6 expression were quantified by real-time polymerase chain reaction (PCR) assay using Real-Time PCR Detection System (Bio-Rad, CFX96, USA). The real-time PCR reaction system was prepared using TB Green Premix Ex Taq II (TaKaRa, RR820A) according to the manufacturer’s instructions. The nuclear gene β-actin was used as the internal control. For the quantification of mtDNA copy number, the gDNA was used for the template. The cycle threshold (Ct) values of 12S rRNA (mtDNA) and β-actin (nDNA) were used to determine the relative mtDNA copy number. The following primers were designed: β-actin Forward: CTACCTCGCTGCAGGATCG, β-actin Reverse: GTCTACACCGCGGGAATACG, 12S rRNA Forward: AAGGAGAGGGCATCAAGCAC, and 12S rRNA Reverse: TATCACTGCTGAGTCCCGTG.

For the measurement of mitochondrial Nd6 mRNA expression, the cDNA was used as a template. The relative mRNA expression was estimated by the Ct values of Nd6 (mtDNA expression) and β-actin (nDNA expression). The following primers were designed: β-actin Forward: GGAGATTACTGCCCTGGCTCCTA, β-actin Reverse: GACTCATCGTACTCCTGCTTGCTG, Nd6 Forward: ACCCTCAAGTCTCCGGGTA, and Nd6 Reverse: GTCTAGGGTTGGCGTTGAAG. The relative levels of mtDNA copy number and mRNA expression in each group were analyzed using the 2−ΔΔCt method.



ATP Level Measurement

Twelve animals (n = 4 for each group) in each group were sacrificed for cochlear ATP level measurement 1 h after the noise exposure. Two cochleae of an animal were quickly harvested and pooled as one sample. ATP levels in the cochlea were measured based on spectrophotometry using ATP Detection Kit (Solarbio, BC0305) according to the manufacturer’s instructions. The working principle of the Kit is briefly described as follows. The Glucose and ATP are catalyzed by hexokinase to produce glucose 6-phosphate, which is further catalytically dehydrogenated to produce NADPH. The NADPH shows a characteristic absorption peak at 340 nm. The content of ATP is proportional to that of NADPH.



Extraction of Cochlear Protein and Immunoblotting

Twelve cochleae (n = 4 for each group) of six animals sacrificed on day 1 were homogenized in ice-cold RIPA lysis buffer (Beyotime, P0013B) containing protease inhibitor cocktail (Roche, #04693159001, Switzerland) using the cryogenic grinder. The tissue homogenate was placed on ice for 30 min, and then centrifuged at 12,000× g for 10 min at 4°C. The supernatant was retained and the protein concentration was determined using the BCA Determination Kit. Then the supernatant added with loading buffer was boiled for 5 min and stored at −20°C.

The protein samples (30 μg) were separated by 10–12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) electrophoresis and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, IPVH00010). After being blocked with 5% skimmed milk in TBS-T, the membranes were incubated for 1 h at room temperature on shaker and then overnight at 4°C with following primary antibodies: PGC-1α (Abcam, ab191838, 1:1,000), NRF-1 (GeneTex, GTX103179, 1:1,000), TFAM (Abcam, ab131607, 1:1,000), SOD2(GeneTex, GTX116093, 1:1,000), Bax (GeneTex, GTX109683, 1:1,000), ACTB (GeneTex, GTX109639, 1:2,000). The membranes were rinsed three times with TBS-T for 5 min, followed by incubation with HRP-linked secondary antibody (CST, #7074, 1:2,000) for 1 h at room temperature on a shaker. After being rinsed with TBS-T three times, the blots were visualized with chemiluminescent HRP substrate (Millipore, WBKLS0100) and scanned using the Chemiluminescence Imaging System (Fusion, Solo 6S, China). The band intensities were quantified using the ImageJ software (version 1.53a, USA) and normalized by using ACTB as the internal control.



Statistics

Statistical analyses were conducted using IBM SPSS software (version 25.0, USA) and GraphPad Prism software (version 8.0, USA). The group comparisons were performed using two-tailed, two-sample Student’s t-test or one-way analysis of variance (ANOVA). When the difference was significant, the LSD post hoc test was used to identify the difference between the two groups. The p-value of <0.05 was considered statistical significance. All the data were presented as mean ± standard deviation (SD).




RESULTS


MT Entered Inner Ear After Systemic Administration

In order to investigate whether MT existed in the inner ear after the systemic administration, we analyzed the concentration of MT in the perilymph of the cochlea using LC-MS/MS. The perilymph was extracted 15 min after the injection and used for the detection and quantification of MT. As shown in Supplementary Figures 1A–C, the retention time of the MT in the perilymph was 3.302 min. The mass-to-charge ratio (m/z) of the parent ion was 474.2, which was consistent with the relative molecular mass of MT losing a chloride ion (Supplementary Figure 1D). The concentration of the MT in the perilymph of the cochlea was 18.541 μg/kg 15 min after the injection. These results indicated that MT could pass through the BLB and enter the inner ear.



Administration of MT Attenuated Noise-Induced Auditory Threshold Shift

To address whether systemic use of MT might prevent NIHL, we designed the experimental procedure as shown in Figure 1. The hearing function of the animals was evaluated via ABR testing 2 days before (−2d), 3 and 14 days after (+3d and +14d) noise exposure. There is no significant difference in baseline ABR threshold between groups (Supplementary Figure 2). Compared with saline-treated rats, MT-treated rats showed significantly decreased TTS on day 3 and PTS on day 14 at 8, 16, 24, and 32 kHz (Figures 2A–D). The 112dB noise exposure for 2 h resulted in about 30–40 dB threshold shift at all four frequencies on day 14 in the vehicle-treated group. However, in the MT-treated group, the threshold at 8 kHz was completely recovered and threshold shifts at 24 and 32 kHz were both within 10 dB on day 14 (Figures 2E,F). These data indicated that MT administration was able to attenuate noise-induced transient and permanent hearing loss.


[image: image]

FIGURE 1. Experimental timeline. The baseline hearing function of the rats was evaluated via ABR testing 2 days (2d) before the noise exposure. Rats were intraperitoneally injected with MT or vehicle (saline) 24 h and 1 h before the noise started. Then rats were exposed to 112dB SPL 8–16 kHz octave band noise for 2 h. The third shot was injected immediately after the noise stopped. One hour later, 12 animals in each group were sacrificed for analyses of oxidative stress level, mtDNA expression quantification, ATP measurement, immunoblotting and TFAM-mtDNA interaction. The rest of the animals received three additional injections once daily for the following 3 days. Then ABR testing were performed 3d after the noise exposure to evaluate TTS level. Then two animals in each group were sacrificed for the quantification of cochlear mtDNA copy number. After ABR testing 14d after the noise exposure for PTS level assessment, the remaining animals were sacrificed for analyses of OHC loss, IHC ribbon synapse loss and ANF degeneration. ABR, Auditory Brainstem Response.
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FIGURE 2. MT treatment attenuated noise-induced auditory threshold shifts. (A–D) The auditory threshold alterations of the left ear of animals at 8, 16, 24 and 32 kHz over time. The baseline threshold, TTS, and PTS were evaluated before, 3d after and 14d after the noise exposure respectively. (E,F) The auditory threshold shifts over four frequencies on the day 3 and the day 14. The gray dotted lines indicate the time of acoustic trauma. Data are presented as means ± SD, n = 6 for each group, *p < 0.05, **p < 0.01, ***p < 0.001. MT, mito-TEMPO; TTS, temporary threshold shift; PTS, permanent threshold shift.





MT Treatment Prevented OHC Loss Induced by Acoustic Trauma

We then asked if MT exhibits a protective effect on the OHC, which is one of the most vulnerable structures of the cochlea during acoustic trauma. We used the surface preparation technique to analyze the OHC loss 14 days after the noise exposure. The cochlea was divided into the apex, middle and base turns, which correspond to the low-, middle- and high-frequency regions of the cochlea. The loss of both the nucleus (DAPI) and the cell body (Myosin VIIa) was considered as the OHC loss. As shown in Figures 3A,B, noise overstimulation resulted in the most OHC loss at the base turn in the vehicle-treated group, showing 81.5% of the OHC survival. Compared with the vehicle-treated group, MT treatment significantly reduced noise-induced OHC loss at the base and middle turns of the cochlea. The OHC survival reached 95.2% at the base turn in the MT-treated group. These results indicated that MT was able to prevent OHC death after acoustic trauma.
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FIGURE 3. MT treatment prevented noise-induced OHC loss. (A) Representative images of the apex, middle and base turn region of cochlear surface preparations 14 days after the noise exposure. HCs were indicated by Myosin VIIa (red) and DAPI (blue) fluorescent staining. (B) Quantification analysis of OHC survival in the apex, middle and base turn region of the cochlea 14 days after the noise exposure. Data are presented as means ± SD, n = 4 for each group, *p < 0.05 vs. control group, **p < 0.01 vs. control group, #p < 0.05 vs. vehicle-treated group. OHC, outer hair cell; HCs, hair cells.





MT Treatment Reduced IHC Ribbon Synapse Loss and ANF Degeneration Induced by Acoustic Trauma

Recent studies show that the loss of ribbon synapses between IHCs and spiral ganglion neurons (SGNs) is the primary pathology in NIHL, which is termed cochlear synaptopathy (Liberman and Kujawa, 2017). To explore the protective effect of MT against noise-induced IHC ribbon synapse loss, we quantified the number of paired ribbon synapses 14 days after the noise exposure. The surface preparations of the cochlea at approximately 16–20 kHz region were immunolabelled with antibodies against CtBP2 and GluA2 to manifest the pre- and post-synaptic structures. The juxtaposition of CtBP2 and GluA2 represents the functional synapses. In the vehicle-treated group, a significant decrease in the number of paired synapses was observed after noise exposure. Compared with the vehicle-treated group, treatment with MT significantly reduced the noise-induced loss of the paired ribbon synapses (Figures 4A,B).
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FIGURE 4. MT treatment reduced IHC ribbon synapse loss and ANF degeneration induced by acoustic trauma. (A) Representative images of the IHC ribbon synapse at approximately 16–20 kHz region of the cochlea 14d after the noise exposure. Cochlear surface preparations were immunolabelled with CtBP2 (red), GluA2 (green) and Myosin VIIa (blue). (B) Quantification analysis of paired synapse per IHC, indicated by the juxtaposition of CtBP2 and GluA2. (C) Representative images of ANF and HCs in middle turn area of the midmodiolar sections 14d after the noise exposure. Cochlear sections were immunolabelled with Tuj1 (red) and Myosin VIIa (green). (D) Quantification analysis of ANF density 14d after the noise exposure. Data are presented as means ± SD, n = 4 for each group, ***p < 0.001 vs. control group, #p < 0.05 vs. vehicle-treated group, ###p < 0.001 vs. vehicle-treated group. IHC, inner hair cell; ANF, auditory nerve fiber.



In addition, NIHL is associated with the degeneration of ANFs which extend from SGNs to IHC ribbon synapses (Kujawa and Liberman, 2009). We next explored the protective effect of MT against noise-induced ANF degeneration by measuring the density of the fiber 14 days after the noise exposure. Compared with the control group, there was more than 50% degeneration of ANF in the vehicle-treated group. The remaining nerve fibers were fragmented and in a disordered arrangement. However, treatment with MT significantly recovered the density of ANF after acoustic trauma. The integrity of nerve fibers was partially restored in the MT-treated group (Figures 4C,D). These results indicated the neuroprotective effect of the MT against IHC ribbon synapse loss and ANF degeneration in NIHL.



MT Treatment Mitigated Oxidative Stress in the Cochlea After the Noise Exposure

Excessive ROS production is a major causative factor in noise-induced cochlear injury and hearing loss. ROS oxidizes polyunsaturated fatty acids to produce cytotoxic aldehydes. Among these, 4-hydroxynonenal (4-HNE) represents one of the major products of lipid peroxidation (Di Domenico et al., 2017). Dihydroethidium (DHE) is a fluorescent dye for detecting the level of superoxide ion (O2·-). In the presence of O2·-, DHE is oxidized to 2-hydroxyethidium, the fluorescence of which can be measured at an excitation and emission wavelength of 480 nm and 567 nm (Fetoni et al., 2015). In the present study, the level of cochlear oxidative stress was analyzed by 4-HNE and DHE fluorescent staining. As shown in Figure 5A, noise overstimulation induced a substantial increase of 4-HNE generation in the cochlea. Increased 4-HNE was mainly observed in HCs, stria vascularis (SV), and SGNs of the cochlea (Supplementary Figure 3). Compared with the vehicle-treated group, MT treatment significantly attenuated 4-HNE generation after the noise exposure. The DHE assay showed similar results. MT treatment remarkably reduced the DHE fluorescence induced by the noise overstimulation (Figure 5B). These data indicated that MT alleviated noise-induced oxidative stress in the cochlea by reducing the level of lipid peroxidation and O2·- generation.
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FIGURE 5. MT treatment mitigated ROS generation in the cochlea. (A) Representative images of 4-HNE (green) and DAPI (blue) fluorescent staining in base turn area of the midmodiolar sections 1 h after the noise exposure. (B) Representative images of DHE (red) and DAPI (blue) fluorescent staining in base turn area of the midmodiolar sections 1 h after the noise exposure. Four cochleae form two animals were used in each group. HCs, hair cells; SV, stria vascularis; SGNs, spiral ganglion neurons; ROS, reactive oxygen species.





MT Treatment Alleviated mtDNA Oxidative Damage, and Maintained Mitochondrial Biogenesis and ATP Production After the Acoustic Trauma

The mitochondria are semi-autonomous organelles that contain their own circular genetic system. The mitochondrial genomes encode 13 essential protein subunits of the MRC complexes. As is located close to the site of ROS generation, mtDNA molecules are easily damaged, resulting in decreased mtDNA content and mitochondrial dysfunction (Kang et al., 2007). 8-hydroxy-2’-deoxyguanosine (8-OHdG) is one of the most abundant oxidative adducts of DNA, reflecting the level of DNA oxidative damage (Han et al., 2020). In Figures 6A,B, a dramatic increase of 8-OHdG production was observed in the cytoplasm of SGNs following noise exposure. Since the DNA in cytoplasm refers to mtDNA, increased cytoplasmic 8-OHdG indicated that acoustic trauma-induced mtDNA oxidative damage in SGNs. Compared with the vehicle-treated group, treatment of MT significantly reduced noise-induced 8-OHdG production in SGNs.
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FIGURE 6. MT treatment alleviated mtDNA oxidative damage, and maintained mitochondrial biogenesis and ATP production after the acoustic trauma. (A) Representative images of 8-OHdG (green), Tuj1 (red) and DAPI (blue) fluorescent staining in SGNs in frozen sections of the cochlea 1 h after the noise exposure. (B) Semi-quantitative analysis of the fluorescent intensity of 8-OHdG in SGNs 1 h after the noise exposure. (C) Real time-qPCR analysis of mtDNA copy number in the cochlea 3d after the noise exposure. (D) Real time-qPCR analysis of mitochondrial Nd6 expression level in the cochlear 1 h after the noise exposure. (E) The ATP level in the cochlea 1 h after the noise exposure. Data are presented as means ± SD, n = 4 for each group, *p < 0.05 vs. control group, ***p < 0.001 vs. control group, #p < 0.05 vs. vehicle-treated group, ###p < 0.001 vs. vehicle-treated group.



Mitochondrial biogenesis relies on mtDNA replication and transcription to maintain mtDNA content and expression, and to produce new mitochondria. mtDNA is a multicopy genome and maintained at a relatively stable content (Scarpulla, 2008). Noise exposure resulted in a significant reduction of mtDNA content in the cochlea, reflected by the mtDNA copy number (Figure 6C). The mRNA level of MRC gene mt-Nd6 was also decreased after noise exposure, suggesting that the mtDNA expression in the cochlea was impaired by acoustic trauma (Figure 6D). In addition, ATP level in the cochlea was decreased following noise exposure, which indicated the dysfunction of the MRC (Figure 6E). However, treatment with MT significantly restored mtDNA content, mtDNA expression, and ATP level in the cochlea after noise exposure compared with the vehicle-treated group. These data indicated that MT was able to alleviate noise-induced mtDNA oxidative damage, maintain mitochondrial biogenesis and improve mitochondrial function of the cochlea.



MT Treatment Mitigated Noise-Induced Downregulation of TFAM and SOD2 Independent of the PGC-1α/NRF-1/TFAM Pathway

Mitochondrial biogenesis is a dynamic process of the generation of new mitochondria by synthesizing mitochondrial DNA and proteins. This activity requires several nucleus-encoded transcription factors, including peroxisome proliferator-activated receptor-gamma coactivator-1alpha (PGC-1α), nuclear respiratory factor 1 and 2 (NRF-1 and NRF-2), mitochondrial transcription factor A (TFAM), B1 (TFB1M), and B2 (TFB2M; Scarpulla, 2008). The PGC-1α/NRF-1/TFAM axis is the most studied pathway in regulating the replication and expression of mtDNA and mitochondrial biogenesis (Zhao et al., 2013; Xiong et al., 2019). In the above experiment, we found that acoustic trauma led to the decline of mtDNA content and expression level. To further explore the underlying mechanism, we next investigated the expression of PGC-1α/NRF-1/TFAM after noise exposure. As shown in Figures 7A–D, the expression level of PGC-1α and NRF-1 did not change following noise exposure. However, noise overstimulation resulted in a significant decrease in TFAM expression in the cochlea (Figures 7A,E). These results indicated that noise-induced decline of mtDNA content and expression was associated with TFAM reduction independent of PGC-1α/NRF-1/TFAM pathway. Compared with the vehicle-treated group, MT treatment attenuated TFAM expression reduction after the noise exposure.
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FIGURE 7. MT treatment mitigated noise-induced downregulation of TFAM and SOD2 independent of the PGC-1α/NRF-1/TFAM pathway. (A,B) Immunoblotting of the PGC-1α, NRF-1, TFAM, SOD2, Bax, and ACTB protein in the cochlea 1 h after the noise exposure. (C–G) Quantification analysis of the optical density values of the immunoblot bands normalized by using ACTB as the internal control. Data are presented as means ± SD, n = 4 for each group, *p < 0.05 vs. control group, **p < 0.01 vs. control group, ***p < 0.001 vs. control group, #p < 0.05 vs. vehicle-treated group.



Of the family of superoxide dismutase (SODs), only SOD2 (Mn-SOD) is located in mitochondria (Gross et al., 2014). We observed that noise exposure induced a dramatic decrease in the expression of mitochondrial SOD2 (Figures 7A,F). MT treatment partially improved SOD2 expression compared with the vehicle-treated group. In addition, the expression of the pro-apoptotic protein Bax was slightly upregulated following acoustic trauma and alleviated by MT treatment (Figures 7B,G). These data suggested that MT prevented noise-induced disruption of the mitochondrial antioxidant defense, and inhibited apoptosis activation in the inner ear.



MT Treatment Improved the Disruption of TFAM-mtDNA Interaction in the Cochlea After the Noise Exposure

TFAM binds the D-loop region of the mitochondrial genome to initiate mtDNA transcription and replication. TFAM also maintains the stability of mtDNA in a sequence-independent binding manner. We investigated the mtDNA-binding ability of TFAM by immunofluorescence colocalization analysis of TFAM and the double-stranded DNA (dsDNA) in the cytoplasm. As shown in Figure 8A, most mtDNA molecules were bound to TFAM (yellow arrows) within sensory hair cells labeled by Phalloidin in the control group. However, noise exposure induced a reduction of TFAM-mtDNA interaction, leading to a significant increase of naked mtDNA (white arrows) in the cytoplasm of OHCs. MT treatment partially recovered the TFAM-mtDNA interaction and significantly alleviated the increase of naked mtDNA in OHCs (Figures 8A,B). These data indicated that the mtDNA-binding activity of TFAM was weakened in the cochlea following acoustic trauma. MT treatment could restore the binding function of TFAM.
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FIGURE 8. MT treatment improved the disruption of TFAM-mtDNA interaction in the cochlea after the noise exposure. (A) Representative images of Phalloidin (blue), TFAM (red), and dsDNA (green) fluorescent staining in base turn area of the cochlear surface preparation 1 h after the noise exposure. Colocalized spots of TFAM and dsDNA were indicated in yellow arrows, while “orphan” dsDNA spots without colocalization of TFAM were indicated in the white arrows. (B) Quantification analysis of naked mtDNA in OHCs 1 h after the noise exposure. Data are presented as means ± SD, n = 4 for each group, ***p < 0.001 vs. control group, #p < 0.05 vs. vehicle-treated group.






DISCUSSION

MT is a novelly developed mitochondria-target antioxidant with the ability to pass through the phospholipid bilayer and accumulate in mitochondria. In the present study, we investigated the protective effect of MT against NIHL and the underlying mechanism in a rat model. We found that MT reduced noise-induced threshold shift and prevented OHC loss, IHC ribbon synapse loss, and ANF degeneration after the noise exposure. We demonstrated that MT exerted its protective effect on hearing by reducing the level of oxidative stress and mtDNA damage, restoring TFAM-mtDNA interaction and mitochondrial function of the inner ear.

HCs and SGNs are two important cells responsible for the perception, mechanoelectrical transduction, and transmission of auditory signals. We found that acoustic trauma led to OHC loss while IHC remained intact. This differential vulnerability may be due to the difference in intrinsic antioxidant capacity between IHCs and OHCs (Sha et al., 2001; Rosenhall et al., 2019). However, the amount of paired ribbon synapses between IHCs and SGNs was significantly reduced after the noise exposure. ANFs are the peripheral neurites of SGNs. Noise-induced ANF degeneration was observed in our experiments. In addition, the damage of cochlear ribbon synapses and ANFs is also the pathologic change of noise-induced hidden hearing loss (NIHHL; Kujawa and Liberman, 2009; Liberman and Kujawa, 2017). The protective effect of MT on ribbon synapses and ANFs suggested its promising application to prevent NIHHL, which needs further investigations.

The present study showed increased oxidative stress indicated by cochlear 4-HNE and DHE level, which is consistent with previous studies (Park et al., 2014; Paciello et al., 2020; He et al., 2021b). We observed increased mtDNA oxidative damage indicated by 8-OHdG in SGNs 1 h after noise exposure. The cochlear mitochondrial function indicated by the ATP content was also impaired 1 h after the noise exposure, which is consistent with a previous study (Chen et al., 2012). Maintaining an adequate content of mtDNA copy number is important for cellular energy metabolism. Mitochondrial ROS induced by noise caused oxidative damage to mtDNA, resulting in mitochondrial dysfunction and energy insufficiency. SGNs are auditory neurons and consume a lot of energy in axoplasmic transport and electrical signal transmission. When the number and function of the mitochondria in SGNs are impaired, the transport of cellular cargos including neurotrophin might be disrupted, resulting in the degeneration of the neurites of SGNs. Mitochondrial biogenesis is an activity to generate new mitochondria from the existing ones. This process requires the coordination of mtDNA replication and expression and is regulated by several transcription factors. The present study showed that mtDNA content and expression level were both decreased after noise exposure, which indicated the impaired mitochondrial biogenesis in the inner ear after the acoustic trauma. Yu and colleagues found mtDNA common deletion induced by D-gal increased susceptibility to NIHL in rats (Yu et al., 2014), suggesting the correlation between mtDNA integrity and the pathogenesis of NIHL. Interestingly, we found that the mtDNA expression level decreased immediately following the acoustic trauma (1 h after the noise exposure). In contrast, mtDNA copy number did not reduce until the third day after the noise exposure. The possible explanation is that DNA is more stable and has a longer half-life than RNA. It takes time for mtDNA to be degraded after oxidative stress damage. Previous studies also showed that mtDNA copy numbers decrease several days after the environmental stress (Bagul et al., 2018; Sugasawa et al., 2021).

The PGC-1α/NRF-1/TFAM axis is one of the most important pathways in regulating mitochondrial biogenesis. However, there are few studies on the alteration of the PGC-1α/NRF-1/TFAM pathway during acoustic trauma. In order to further explore the mechanism by which mtDNA content and expression are impaired in NIHL, we analyzed the expression level of this pathway. We found that the expression level of TFAM significantly decreased after the noise exposure, while the expression level of PGC-1α and NRF-1 remained unchanged. In addition, the TFAM function, as indicated by the mtDNA-binding ability, was also disrupted in OHCs after the noise exposure. These results indicate that noise-induced ROS specifically impairs the expression and function of TFAM without affecting the upstream PGC-1α and NRF-1. OHCs exhibit electromotility and mechanically amplify sound-evoked vibrations, which is an energy-consuming process. The impaired TFAM-mtDNA interaction leads to an increase of naked mtDNA molecules, which are vulnerable to oxidative damage by ROS. The abnormal mtDNA hinders the expression of mitochondrial respiratory chain proteins and ATP synthesis and might contribute to OHC dysfunction and death. A previous study showed that the phosphorylation and acetylation of TFAM within its HMG-box 1 domain reduced the DNA binding affinity, leading to TFAM-mtDNA disassembly (King et al., 2018). In addition, phosphorylation at serine 55/56 facilitated rapid degradation of TFAM by the Lon protease in mitochondria (Lu et al., 2013). Since it has been reported that acoustic trauma activates the protein kinase such as AMPK and extracellular signal-regulated protein kinase (ERK) in the inner ear (Kurioka et al., 2015; Hill et al., 2016), phosphorylation regulation might play a relevant role in the impaired expression and binding function of TFAM after the noise exposure. This speculation deserves further exploration in future studies.

Since oxidative stress plays an important role in the pathogenesis of NIHL, the antioxidants have been extensively studied in attenuating NIHL (Pak et al., 2020). A number of antioxidants show protective effects against NIHL in animal models such as glutathione, N-acetylcysteine (NAC), D-methionine, vitamin C, water-soluble coenzyme Q10, ebselen, resveratrol, and HK-2 (Ohinata et al., 2000; Seidman, 2003; Duan et al., 2004; Lynch et al., 2004; McFadden et al., 2005; Fetoni et al., 2009; Ewert et al., 2012; Chen et al., 2020), some of which have entered clinical trials (Kopke et al., 2015; Kil et al., 2017; Rosenhall et al., 2019). However, conventional antioxidants cannot remove only excess ROS without suppressing physiological ROS which are important for signal transduction. Recently, mitochondria-target antioxidants have been developed for the treatment of oxidative stress-related disease for their capacity to scavenge ROS from the source (Fujimoto and Yamasoba, 2019). MT is the antioxidant TEMPOL conjugated to the lipophilic triphenylphosphonium (TPP) cation, which can easily pass through the phospholipid bilayer and accumulate several hundred-fold into mitochondria (Trnka et al., 2008). A previous study shows that MT is BBB-penetrating and can be used as the contrast media in enhanced-magnetic resonance imaging (MRI) of the brain (Zhelev et al., 2013). In the present study, we demonstrated the existent of MT in the inner ear after the systemic administration. The lipophilic property of MT makes it easy to pass through the BLB and exert the antioxidant effects in the inner ear. MT exhibited a protective effect on hearing and cochlear cells against acoustic trauma. MT treatment reduced mitochondrial ROS production induced by noise exposure and therefore alleviated mtDNA oxidative damage and mitochondrial dysfunction. These results are consistent with a recent study (Zhao et al., 2021) which showed that MT alleviated ischemic acute kidney injury via reducing mitochondrial ROS and promoting TFAM-mediated mtDNA maintenance.

This study has several limitations. First, the methods used for hearing function evaluation were relatively simple. Four tested frequencies of the ABR covered about 50% length of the cochlea (from 30% to 80%), and may not represent well the hearing status of the animal. In future studies, we will use distortion product otoacoustic emissions (DPOAE) and compound action potential (CAP) for a comprehensive assessment of hearing function. Secondly, due to the technical difficulties, the RNA of HCs and SGNs was unable to be separately isolated. The alterations of mRNA expression of HCs and SGNs could not be analyzed respectively. Other methods such as RNA fluorescence in situ hybridization (FISH) will be used in our future studies. Finally, electron microscopy analysis of mitochondria was not performed in the present studies. Since mitochondrial fusion and fission are crucial processes to maintain mitochondrial homeostasis (Chan, 2020), the morphological changes of cochlear mitochondria in NIHL will be further studied in the following work.

In summary, our results first show TFAM reduction and the disruption of TFAM-mtDNA interaction in NIHL. Noise-induced ROS lead to mtDNA oxidative damage, impairing mtDNA expression and mitochondrial biogenesis. MT treatment exhibits a protective effect on hearing, OHCs, IHC synapses, and ANFs against acoustic trauma partially by maintaining TFAM-mtDNA interaction and mitochondrial biogenesis based on its strong capacity of mitochondrial ROS scavenging.
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Our objective was to study the characteristics of patients with subjective tinnitus and normal hearing and to investigate whether the features correlated to different shapes on audiograms. In this retrospective study, 313 patients with subjective tinnitus and clinically normal hearing were enrolled from the tinnitus outpatient department of the Eye and ENT Hospital of Fudan University. The following phenotypic variables were collected: age, dominant tinnitus pitch (TP), tinnitus loudness, tinnitus duration, tinnitus severity, sex, education, hearing thresholds, tinnitus position, and tinnitus condition. The dominant TPs of patients with normal hearing were mostly high-pitched, with a mean of 4866.8 ± 2579.6 Hz; thus, we speculated that the condition is related to high-frequency hearing threshold elevations. We further divided the patients into four subgroups based on the matched TP: (i) TP ≤ 500 Hz (n = 34), (ii) 500 Hz < TP ≤ 3,000 Hz (n = 15), (iii) 3,000 Hz < TP ≤ 8,000 Hz (n = 259), and (iv) TP > 8,000 Hz (n = 5). We studied the phenotypic profiling of different audiograms and found that the group with TP of ≤500 Hz had an average “inverted-U” shaped audiogram, and the group with TP between 500 and 3,000 Hz had a slowly ascending slope audiogram below 2,000 Hz, followed by a drastically descending slope audiogram ranging from 2,000 to 8,000 Hz; further, the high-frequency (3,000–8,000 Hz) and ultra-high-frequency (>8,000 Hz) groups had flat curves below 2,000 Hz and steeper slope audiograms over 2,000 Hz. Our findings confirmed a consistency ratio between the distributions of dominant TPs and the frequencies of maximum hearing thresholds in both ears. The dominant TP was positively correlated with the maximum hearing threshold elevation frequency (left ear: r = 0.277, p < 0.05; right ear: r = 0.367, p < 0.001). Hearing threshold elevations, especially in high frequency, might explain the appearance of dominant high-frequency TP in patients without clinically defined hearing loss. This is consistent with the causal role of high-frequency coding in the generation of tinnitus.
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INTRODUCTION

Tinnitus is the auditory perception of sound in the absence of a corresponding external acoustic or electric stimulus. The commonly described sounds of tinnitus are chirping, buzzing, ringing, and hissing. More often, tinnitus is a tonal-like sensation, but in few cases, it sounds like a noise. Tinnitus affects 5–43% of people worldwide (McCormack et al., 2016). The risk of developing tinnitus increases with age, noise exposure, and hearing loss (Baguley et al., 2013; Langguth et al., 2013). It is widely accepted that the generation of tinnitus is often triggered by peripheral hearing damage and involves a central mechanism (Norena and Eggermont, 2003; Eggermont and Roberts, 2004). In people with hearing loss and tinnitus, the dominant tinnitus pitch (TP) is consistently associated with the region of hearing loss (Konig et al., 2006; Pan et al., 2009; Moore et al., 2010; Sereda et al., 2011, 2015; Schecklmann et al., 2012). However, clinical audiometric hearing loss does not occur in all cases of tinnitus. The percentage of tinnitus patients without clinical hearing loss is estimated at 20% (Jastreboff and Jastreboff, 2003).

One of the most frequently asked questions by patients suffering from tinnitus is “Why did I get tinnitus?,” and the answer is more challenging in the presence of patients with normal hearing. A study assessing the reported lifetime noise exposure found some evidence for cochlear pathology associated with tinnitus and a normal audiogram (≤20 dB HL at 0.25–8 kHz). Guest et al. (2017) conducted a prospective study of 20 people with tinnitus and 20 controls closely matched for sex, age, and audiometric thresholds. Reported lifetime noise exposure was the only factor that differed between groups (Guest et al., 2017). Nevertheless, high-frequency hearing loss also provides some evidence for cochlear pathology associated with tinnitus and a normal audiogram (≤15 dB HL at 0.125 Hz–8 kHz). For example, by conducting a retrospective split of a sample of 75 people with tinnitus, Vielsmeier et al. (2015) found that those with hearing thresholds over 15 dB HL in at least one frequency from 10 to 16 kHz reported higher tinnitus symptom severity as measured by the Tinnitus Questionnaire (TQ) and Tinnitus Handicap Inventory (THI), compared with those with thresholds below 15 dB HL. In our previous study, we reported that extended high-frequency and average hearing thresholds across 4–16 kHz were significantly higher in the tinnitus group than in the matched volunteers without tinnitus (Song et al., 2021). In addition, some researchers have revealed that patients with normal hearing may have missed or hidden hearing loss. One study reported missed hearing loss in patients with normal audiograms when using fine frequency resolution in 1/24 octave step, suggesting that a more sophisticated pure-tone test should be considered to identify mild hearing impairment in patients with normal hearing (Xiong et al., 2019). Another study performed pure-tone audiometry (125 Hz–16 kHz), speech audiometry, transient evoked otoacoustic emissions (TEOAEs), distortion product otoacoustic emissions (DPOAEs), threshold equalizing noise (TEN) test (500 Hz–4 kHz), and electrocochleography (ECochG) for 9 individuals with tinnitus and normal hearing and 13 controls with normal hearing but no tinnitus, and the results showed that the SP/AP ratio in the ECochG test, together with the detection of dead regions in the TEN test, might be valuable in diagnosing hidden hearing loss, while the between-group differences in DPOAE and TEOAE were not significant (Kara et al., 2020).

According to this brief review of the literature, studies on tinnitus patients with normal hearing are mostly limited to detecting abnormalities of cochlear or auditory nerves; however, few studies have attempted to demonstrate the characteristics of pitch, loudness, and severity of tinnitus in patients with normal hearing (Savastano, 2008). Further, few studies have focused on the association between TP and audiogram features in patients with normal hearing. In this study, we focused on phenotypic profile of patients presenting with the primary complaint of subjective tinnitus and clinically normal hearing and confirmed that dominant TP was positively correlated with the maximum hearing threshold elevation frequency, which indicated that a more sophisticated pure-tone test, including extended high frequency, might be needed in evaluating the audiological features of dominant high-frequency TP in patients without clinically defined hearing loss.



MATERIALS AND METHODS


Participants

The study was conducted between January 2014 and October 2017 in tinnitus outpatients of the Eye and ENT Hospital of Fudan University, Shanghai. The recruited patients had a chief complaint of subjective tinnitus. We excluded patients who had pulsatile tinnitus and major health issues that impacted or prevented attendance. Patients with risk factors for tinnitus, such as noise exposure, sudden hearing loss, head or temporal trauma, tympanitis, and emotional disorders, were also identified and excluded. Finally, 313 patients with tinnitus and clinically normal hearing were identified from the database of all tinnitus patients, according to the World Health Organization [WHO] Programme for the Prevention of Deafness and Hearing Impairment (1997) definition of “the pure-tone threshold average across octave frequencies from 0.5 to 4 kHz ≤ 25 dB HL in each ear.” In addition, 71 sex-matched volunteers with normal hearing and without tinnitus were also recruited in this study to compare the audiometric characteristics between the participants with and without tinnitus.

All tests were approved by the ethical committee of Fudan University. The sensitive information relevant to patient privacy was removed before analysis and all participants gave written informed consent to scientific research.



Audiometry Examination

A pre-exam otoscopic screening was performed to identify abnormalities in the external ear, including the ear canal and eardrum. Excessive or impacted cerumen was immediately cleared. All patients accepted the acoustic immittance measurement, and those with type “C” or type “B” diagram were ruled out. Pure-tone air conduction for both ears was measured between 0.25 and 8 kHz (0.25, 0.5, 1, 2, 4, and 8 kHz). A standard Hughson-Westlake procedure (steps: 10 dB down, 5 dB up; 2 out of 3) was used to determine hearing thresholds.



Tinnitus Evaluation

A detailed tinnitus evaluation was performed on all participants (see below). We also recorded general information such as age, sex, educational background, self-reported laterality (unilateral, bilateral, or in the head), duration of tinnitus, and sound properties of tinnitus. Both intermittent and continuous tinnitus were included.



Symptom Severity

Tinnitus severity category was suggested according to the previous report (Biesinger et al., 1998). In brief, Grade I was defined as no impairment, Grade II as a mild complaint with passive emotional impact in certain defined conditions, Grade III as a permanent annoyance due to tinnitus (e.g., insomnia and anxiety), and Grade IV as severe impairment with severe negative impacts on work, study, or daily life.

To comprehensively evaluate the severity of tinnitus, three questionnaires were administered: the THI (Newman et al., 1996, 2008), Fear of Tinnitus Questionnaire (FTQ) (McCracken et al., 1992; Roelofs et al., 2007), and Athens Insomnia Scale (AIS) (Soldatos et al., 2000). The scoring criteria were as follows: (1) THI: slight (0–16), mild (18–36), moderate (38–56), and severe (58–100); (2) AIS: no insomnia (<4), suspicious insomnia (4–6), and insomnia (7–24); and (3) FTQ: 17 items in total, with 1 score per item; the higher the score, the more severe the tinnitus.



Pitch Matching

We established a “trinomial forced-choice method” for TP matching (China invention patent: ZL 201510165976.9). The first three frequencies were 2, 4, and 8 kHz, which were at least 5 dB above all the corresponding hearing thresholds, and each lasted 500 ms with a 1-s interval. Patients were instructed to identify the frequency closest to their TP and to judge whether it was higher, lower, or equal to their tinnitus. If 2 kHz was selected, then the upper limit frequency of tinnitus was 4 kHz − 1/3 octaves; if 4 kHz was selected, then the frequency of tinnitus was between 2 kHz + 1/3 octaves and 8 kHz − 1/3 octaves; and if 8 kHz was selected, then the lower limit frequency of tinnitus was 8 kHz − 1/3 octaves. In this way, the given sound range was gradually narrowed to the closest frequency by a final step of 1/3 octaves. A threefold repetition was performed to clearly distinguish between each of the three acoustic stimuli. When a final pitch match was selected, an octave confusion test was conducted to avoid selection bias. The octave confusion test conducted in the present study was 1/3 octaves above and 1/3 octaves below the selected pitch (±1 octave when below 1,000 Hz) whenever such frequencies were available. The final confirmed pitch was recorded as the dominant pitch of tinnitus. There were 15 frequencies in total for TP matching, namely, 0.25, 0.5, 1, 1.26, 1.58, 2, 2.52, 3.18, 4, 5.04, 6.35, 8, 10.08, 12.7, and 16 kHz.



Loudness Matching

The loudness matching was performed in a manner similar to that in the pitch-matching test, and the final gap difference was narrowed to the nearest 1 dB step size. The loudness of tinnitus was reflected in the sensation level (dB SL). Sensation level was defined as the loudness value above the hearing threshold at the TP.

The tinnitus testing devices for pitch and loudness were calibrated twice a year at the Shanghai Institute of Measurement and Testing Technology1, which were authorized by the Administration of Quality Supervision, Inspection and Quarantine and accredited by the China National Accreditation Service for Conformity Assessment.



Data Analysis

The continuous variables are expressed as mean ± standard deviation, while the categorical variables are expressed as number (%). Group comparisons were performed using one-way analysis of variance and Fisher’s exact test with RStudio software (version 4.0.3). Correlation analysis was performed between the dominant TP and corresponding frequency of maximum hearing threshold using the Spearman rank test. All the statistics and plotting were performed with RStudio software (version 4.0.3). The distribution of TP and frequency of maximum hearing threshold was mapped with Excel. The level of statistical significance was defined as a p-value of <0.05.




RESULTS


Clinical and Demographical Characteristics

According to the WHO grades of hearing impairment (version 1997), 313 subjects conformed to the criteria of clinically normal hearing with standard audiometry. The mean age was 40.2 ± 12.8 years, the male-to-female ratio was 54.3% (n = 170): 45.7% (n = 143), and nearly half of the patients (47.6%) had a college degree or higher. The mean dominant TP was 4866.8 ± 2579.6 Hz, demonstrating a common dominant high-frequency TP. The pitch-matching analysis showed that most of the matched frequencies (308/313) were no more than 8 kHz, while only five patients reported a dominant TP at 10.08 kHz. To further analyze the data, we divided the participants into four subgroups based on the dominant TP: low-pitched (≤500 Hz), middle-pitched (500–3,000 Hz), high-pitched (3,000–8,000 Hz), and ultra-high-pitched (>8,000 Hz). As shown in Table 1, the four groups were significantly different in terms of age (p = 0.037), tinnitus loudness (p < 0.001), and sex composition (p = 0.025). However, they were homogeneous in terms of duration (p = 0.940), severity (p = 0.965), position (p = 0.334), educational background (p = 0.166), and persistence (p = 0.089) of tinnitus. The mean duration of tinnitus was 30.7 ± 53.7 months, implying that most patients had chronic tinnitus. There was preponderance of bilateral tinnitus reported by the majority of participants (59.1% in total; 44.1, 66.7, 60.2, and 60.0% in the low, middle, high-, and ultra-high-pitched groups, respectively), with only a few reporting unilateral tinnitus (left 21.1%, right 18.2% in total; left 32.4% vs. right 23.5%, left 6.7% vs. right 20.0%, left 20.5% vs. right 17.8%, and left 20.0% vs. right 20.0% in the low, middle, high-, and ultra-high-pitched groups, respectively). The overall education level of the patients varied; 47.6% had a college degree or higher, 22.0% finished high school or technical school, and 30.4% received primary education or were illiterate. Most patients (85.6%) reported continuous tinnitus, with the remaining patients reporting intermittent tinnitus (Table 1).


TABLE 1. Demographic characteristics of patients with tinnitus and clinically normal hearing.
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Tinnitus Loudness and Severity

The mean tinnitus loudness was 9.1 ± 5.2 dB SL above the threshold for all patients with tinnitus and normal hearing. To be visualized, the level of loudness was mid-range; hence, the tinnitus was hardly masked by the surrounding ambient sounds, causing disruption to patients’ daily lives, sleep, and work. The mean loudness measured by sensation level was 10.9 ± 6.1, 12.1 ± 9.1, 8.5 ± 4.6, and 16.0 ± 6.5 in the low, middle, high-, and ultra-high-pitched groups, respectively (p < 0.001). According to the Biesinger classification, 1.6% of patients had no impairment (Grade I), 39.6% had slight impairment (Grade II), 44.7% had permanent annoyance (Grade III), and 14.1% had severe impairment (Grade IV), with no differences between the four subgroups. This implied that most patients with tinnitus and normal hearing were slightly or severely disturbed in private and professional areas. These findings were reconfirmed by the three questionnaire assessments: the THI global score was 31.0 ± 23.3, AIS score was 5.9 ± 5.3, and FTQ score was 8.1 ± 4.0 (Table 1).



Dominant Tinnitus Pitch of Clinically Normal Hearing Might Be Associated With Hearing Threshold Elevations

In previous studies, TP has been found to be consistent with the region of hearing loss (Sereda et al., 2011, 2015; Schecklmann et al., 2012). However, the cause of tinnitus without a clinical hearing loss remains unclear, especially for those who do not have any hearing deficits at all test frequencies ranging from 250 to 8,000 Hz. Among all the features of tinnitus with normal hearing, the average high-pitched-matching result was the most salient and intriguing. We speculated that the generation of tinnitus and the dominant TP in patients with normal hearing might be related to different audiogram types. We drew the average pure-tone audiograms for each ear in the low, middle, high-, and ultra-high-pitched subgroups. As a contrast, 71 volunteers with normal hearing and without tinnitus also received the standard pure-tone audiometry in the same audiometric environment with the patients with tinnitus.

As shown in Figure 1 and Table 2, the control group totally had flat audiograms both in right ears and left ears, and the average pure-tone thresholds were all less than those in patients with tinnitus from 250 to 8,000 Hz. To clearly compare the audiogram curves between tinnitus patients and the controls, the average pure-tone audiogram of volunteers without tinnitus was presented repeatedly in the four subgroups. The average pure-tone audiograms in the low-pitched (≤500 Hz) group presented an inverted-U shape in both left and right ears, indicating that dominant low-pitched tinnitus may be associated with hearing threshold elevations ranging from 250 to 500 Hz (Figure 1A). The inclination and intensity of threshold elevations in low frequencies were attenuated in the middle-pitched (500–3,000 Hz) subgroup when compared to the low-pitched subgroup, demonstrating a slowly ascending slope audiogram below 2,000 Hz, followed by a drastically descending slope audiogram ranging from 2,000 to 8,000 Hz (Figure 1B). In the high- (3,000–8,000 Hz) and ultra-high- (above 8,000 Hz) pitched subgroups, both the audiogram curves below 2,000 Hz were flat without any severe threshold elevations, while the audiograms over 2,000 Hz revealed steeper slopes in both ears (Figures 1C,D). Therefore, widespread threshold elevations in high frequencies (over 2,000 Hz) were found in all the four subgroups, which might contribute to reasonable explanation for our observation that the majority of patients with normal hearing had a dominant high-frequency TP. However, the threshold elevations in low frequencies (250–500 Hz) and the elevated degrees would control the final distribution of TP. The inverted-U-shaped audiogram in patients with normal hearing might indicate a low-pitched tinnitus.
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FIGURE 1. Average pure-tone audiograms of patients with clinically normal hearing and volunteers without tinnitus using a 250–8,000 Hz conventional audiometer. (A–D) Mean values of average hearing thresholds for the controls with normal hearing and without tinnitus and patients with clinically normal hearing in dominant tinnitus pitch ≤500 Hz (A), 500 Hz–3 kHz (B), 3–8 kHz (C), and >8,000 Hz (D). Blue solid lines and dots represent left ears and red solid lines and dots represent right ears in patients with tinnitus. Blue solid lines and triangles represent left ears and red solid lines and triangles represent right ears in volunteers with normal hearing and without tinnitus.



TABLE 2. The average pure tone thresholds (mean) and the corresponding standard deviations (SD) in different subgroups with tinnitus and the control group without tinnitus.
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We further examined the association between TP and the frequencies of hearing threshold elevation and found that TP was correlated to the frequency of maximum hearing threshold in both ears, with a coefficient of association of 0.277 in the left ears (p = 0.015) (Figure 2A) and 0.367 in the right ears (p < 0.001) in the high-pitched subgroup (Figure 2B). This finding confirmed that the dominant TP might be speculated by the different audiograms of patients, indicating that minor pure-tone threshold elevation ranging from 250 to 8,000 Hz might be responsible for the generation of tinnitus in individuals with normal hearing.
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FIGURE 2. Spearman rank correlation between dominant tinnitus pitch (TP) and frequency of maximum hearing threshold (FMHT). (A,B) The correlation coefficient and generalized linear regression between the matched tinnitus pitch and the frequency of maximum hearing threshold were demonstrated in the left ears (A, blue dotted line) and right ears (B, red dotted line). N means the counts of each data.


Moreover, we analyzed the distribution of dominant TP vs. the distribution of maximum threshold-elevating frequencies in both ears and found that the distributions of threshold-elevating frequencies in both ears were consistent with the distribution of dominant TP. Furthermore, of the 313 participants, 259 had high-pitched tinnitus, 251 had maximum hearing threshold in the high frequency range (3,000–8,000 Hz) in their left ears, and 249 had maximum hearing threshold in the high frequency range (3000–8000 Hz) in their right ears. These results confirmed our explanation that the matched dominant TP was mostly high-pitched in patients without clinical hearing loss (Figure 3). Our findings provide noteworthy links between tinnitus pitch and subclinical threshold elevations in the audiometric profile within the testing range of conventional audiometer at the first time, indicating a causal role of mild threshold elevation in the generation of tinnitus. Additionally, the pitch of tinnitus might be predicted from different types of audiograms.
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FIGURE 3. Association between the distribution of tinnitus pitch and the distribution of maximum threshold corresponding frequency in patients with tinnitus and normal hearing. The distribution of threshold-elevated frequencies in both the left ears and right ears was consistent with the distribution of dominant tinnitus pitch.





DISCUSSION

It is well-known that the presence of tinnitus is strongly associated with hearing loss, and that the dominant TP is often within the region of hearing loss. However, tinnitus is not limited to individuals with a clinically measurable hearing loss. To date, only a few studies have examined the association between tinnitus and “subclinical” threshold elevations in the audiometric profile. Previous research mainly focused on discovering the existence of ultra- or extended high-frequency (above 8 kHz) hearing loss in patients with tinnitus and normal hearing, as well as the age-, sex-, and audiometry-matched controls without tinnitus; however, they failed to find a close relationship between TP and the frequency of maximum hearing loss or edge frequency. The possible reason might be partially attributed to the absence of TP-matching procedure in extended high-frequency regions. In the present study, we performed the “trinomial forced-choice method” for tinnitus matching, with 16 frequency measurement points ranging from 250 Hz to 16 kHz. Nevertheless, 308 of the 313 participants reported matched TPs no higher than 8 kHz, indicating that ultra-high frequency hearing loss might be insufficient evidence for the generation of tinnitus in patients with normal hearing and that the profiling of conventional audiometry (125 Hz–8 kHz) data should be investigated further. Hence, this study sought to verify whether minor audiometric deficits up to 8 kHz play a defining role in the phenotypic profiling of tinnitus in patients with normal hearing.

Our results found that the dominant TP of patients with clinically normal hearing was almost within the high-frequency range (especially at 4 and 8 kHz), with a mean of 4866.8 ± 2579.6 Hz. In several studies, Paglialonga et al. (2010, 2011) have established that normal hearing (with mean thresholds ≤ 20 dB HL at 0.5–4 kHz and ≤ 40 dB at 8 kHz) in patients with tinnitus does not preclude a completely normal hearing level for someone with cochlear dead regions or outer hair cell damage, particularly at high frequencies. This pattern is frequently observed when compared to controls (Paglialonga et al., 2010, 2011). In the present study, we demonstrated a more direct correspondence between TPs and the frequencies of hearing deficits according to the audiometric profiles. The participants were divided into four groups based on the pitch-matching results: low-frequency (≤500 Hz), middle-frequency (500–3,000 Hz), high-frequency (3,000–8,000 Hz), and ultra-high-frequency (>8,000 Hz). Interestingly, 82.7% of the participants had high-pitched tinnitus in the 3–8 kHz range, with audiograms characterized by dramatical threshold elevations above 2 kHz in a sharp descending slope and flat curve below 2 kHz with no obvious threshold elevations. A similar phenotypic profiling of audiograms was examined in patients with ultra-high-pitched tinnitus. Approximately 10.9% of the individuals presented low-pitched tinnitus with distinctive inverted-U-shaped audiograms in both ears, suggesting comparable threshold elevations in the low-frequency region (≤500 Hz) vs. the high-frequency region (4–8 kHz). Furthermore, we confirmed a positive correlation between TP and frequency of maximum hearing threshold in both right and left ears. Additionally, the distribution of TP was proven to be consistent with the distribution of maximum hearing threshold corresponding frequency. Therefore, our results indicated that minor hearing deficits might be the cause of tinnitus in patients with normal hearing and that the TP might be predicted by different audiograms.

Tinnitus severity and subjective tinnitus-related discomfort are often more severe in subjects with hearing loss than in those with normal hearing. However, Yenigun et al. (2014) found that the tinnitus severity index and THI results are significantly similar between the groups with normal hearing and hearing loss. Our data did not show a significant between-group difference in THI score when the patients were divided into subgroups based on the TP (p = 0.716). The mean score for THI was 31.0 ± 23.3, and according to the scoring criterion for THI, the majority of patients with tinnitus and normal hearing experienced mild to moderate disturbance. The assessment of tinnitus also requires multi-dimensional psychoacoustic evaluation. Furthermore, we used AIS and FTQ to evaluate sleep disorders and fear of tinnitus in patients with normal hearing, and the results were similar to those obtained with THI, with no significant between-group difference (p = 0.454 for AIS and p = 0.306 for FTQ).

In summary, we expound the characteristics of tinnitus in patients with clinically normal hearing in terms of age, sex, education, hearing threshold, tinnitus duration, tinnitus severity, dominant TP, laterality, tinnitus loudness, multi-dimensional evaluation scales, and intermittent vs. continuous tinnitus. We discovered that the dominant TP was mostly in the high-frequency range, and that the dominant TP in patients with tinnitus and normal hearing might be related to threshold elevations up to 8 kHz. On dividing the patients into four subgroups based on the TP, we identified different types and distinctive audiograms in the low-pitched (≤500 Hz), middle-pitched (500 Hz–3 kHz), high-pitched (3–8 kHz), and ultra-high-pitched subgroups. Therefore, our results suggest that the details of conventional audiogram should be well-studied in patients with tinnitus and normal hearing. We believe that our results at least partially explicit the common question “Why did I get tinnitus?” in patients with normal hearing from the aspect of audiogram. The efficacy of tinnitus management involving different subgroups in patients with normal hearing is worthy to study in the future.
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Mutations in the GJB2 gene that encodes connexin 26 (Cx26) are the predominant cause of prelingual hereditary deafness, and the most frequently encountered variants cause complete loss of protein function. To investigate how Cx26 deficiency induces deafness, we examined the levels of apoptosis and autophagy in Gjb2loxP/loxP; ROSA26CreER mice injected with tamoxifen on the day of birth. After weaning, these mice exhibited severe hearing impairment and reduced Cx26 expression in the cochlear duct. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive cells were observed in apical, middle, and basal turns of Kölliker’s organ at postnatal (P) day 1 (P1), associated with increased expression levels of cleaved caspase 3, but decreased levels of autophagy-related proteins LC3-II, P62, and Beclin1. In Kölliker’s organ cells with decreased Cx26 expression, we also found significantly reduced levels of intracellular ATP and hampered Ca2+ responses evoked by extracellular ATP application. These results offer novel insight into the mechanisms that prevent hearing acquisition in mouse models of non-syndromic hearing impairment due to Cx26 loss of function.

Keywords: apoptosis, ATP, autophagy, Ca2+, development, deafness


INTRODUCTION

The sense of hearing originates in a portion of the cochlear sensory epithelium, the organ of Corti, which comprises two types of mechanosensory hair cells, the inner and outer hair cells (IHCs and OHCs), which do not express connexins, and at least six types of associated supporting cells, all of which express connexins. Connexin 26 (Cx26, encoded by the GJB2 gene) and the closely related connexin 30 (Cx30, encoded by GJB6) are the prevailing isoforms expressed in non-sensory cells of both the epithelial and connective tissue of the developing and mature cochlea (Forge et al., 2003; Cohen-Salmon et al., 2005).

GJB2 mutations are a frequent cause of both syndromic and non-syndromic congenital deafness, with an unusually high carrier rate for truncating mutations among hearing-impaired individuals (Chan and Chang, 2014; Del Castillo and Del Castillo, 2017). Connexin proteins form large-pore hexameric plasma membrane channels, termed hemichannels, which may dock head-to-head in the extracellular space to form intercellular gap junction channels (Laird and Lampe, 2022). Interruption of the potassium ion recycling pathway via gap junction systems in the mammalian cochlea has been postulated as the cause of hereditary non-syndromic deafness (Kikuchi et al., 2000). However, this hypothesis lacks experimental proof and is contradicted by different studies (Beltramello et al., 2005; Jagger and Forge, 2015; Zhao, 2017). In contrast, the available evidence from mouse models points to a fundamental role played by connexins, particularly connexin hemichannels, during the crucial phases of postnatal cochlear development that lead to hearing acquisitions; reviewed in (Mammano, 2013, 2019).

In the developing rodent cochlea, the sensory epithelium is subdivided into a cellularly dense medial domain named Kölliker’s organ and a less dense lateral domain, the lesser epithelial ridge (LER), separated by a central prosensory region that contains the precursors of the organ of Corti (Lim and Anniko, 1985; Lim and Rueda, 1992; Driver and Kelley, 2020). Kölliker’s organ is one of the earliest structures in the inner ear, recognizable from embryonic (E) day 14 (E14) to postnatal (P) day 12–14 (P12–14, P0 indicates the day of birth), which marks the onset of hearing function that reaches adult-level auditory thresholds by the third postnatal week (Ehret, 1977).

In the pre-hearing phase of mouse cochlear development, Kölliker’s organ cells release ATP periodically through connexin hemichannels (Schutz et al., 2010; Rodriguez et al., 2012; Xu et al., 2017; Zorzi et al., 2017; Mazzarda et al., 2020) to activate purinergic receptors in the surrounding cells, depolarize the hair cells and activate auditory nerve fibers (Tritsch et al., 2007; Wang and Bergles, 2015; Johnson et al., 2017; Eckrich et al., 2018; Ceriani et al., 2019). Spontaneous Ca2+ activity in the mouse postnatal cochlea wanes as the sensory epithelium and its innervation pattern mature, in parallel with intense remodeling which leads to the formation of the inner sulcus in place of the degenerated Kölliker’s organ and outer sulcus in place of the LER (Lim and Anniko, 1985; Lim and Rueda, 1992; Driver and Kelley, 2020).

Ca2+ signaling, autophagic and apoptotic processes are key to this crucial remodeling phase (La Rovere et al., 2016; Bootman et al., 2018; Mammano and Bortolozzi, 2018; Zhou et al., 2020; Soundarrajan et al., 2021). Recent work examined Kölliker’s organ morphological changes with autophagy and apoptosis markers between P1 and P14 and showed that: (i) autophagy is present and associated closely with the remodeling that leads to Kölliker’s organ degeneration; (ii) Kölliker’s organ cells are digested and absorbed by autophagy before apoptosis occurs (Hou et al., 2019). Here, we extended those studies by investigating the complex interplay between apoptosis, autophagy, ATP, and Ca2+ signaling in connection with the failure of hearing acquisition induced by Cx26 deficiency in a mouse model of non-syndromic deafness.



MATERIALS AND METHODS


Animals

Gjb2loxP/loxP mice (Cohen-Salmon et al., 2002) and ROSA26CreER mice (Vooijs et al., 2001) used for this study were donated by Professor Weijia Kong of the Union Hospital Affiliated to Tongji Medical College, Huazhong University of Science and Technology. All experiments were performed on animals of both sexes following the guidelines approved by the Ethics Committee of Xinhua Hospital affiliated to Shanghai Jiaotong University School of Medicine.


Breeding and Tamoxifen Injection

To achieve time-conditional Cx26 deletion, we adopted a mating scheme previously used to generate mice with targeted ablation of Cx26 in the inner ear (Crispino et al., 2011; Fetoni et al., 2018). First, Gjb2loxP/loxP mice were mated with ROSA26CreER mice, yielding Gjb2loxP//wt; ROSA26CreER mice (wt = wild type Gjb2 allele). Next, Gjb2loxP//wt; ROSA26CreER mice were mated with Gjb2loxP/loxP mice to obtain Gjb2loxP/loxP; ROSA26CreER mice. Finally, to promote deletion of the floxed alleles, P0 offspring were given a single intraperitoneal (i.p.) injection of tamoxifen (TMX, T5648-1G, Sigma–Aldrich, USA), at a dose of 100 mg/kg of body weight, as previously reported (Sun et al., 2009; Chang et al., 2015).



Mouse Genotyping

Mouse genotyping was performed as previously described (Chen et al., 2018). The primer pairs used to detect the loxP sequences were as follows:

forward 5’-CTTTCCAATGCTGGTGGAGTG-3’;

reverse 5’-ACAGAAATGTGTTGGTGATGG-3’.

Gjb2loxP/loxP and wild-type mice generated a band of 322 bp and 288 bp, respectively.

Primer pairs used to detect the CreER sequences were as follows:

forward 5’-TATCCAGGTTACGGATATAGTTCATG-3’; and

reverse, 5’-AGCTAAACATGCTTCATCGTCGGTC-3’, which generated a band of 700 bp.




Auditory Brainstem Response Test

Mice injected with tamoxifen at P0 were tested for auditory brainstem response (ABR) at P21 (Zhou et al., 2006). Six mice, three males, and three females were tested for each group. Animals were anesthetized with ketamine (120 mg/kg, i.p.) and chlorpromazine (20 mg/kg, i.p.) and placed in a sound-attenuating chamber on a heating pad to maintain body temperature. Tone burst stimuli were generated in the free field at frequencies of 4, 8, 16, and 32 kHz and amplitudes ranging from 0 to 100 dB sound pressure level (SPL) using a system equipped with the RZ6 hardware for data acquisition and sound production, Medusa4Z amplifier and MF1 multi-field magnetic speakers (TDT, Tucker-Davis Technologies, Alachua, FL, USA). Responses were amplified and averaged 512 times using the TDT BioSigRZ software.



Immunohistochemistry

Mice injected with tamoxifen at P0 were used to obtain cochlear tissue at P21 after rapid decapitation. The cochlea was fixed with 4% paraformaldehyde overnight, decalcified with 10% EDTA, embedded in paraffin and sectioned, stained for immunohistochemistry with primary antibodies selective for Cx26 (PA518618, Invitrogen, USA) and Cx30 (700258, Invitrogen, USA), followed by incubation with HRP labeled secondary antibody (donkey anti-goat IgG, goat anti-rabbit IgG, Servicebio). Finally, samples were incubated with a DAB reaction kit (G1212-200T, Servicebio, China), which is the chromogenic substrate of HRP, and images were collected using a Nikon E100 with Nikon DS-U3 imaging system.



Analyses of Cochlear Duct and Kölliker’s Organ Tissues

Mice were injected with tamoxifen at P0 and sacrificed by decapitation after 24 h to obtain cochlear duct and Kölliker’s organ tissues which were processed as described hereafter.

The cochlear duct was dissected in cold phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 30 min, embedded in paraffin, and sectioned. A TUNEL detection kit (11684817910, Roche, Switzerland) was used to detect apoptosis in paraffin-embedded cochlear tissue sections following the manufacturer’s protocols.

For immunofluorescence staining, paraffin sections were incubated with primary antibodies selective for c-cas3, LC3-II, P62 (GB11009-1, Servicebio; ab192890, Abcam; GB11239-1, Servicebio) and a secondary antibody (Cy3-sheep-anti-rabbit, GB21303, Servicebio) respectively. Processed samples were observed and imaged with a fluorescence microscope (Nikon ECLIPSE CI with Nikon DS-U3 imaging system) under uniform illumination and detection conditions. The excitation wavelength was 550 nm and the emission wavelength was 570 nm.

For Western blot analyses, tissues were dissected in cold PBS and frozen in liquid nitrogen immediately after decapitation. The total protein content of the cochlea was extracted in RIPA lysis buffer (Servicebio, Wuhan, China) and quantitated following the kit instructions (BCA Protein Assay Kit, Beyotime, Haimen, China). The same amount of protein (20 μg per lane) was electrophoresed in a 15% sodium dodecyl sulfate-polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with TBST containing 5% skimmed milk for 1 h, the sample was incubated at 4°C overnight with the primary antibodies selective for GAPDH (60004-1-lg, PTG), caspase 3 (66470-2-lg, PTG), Bcl-2 (GB13458, Servicebio), LC3 (GB11124, Servicebio), p62 (18420-1-AP, PTG), Beclin1 (GB112053, Servicebio). Next, samples were incubated at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibody (GB23301, GB23303, Servicebio) for 1 h. The ECL reaction buffer (G2014, Servicebio) was added to detect the proteins in a Chemidoc XRS+ imaging system (BioRad, CA, USA).

For Luciferin–luciferase ATP bioluminescence assay, the cochlea was removed after rapid decapitation, the bony wall and the membranous labyrinth were separated from the apex to the base of the cochlea and the cochlear duct was dissected in cold phosphate-buffered saline (PBS). Next, the sensory epithelium was separated from the spiral ligament, Kölliker’s organ was micro-dissected and placed in a lysis buffer (S0027, Beyotime, China) and lysed in a Polytron PT1200 homogenizer (Kinematica, Luzern, Switzerland). Finally, the total ATP concentration was measured with a luciferin-luciferase bioluminescence ATP assay kit (S0027, Beyotime, China) using the Chemidoc XRS+ imaging system. All measurements reported in this article fell within the linearity range of the ATP standard curve generated according to the manufacturer’s instructions. All experiments were performed at room temperature (22–25°C).



Preparation of Kölliker’s Organ Cultures From P0 Pups

For these experiments, we used pups from the same litter which was reserved for their tails for genotype identification during the experiment.

Kölliker’s organ was micro-dissected in cold 1× Hank’s balanced salt solution (HBSS, Thermo Fisher, 14025076, USA) as described above, transiently transferred to an Eppendorf tube containing DMEM/F12 mixed with 2% ampicillin (ST008, Beyotime, China) and then cultured as previously reported (Chen et al., 2018). Briefly, Kölliker’s organ was divided into three fragments from apex to base and the fragments were placed in a 24-well plate containing a tissue culture-treated, round glass slide (14 mm diameter, WHB-24-CS, WHB) immersed in DMEM/F12 containing 1% ampicillin, 10% fetal bovine serum (10099-141, Gibco, Australia). Alternatively, for Ca2+ imaging experiments with fluo-4 (see below), Kölliker’s organ fragments were placed on a tissue culture-treated glass-bottomed culture dish (801001, NEST, China). In either case, the culture medium was supplemented with 10 μM (Z)-4-hydroxytamoxifen (H7904, Sigma, Germany) to promote Cre recombinase-mediated in vitro excision of the floxed Cx26 alleles. Finally, samples were placed in an incubator (Thermo Scientific Forma Direct Heat CO2 Incubators) and cultured at 37°C, 5% CO2 for 12 h (Chen et al., 2018).



Visualization of ATP-Loaded Vesicles in Kölliker’s Organ Cultures

Kölliker’s organ cultures, prepared as described above from P0 pups, were treated with quinacrine dihydrochloride (5 × 10−6 mol/L, orb320518, Biorbyt, UK) in 1× PBS solution for 30 min in the dark, at room temperature, washed three times with PBS, fixed with 4% paraformaldehyde for 1 h, washed three more times with PBS, incubated with cell permeabilizing solution (0.1% Triton X-100 in PBS) for 20 min and blocking solution (10% donkey serum in PBS) for 1 h, washed three times with PBS for 5 min each, and incubated overnight with an anti-LAMP1 primary antibody—lysosome marker (ab208943, Abcam). The next day, Kölliker’s organ cultures were removed from the primary antibody incubation solution, washed three times with PBS for 5 min each, and incubated with a secondary antibody (donkey anti-rabbit IgG, AlexaFluor 594, R37119, Invitrogen) at room temperature for 2 h, washed three times with PBS for 5 min each, and incubated with 4’, 6-diamidino-2-phenylindole (DAPI, D9542, Sigma) nuclear staining solution for 8 min. Stained cultures were mounted in an antifade mounting medium (H-1200-10, Vectorlabs, USA) and imaged with a confocal microscope (TCS-SP8, Leica, Germany). Fluorescence images of quinacrine (green), DAPI (blue), and LAMP1 (red) were obtained with a ×63 oil immersion objective (Leica) at excitation wavelengths of 488 nm, 405 nm, and 594 nm, respectively. The corresponding emission wavelengths were centered around 520 nm, 422 nm, and 617 nm, respectively.



Ca2+ Imaging With Fluo-4 in Kölliker’s Organ Cultures

Kölliker’s organ cultures, prepared as described above from P0 pups, were incubated for 20 min at 37°C in 4 μM fluo-4 AM loading solution (F14201, Thermo Fisher) containing 20% Pluronic F-127, mixed with five times volume of HBSS (14025076, Thermo Fisher) containing 1% fetal bovine serum, incubated for further 40 min at 37°C, washed with HEPES buffer (10 mM HEPES, 1 mM Na2HPO4, 137 mM NaCl, 5 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2, 5 mM glucose, 0.1% BSA, pH 7.4) three times, resuspended in HEPES buffer, and incubated for another 10 min at 37°C to allow baseline Ca2+ levels to stabilize. Using a spinning-disk confocal microscope (Nikon CSU-W1, Japan) with excitation and emission wavelengths set at 494 nm and 516 nm, respectively, we first imaged the baseline fluorescence intensity of fluo-4 for 2 min. Thereafter, while continuing image collection, we replaced the incubation solution with a HEPES buffer supplemented with 30 μM ATP (A6559, Sigma–Aldrich, USA) to stimulate purinergic receptors of Kölliker’s organ cells.

For off-line data analysis, single-pixel intensity values were background-subtracted and spatially averaged over regions of interest (ROIs) corresponding to individual cell bodies. Time-dependent fluctuations of intracellular Ca2+ levels were represented through the ratio F/F0, where F is the ROI signal at time t and F0 is the time-averaged pre-stimulus ROI intensity value (Mammano and Bortolozzi, 2010). Fmax denotes the peak Ca2+-dependent fluorescence intensity fluctuation within a given ROI during each recording period (7 min in total). Data were computed as mean ± standard deviation of n = 30–50 cells from three separate experiments.



Statistical Analysis

Statistical analysis of experimental data was performed with GraphPad Prism v8.0 (GraphPad Software, Inc., CA, USA) and Student’s t-test. P = p-values less than 0.05 were considered statistically significant.




RESULTS


Severe Hearing Loss and Decreased Expression of Cx26 in the Cochlea of Gjb2loxP/Loxp; ROSA26CreER Mice Injected With Tamoxifen at P0

At P21, ABR results showed severe hearing loss in Gjb2loxP/loxP; ROSA26CreER mice that had been injected with tamoxifen at P0 (shortened as Cx26-cKD mice). Average hearing thresholds in these mice (n = 6) exceeded 80 dB at 4, 8, 16 and 32 kHz and were significantly more elevated (P < 0.01) than thresholds of other genotypes injected with TMX at P0 and used as controls (Gjb2loxP/wt; ROSA26CreER, n = 5; Gjb2loxP/loxp, n = 3; Gjb2loxP/wt, n = 3; Figure 1A). In addition, immunohistochemical staining revealed a collapsed organ of Corti with an almost invisible cochlear tunnel (Figure 1B) and a decreased expression of Cx26 in supporting cells of the organ of Corti, in epithelial cells of the inner sulcus and outer sulcus, in the spiral limbus, among fibrocytes of the lateral wall and in the basal cell region of the stria vascularis of Cx26-cKD mice (Figure 1C), whereas expression of Cx30 was increased (Figure 1D).
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FIGURE 1. Effect of tamoxifen injection at P0 on the auditory threshold and connexin expression at P21. (A) Auditory thresholds measured by pure tone ABRs vs. tone frequency; ***p < 0.0001. (B–D) Transverse sections of the cochlear duct stained with hematoxylin-eosin (B) or with antibodies selective for Cx26 (C) or Cx30 (D). Scale bars = 50 μm.





Abnormal Apoptosis and Autophagy in Kölliker’s Organ of Cx26-cKD Mice

As mentioned in the introduction, prior work with mouse models indicate that Cx26 expression has a profound impact on the development of the cochlear sensory epithelium through a complex interplay between Ca2+ signaling, autophagy, and apoptosis; reviewed in Mammano and Bortolozzi (2018) and Mammano (2019). Therefore, we harvested the cochleae of Cx26-cKD mice at P1 and used a TUNEL assay to visualize apoptotic cells (Gorczyca et al., 1993) in 8 μm-thick transverse sections of the cochlear duct (Figures 2A,B). Positive cells (green) were observed exclusively in Kölliker’s organ of the Cx26-cKD group, with 8 ± 1 positive cells (green) adjacent to the pro-sensory domain region in all cochlear turns, whereas no TUNEL positive cells were detected in the control group (n = 3). At this developmental stage, there was no sign of apoptosis in IHCs and OHCs of either Cx26-cKD or control groups.
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FIGURE 2. Apoptosis of Kölliker’s organ was detected by immunofluorescence staining at P1. (A) Representative confocal fluorescence images showing TUNEL positive cells (green) in Kölliker’s organ of the Cx26-cKD group, but not in the control group. Blue signals correspond to cell nuclei stained with DAPI. Scale bars = 50 μm. (B) Average relative fluorescence intensity (RLFI) of TUNEL signals; * represent p < 0.05, n = 3. (C) Immunofluorescence staining of cleaved (c)-caspase 3 in the apical, middle, and basal turns of Kölliker’s organ cells of Cx26-cKD group compared with the control group. Scale bars = 50 μm. (D) Average relative fluorescence intensity (RLFI) of the c-caspase 3 signal; * represents P < 0.05, n = 3.



Activated caspase-3 and -7 convert other procaspases to activated caspases, leading to the amplification of the apoptosis cascade (Slee et al., 1999; Logue and Martin, 2008). Thus, we quantified caspase 3 levels by immunofluorescence at P1 and detected significantly enhanced immunoreactivity in Kölliker’s organ of all cochlear turns in the Cx26-cKD group compared to controls (Figures 2C,D, P < 0.05, n = 3).

LC3-II and p62 are widely used molecular markers of autophagy (Kabeya et al., 2000; Emanuele et al., 2020). At P1, we found diffused immunoreactivity against LC3-II in the sensory epithelium of the control group, with a peak in the pro-sensory region. In the Cx26-cKD group, immunoreactivity against LC3-II was significantly decreased in Kölliker’s organ (Figures 3A, B, P < 0.05, n = 3). Likewise, we found decreased immunoreactivity against p62 in Kölliker’s organ cells of the Cx26-cKD group compared to the control group (Figures 3C,D, P < 0.001, n = 3). Together, the results of Figures 2, 3 suggest that decreased expression of Cx26 leads to increased apoptosis and decreased autophagy in Kölliker’s organ at P1.
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FIGURE 3. Autophagy of Kölliker’s organ was detected by immunofluorescence staining at P1. (A) In the apical, middle, and basal turns, immunoreactivity of LC3-II was intense in Kölliker’s organ of the control group and markedly less intense in the Cx26-cKD group. Scale bars = 50 μm. (B) Average relative fluorescence intensity (RLFI) of LC3-II signal; * represents P < 0.05, n = 3. (C) Immunofluorescence staining of p62 was attenuated in Kölliker’s organ cells of apical, middle, and basal turns in the Cx26-cKD group compared with the control group. Scale bars = 50 μm. (D) Average relative fluorescence intensity (RLFI) of p62; ** represents P < 0.001, n = 3.



To corroborate this conclusion, we investigated expression levels of apoptosis and autophagy markers by Western blotting (Figure 4). At P1, we confirmed that cleaved caspase-3 was upregulated in the Cx26-cKD group, with a significant difference compared with the control group (P < 0.05, n = 5; Figures 4A,B). However, these alterations did not involve the anti-apoptotic factor Bcl-2 (Vaux et al., 1992), which is expressed from the 15th day of embryonic development (E15) to P5 in the normal mouse cochlea (Ishii et al., 1996; Kamiya et al., 2001). Our Western blot analyses showed no statistically significant differences (P > 0.05, n = 5) in the expression level of Bcl-2 between the Cx26-cKD and control mice at P1 (Figures 4A,B).
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FIGURE 4. Western blot analysis of apoptosis- and autophagy-related proteins in Kölliker’s organ at P1. (A) Representative western blots for apoptosis-related proteins Bcl-2 and c-caspase 3. (B) Corresponding relative optical density; * represents P < 0.05, n = 5. (C) Representative western blots for autophagy-related proteins LC3-II, P62 and Beclin1. (D) Corresponding relative optical density; * represents P < 0.05, n = 5.



In the normal mouse cochlea, beclin1 and other autophagy-related proteins start to be expressed in the late embryonic stage and continue to be upregulated after birth, until the inner ear achieves functional maturity of the adult stage (de Iriarte Rodriguez et al., 2015). In the Cx26-cKD group, beclin1, LC3-II/I, and p62 were significantly downregulated compared with the control group (P < 0.05, n = 5; Figures 4C,D). Together, these results suggest that in Kölliker’s organ of Cx26-cKD mice at P1, downregulation of autophagy is accompanied by the upregulation of apoptosis independent of Bcl-2 expression.



Decreased Total ATP Content in Kölliker’s Organ of Cx26-cKD Mice

Prior work showed that decreased levels of Cx26 expression in the mouse postnatal cochlea reduce gap junction coupling, limiting the transfer of nutrients, and glucose in particular, from distant blood vessels to the avascular sensory epithelium (Fetoni et al., 2018). Upon glucose deprivation, autophagy is induced to supplement the metabolic pool and provide ATP through various mechanisms (Galluzzi et al., 2014). However, this process is hampered if autophagy is downregulated, therefore we predicted an overall reduced intracellular ATP concentration downstream of Cx26 knockdown.

To test this hypothesis, Cx26-cKD mice and their controls were sacrificed at P1. The micro-dissected Kölliker’s organ was lysed and the total ATP concentration in the lysate was measured with a luciferin-luciferase bioluminescence ATP assay kit. To minimize the experimental changes, a standard curve was constructed for each experiment to estimate the corresponding ATP concentration (Figure 5A). ATP levels in the Cx26-cKD group were significantly reduced compared with the control group (Figure 5B; P < 0.05, n = 4), confirming our hypothesis.
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FIGURE 5. ATP concentration and ATP-evoked Ca2+ signaling. (A) Representative standard curve used to calibrate bioluminescence signals: Y = 0.0004X − 0.0819, R2 = 0.996. (B) ATP concentration estimated from luciferin-luciferase bioluminescence assay. P < 0.05, n = 4. (C) Representative transmitted light microscopy image of a Kölliker’s organ culture viewed at 10×, 20×, and 40× magnification (from top to bottom). (D) Representative confocal fluorescence images of Kölliker’s organ cultures labeled with quinacrine, anti-LAMP1 antibodies, and DAPI; scale bars = 10 μm. (E) Representative ATP-evoked Ca2+ responses of individual cells in Kölliker’s organ cultures. (F) Quantification of Fmax/F0 signals; * represents P < 0.05, n = 3.





Decreased Number of ATP-Loaded Vesicles in Kölliker’s Organ of Cx26-cKD Mice

The vesicular nucleotide transporter, also known as solute carrier family 17 member 9 (SLC17A9), mediates lysosomal ATP accumulation and plays an important role in lysosomal physiology and cell viability (Cao et al., 2014). Based on the results described above, we predicted that the overall reduced ATP availability should correspond to a lower amount of ATP in the lysosomes of Kölliker’s organ cells, where prior work showed ATP is accumulated (Chen et al., 2019).

To test this hypothesis, we prepared Kölliker’s organ cultures from untreated P0 pups of Gjb2loxP/loxP; ROSA26CreER mice, and control mice. To promote Cre recombinase-mediated in vitro excision of Cx26 floxed alleles, cultures were exposed to 10 μM (Z)-4-hydroxytamoxifen (HTMX) and thereafter inspected by transmitted light microscopy at 10, 20, and 40× magnification (Figure 5C). No visible differences were noted between the HTMX and control groups. Therefore, we proceeded to stain the cultures with DAPI (to label nuclei) and quinacrine, which functions as an ATP-binding agent and acridine derivative with a very high affinity to ATP and has been used to label ATP-containing vesicles (White et al., 1995; Chen et al., 2019). Samples were also immuno-stained with an anti-LAMP1 primary antibody (a lysosome marker) and a suitable secondary antibody (see “Materials and Methods” Section). The quinacrine signal (green) in the HTMX group was lower than in the control group, whereas LAMP1 immunoreactivity (red) was not significantly different between the two groups (Figure 5D). These qualitative results accord with the quantitative results of Figure 5B and suggest that, as a consequence of Cx26 knockdown, less ATP was accumulated in lysosomal vesicles of the Cx26-cKD group compared with the control group.



Decreased ATP-Evoked Intracellular Ca2+ Responses in Cx26-cKD Cochlear Cultures

To determine whether the alterations described above affect also Ca2+ signaling, HTMX-treated Kölliker’s organ cultures were loaded with the selective Ca2+ indicator fluo-4 and challenged by the application of saturating amounts of exogenous ATP (30 μM, see “Materials and Methods” Section), expected to cause massive Ca2+ release from the ER. Ca2+ imaging revealed peak responses (Fmax/F0) in the Gjb2loxP/loxP; ROSA26CreER group that were significantly downregulated compared with the control group (1.86 ± 0.37 vs. 3.13 ± 0.77, P < 0.05, n = 3; Figure 5F). In addition, we noted that Ca2+ oscillations appeared during the declining phase of the responses in the control group but were absent in the Gjb2loxP/loxP; ROSA26CreER group (see “Discussion” Section, for a possible explanation). Together, the results in Figure 5, show that the knockdown of Cx26 affects a major ATP-dependent Ca2+ signaling pathway in Kölliker’s organ, which is crucial for organ development and hearing acquisition as summarized in the introduction.




DISCUSSION

The organ of Corti is the core part of the auditory system, composed of hair cells and supporting cells. The hair cells function in transducing the sound mechanical stimulation into the primary acoustic signals (Liu et al., 2019), while the spiral ganglions transmit primary acoustic information from hair cells in the organ of Corti to the higher auditory centers of the central nervous system (Wei et al., 2021). Hair cells are easily injured by excessive noise exposure (Guo et al., 2021; He et al., 2021), ototoxic drugs (He et al., 2017), aging (He et al., 2020), genetic factors (Fu et al., 2021), and infections (He et al., 2020).

Mouse models continue to provide critical insight into the functioning of the auditory system and deafness-associated genes (Bowl et al., 2017). Among these, it has long been known that Cx26 (Gjb2) biallelic deletion in mice is embryonically lethal due to impaired transplacental uptake of glucose (Gabriel et al., 1998). The Gjb2loxP/loxP mice used in this study (Cohen-Salmon et al., 2002), can overcome embryonic lethality if crossed with a suitable Cre-expressing strain to achieve tissue- and/or time-conditional deletion of the floxed alleles (Orban et al., 1992; Vooijs et al., 2001). Crossing Gjb2loxP/loxP mice with the Otog-Cre strain (Cohen-Salmon et al., 2002), or the Sox10-Cre strain (Anselmi et al., 2008) resulted in mice with severe hearing loss and developmental defects in the cochlear sensory epithelium (Cohen-Salmon et al., 2002; Crispino et al., 2011). Both Gjb2loxP/loxP; Otog-Cre and Gjb2loxP/loxP; Sox10-Cre mice are considered models of human DFNB1 non-syndromic hearing impairment, which is frequently associated with truncating mutations that yield non-functional Cx26 proteins (Chan and Chang, 2014; Del Castillo and Del Castillo, 2017).

Results obtained from time-dependent knockdown of Cx26 in tamoxifen-induced Gjb2loxP/loxP; ROSA26CreER mice (Chang et al., 2015; Chen et al., 2018) lend further support to the notion that Cx26 intercellular gap junction channels and hemichannels with normal permeability to nutrients and other metabolites and signaling molecules are essential for normal development of the cochlea and normal hearing acquisition (Mammano, 2019).

Here, using tamoxifen-induced knockdown of Cx26 in Gjb2loxP/loxP; ROSA26CreER mice, we found decreased levels of autophagy-related proteins beclin1, LC3-II, and p62 in the cochlea, indicating that autophagy was downregulated. These alterations were accompanied by increased apoptosis in the Kölliker’s organ cells, which became apoptotic as early as P1 based on TUNEL assays and upregulation of c-caspase 3 expressions. The p62 marker is particularly interesting because increasing evidence points to the N-terminal arginylated BiP (R-BiP)/Beclin-1/p62 complex as having an important role in the crosstalk between apoptosis and autophagy, which greatly affects cell death (Song et al., 2018). Recent work examined this interplay in the normal developing cochlea and concluded that autophagy precedes apoptosis in the natural postnatal degeneration of Kölliker’s organ cells and their regulated replacement by cuboidal cells of the inner sulcus (Hou et al., 2019).

The accelerated apoptosis described in this article is easily explained in the light of a recent study that linked decreased Cx26 expression to apoptosis via impaired nutrient delivery to the sensory epithelium through gap junction channels, the reduced release of the key antioxidant glutathione through connexin hemichannels, and deregulated expression of several genes under the transcriptional control of Nrf2, a redox-sensitive transcription factor that plays a pivotal role in oxidative stress regulation (Fetoni et al., 2018; Ding et al., 2020). Thus, we conclude that impairment of Cx26 function subverts the critically timed phasing of autophagy and apoptosis in the mouse postnatal cochlea, hijacks the hearing acquisition program, and dooms animals to deafness through increased oxidative stress. This conclusion is also supported by prior studies showing that Kölliker’s organ cells did not completely degenerate until 2 weeks after birth in caspase 3 knockout mice, resulting in hyperplasia of supporting cells, degeneration of hair cells, and severe hearing loss (Takahashi et al., 2001), strengthening the notion that a correctly executed postnatal apoptotic program is key to hearing acquisition in mice (Chen et al., 2020).

In non-sensory cells of the cochlear sensory epithelium, ATP binding to G protein-coupled P2Y receptors activates the production of IP3 via phospholipase C (PLC), promoting Ca2+ release from the endoplasmic reticulum (ER) through IP3 receptors (IP3R) and consequent increase of the cytoplasmic free Ca2+ concentration (Mammano, 2013). Our Ca2+ imaging experiments show that the ATP/P2Y/PLC/IP3 signal transduction cascade, which fuels Ca2+ signaling in Kölliker’s organ, is downregulated by the knockdown of Cx26. To interpret these results, it is imperative to consider that: (i) all else held equal, the amount of Ca2+ released from the ER depends on the Ca2+ concentration in the ER; (ii) increased oxidative stress is associated with Cx26 downregulation in the developing cochlea (Fetoni et al., 2018; He et al., 2019). Thus, in our experimental conditions, SERCA pumps activity was lowered not only by the reduced availability of cytosolic ATP (this article) but also by the effect of oxidative stress (Kaplan et al., 2003). In addition, alterations in the redox state of critical thiols in the IP3R lead to sensitization of IP3R-mediated Ca2+ release associated with oxidative stress (Joseph et al., 2018), which may increase the steady-state Ca2+ leakage from the ER. The predicted net effect is a reduced Ca2+ content in the ER, hence a reduced driving force for Ca2+ transfer from the ER to cytosol driven by the signal transduction cascade mentioned above. This explains the reduced Fmax/F0 signals evoked by supramaximal exogenous ATP stimuli in Kölliker’s organ cultures exposed to HTMX.

As for the issue of Ca2+ oscillations, data-driven computational modeling shows that they are governed by Hopf-type bifurcation and arise only within a limited range of extracellular ATP concentration through the interplay of IP3R-mediated Ca2+ release from the ER and SERCA pump-mediated Ca2+ re-uptake into the ER (Ceriani et al., 2016). In control Kölliker’s organ cultures, oscillations arose during the recovery phase from supramaximal stimulation, while the extracellular ATP concentration lowered due to diffusion and ATP hydrolysis mediated by ectonucleotidases expressed at the surface of the epithelium (Ceriani et al., 2016). As both SERCA pump activity and IP3R are affected by oxidative stress, it comes as no surprise that Ca2+ oscillations were absent in Kölliker’s organ cultures exposed to HTMX. This conclusion is supported also by experiments and mathematical modeling of the effects of oxidative stress on Ca2+ oscillation in other cellular systems (Antonucci et al., 2015).

In conclusion, our results provide further evidence for abnormal cochlear development in mice with reduced expression of Cx26, expound possible mechanisms of hearing acquisition failure, and produce novel insight, from a new perspective, for GJB2-related hereditary deafness.
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Glutathione peroxidase 1 (GPX1) is a crucial antioxidant enzyme that prevented the harmful accumulation of intra-cellular hydrogen peroxide. GPX1 might contribute in limiting cochlear damages associated with aging or acoustic overexposure, but the function of GPX1 in the inner ear remains unclear. The present study was designed to investigate the effect of GPX1 on cochlear spiral ganglion neurons (SGNs) against oxidative stress induced by peroxynitrite, a versatile oxidant generated by the reaction of superoxide anion and nitric oxide. Here, we first found that the expression of GPX1 in cultured SGNs was downregulated after peroxynitrite exposure. Then, the GPX1 mimic ebselen and the gpx1 knockout (gpx1–/–) mice were used to investigate the role of GPX1 in SGNs treated with peroxynitrite. The pretreatment with ebselen significantly increased the survived SGN numbers, inhibited the apoptosis, and enhanced the expression of 4-HNE in the cultured SGNs of peroxynitrite + ebselen group compared with the peroxynitrite-only group. On the contrary, remarkably less survived SGNs, more apoptotic SGNs, and the higher expression level of 4-HNE were detected in the peroxynitrite + gpx1–/– group compared with the peroxynitrite-only group. Furthermore, rescue experiments with antioxidant N-acetylcysteine (NAC) showed that the expression of 4-HNE and the apoptosis in SGNs were significantly decreased, while the number of surviving SGNs was increased in peroxynitrite + NAC group compared the peroxynitrite-only group and in peroxynitrite + gpx1–/– + NAC group vs. peroxynitrite + gpx1–/– group. Finally, mechanistic studies showed that the activation of nuclear factor-kappa B (NF-κB) was involved in the SGNs damage caused by peroxynitrite and that GPX1 protected SGNs against peroxynitrite-induced damage, at least in part, via blocking the NF-κB pathway activation. Collectively, our findings suggest that GPX1 might serve as a new target for the prevention of nitrogen radical-induced SGNs damage and hearing loss.
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INTRODUCTION

In mammals, cochlea spiral ganglion neurons (SGNs) are the primary sensory neurons on the auditory conduction pathway. SGNs transmit complex acoustic information from sensory hair cells (HCs) to the second-order sensory neurons in the cochlear nucleus for sound processing. The survival of SGNs is essential for hearing preservation and, conversely, as SGN cannot regenerate spontaneously, the impairment and irreversible loss of SGNs result in permanent sensorineural hearing loss (SNHL) (Liu et al., 2019a; Leake et al., 2020; Pavlinkova, 2020), which seriously affects the human social and cognitive development. Multiple stimuli, such as excessive noise, ototoxic drugs, hereditary defects, and aging process, can cause SGNs damage. Although the pathogenic mechanisms by which these factors lead to SGN damage are various, researches have documented that the oxidative stress is a basic mechanism involved in SGNs death (Liu et al., 2011, 2012, 2019b,2021; Xiong et al., 2011; Yamasoba et al., 2013; Wang et al., 2019, 2021). Oxidative stress is the disturbance in the balance between the generation of free radicals, such as reactive oxygen species (ROS) and reactive nitrogen species (RNS), and antioxidant defenses, and can cause oxidative damage to diverse cellular components, such as membranes, proteins, and DNA. Among RNS molecules, peroxynitrite, a product of superoxide anion and nitric oxide, is one of the most prominent one (Liu et al., 2011, 2012; Labbe et al., 2016; Cao et al., 2017; Ramdial et al., 2017). Peroxynitrite can oxidize a wide variety of biomolecules, which, in turn, modulates cell signal transduction pathways, interferes with mitochondrial function, impairs DNA, and finally mediates necrosis and apoptosis in different cell types (Korkmaz et al., 2009). Peroxynitrite participates in the occurrence and development of the varieties of pathological conditions, but data about the effects of peroxynitrite on auditory cells in the cochlea are still very limited. In our previous studies, we found that peroxynitrite induced cytotoxicity in rat SGNs (Liu et al., 2011, 2012) and mouse cochlear HCs (Cao et al., 2017). However, the effect of peroxynitrite on SGNs has not yet been fully elucidated, and it is important to eliminate the excessive peroxynitrite so as to counteract its toxic effect to protect cells from oxidative injuries.

Studies have shown that organisms can activate a series of defense responses, such as improving the activity of antioxidant enzymes in the body and initiating lysosomal degradation pathways, to prevent oxidative damage. Glutathione peroxidase 1 (GPX1) is one of the most abundant members of the GPXs family that protects cell from oxidative damage and maintains the balance of intracellular redox systems (Brigelius-Flohé, 1999). Glutathione peroxidase 1 has been reported for its effect in modulating many pathophysiologic processes in which oxidative stress play a vital role (Lubos et al., 2011). For example, GPX1 might play a protective role in alleviating oxidative stress as a neuromodulator in neurodegenerative disorders (Sharma et al., 2021a), GPX1 is a gatekeeper restraining the oncogenic power of mitochondrial ROS generated by superoxide dismutase 2 (SOD2) (Ekoue et al., 2017), and the upregulation of the GPX1 activity allows the mitochondrial-defective cells to survive oxidative stress and cisplatin treatment (Lu et al., 2012). In the auditory system, a previous study reported that a single nucleotide polymorphism in GPX1 might be associated with the vulnerability to noise-induced hearing loss (NIHL) among the Chinese Han population (Wen et al., 2014). Kil et al. (2007) have declared that GPX1 is the dominant isoform of GPXs family and is highly expressed in HCs, supporting cells, SGNs, stria vascularis, and spiral ligament in the rat cochlea. Additionally, the mice by knockout of GPX1 are more susceptible to NIHL compared with wild type mice (Ohlemiller et al., 2000; McFadden et al., 2001). Nevertheless, the effect of GPX1 on SGNs damage induced by oxidative stress remains unclear.

Ebselen [2-phenyl-1,2-benzoisoselenazol-3(2H)-one] is a synthetic organoselenium radical scavenger compound that has GPX-like activity, and it can directly increase GPX1 activity to mimic the effect of GPX1 overproduction. Generally, ebselen is capable of reducing oxidative stress levels in various cell types potentially through a variety of mechanisms. It has been demonstrated that ebselen possesses otoprotective activity and alleviated NIHL in rat via preventing the loss of outer HCs and reduces the acute swelling of the stria vascularis (Kil et al., 2007), it can also attenuate cisplatin-induced ROS generation through Nrf2 activation in auditory cells (Kim et al., 2009). Besides, a phase 2 clinical trial declared the safety and efficacy of ebselen for the prevention of NIHL in human (Kil et al., 2017). Here, we used ebselen, as a GPX1 mimic, and the gpx1 knockout (gpx1–/–) mice to investigate the role of GPX1 in SGNs treated with peroxynitrite.

In this study, we first identified the expression change of GPX1 in mouse cochlea SGNs through the in vitro peroxynitrite-damaged SGNs model, then we investigated the neuroprotective effect of GPX1 against peroxynitrite-induced SGN damage. Finally, we explored the possible underlying mechanism by which GPX1 was involved in protecting SGNs against peroxynitrite damage. Our findings demonstrated that GPX1 protected against peroxynitrite-induced SGNs damage by inhibiting oxidative stress and apoptosis, at least partially, through inhibiting the activation of nuclear factor-kappa B (NF-κB) pathway.



MATERIALS AND METHODS


Experimental Animals and Genotyping

The C57BL/6 wide type (WT) mice were purchased from the Animal Center of Shandong University (Jinan, China). The gpx1 knockout mice (gpx1–/–) in the C57BL/6 background (KOCMP-14775-Gpx1-B6N-VA) were constructed by Cyagen Biosciences Inc. (Suzhou, China). The genotyping for gpx1–/– mice with PCR was performed according to the Cyagen Biosciences recommendations. The genotyping primers are listed in Table 1. All animal experiments were performed according to protocols approved by the Animal Care Committee of Shandong University (No. ECAESDUSM 20123011) and were consistent with the National Institute of Health’s Guide for the Care and Use of Laboratory Animals.


TABLE 1. PCR primer sequences used in the experiments.
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Organotypic Culture of Neonatal Mouse Cochleae Spiral Ganglion Neurons and Drug Treatments

The C57BL/6 WT mice or gpx1–/– mice were decapitated at postnatal day (P) 3, and only the middle turn segments of mouse cochleae were collected and cultured for all experiments to keep sampling consistence between groups. The tissue dissection procedure was carried out as described in our previous report (Wang et al., 2019; Liu et al., 2021). Briefly, after cutting off the temporal bones of two sides and removing the cochlear capsule and stria vascularis, the middle turn cochlear explants containing SGNs were then adhered onto 10 mm glass coverslips (Fisher Scientific, PA) pre-coated with CellTak (Corning, 354241). Isolated SGNs explants were cultured in Dulbecco’s Modified Eagle Medium/F12 (DMEM/F12, Gibco, 11330032) supplemented with 10% fetal bovine serum (FBS, Gibco, 10099133C) and ampicillin (50 mg/ml, Sigma, A5354) overnight at 37°C in a 5% CO2 atmosphere.

On the following day, samples were changed into fresh culture media containing peroxynitrite (Cayman, 81565) alone for 24 or 48 h, or with the following drugs for 48 h as indicated in the text: ebselen (30 μM, Sigma-Aldrich, E3520); NAC (2 mM, Sigma-Aldrich, A7250); BAY 11-7082 (10 μM, Med Chem Express, HY-13453). After incubation, samples were used in the immunostaining or other assays.



Cryosection

Cochleae from P3, P14, and P30 C57BL/6 WT mice were dissected out and fixed with 4% paraformaldehyde (PFA) in PBS at 4°C overnight. Tissues were then incubated in 10, 20, and 30% sucrose in 1 × PBS, embedded in OCT compound (Tissue-Tek, Sakura Finetek, 4583), snap frozen on dry ice, and then stored frozen at −80°C. Frozen sections were cut into 7 μm using a cryostat (Leica CM 1850; Leica, Germany).



Immunostaining

After organotypic culture or cryosection, the cochlear explants or tissue sections were fixed with 4% PFA, permeabilized with 1% TritonX-100 in PBS, and blocked by incubation in PBT-1 solution (0.1% Triton X-100, 8% donkey serum, 1% bovine serum albumin, and 0.02% sodium azide in PBS) at room temperature for 1 h. The samples were then incubated with the following primary antibodies: anti-Tuj 1 (1:1,000 dilution; Neuromics, MO15013), anti-GPX1 (1:500 dilution, GeneTex, GTX116040), anti-C-caspase 3 (1:400 dilution, Cell Signaling Technology, 9664), anti-NeuN (1:500, Cell Signaling Technology,12943), anti-4-HNE (1:500 dilution, Abcam, ab48506, United States), or anti-NF-κB p65 (1:500 dilution, Cell Signaling Technology, 6956) diluted in the blocking solution at 4°C overnight. The next day, samples were incubated with FITC-conjugated, TRITC-conjugated, or Cy5-conjugated (1:1000, Invitrogen, United States) secondary antibody along with 4′,6-diamidino-2-phenylindole (DAPI) (1:1000, Sigma-Aldrich, United States) at room temperature for 1 h. Then, coverslips were mounted and the samples were observed under a laser scanning confocal microscope (Leica SP8; Leica, Germany).



Western Blot

After the drug treatment, the proteins from the cultured SGNs were extracted with radioimmunoprecipitation assay buffer (RIPA) buffer (Protein Biotechnology, China). The mixture was centrifuged at 4°C and 12,000 × g in a refrigerated centrifuge and the supernatant was collected. A total of 30 μg of each protein sample was denatured and separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels. The primary antibodies were anti-GPX1 (1:1,000 dilution, GeneTex, GTX116040), anti-C-caspase 3 (1:500 dilution, Cell Signaling Technology, 9664), anti-4-HNE (1:1000, Abcam, ab46545), anti-phosphorylated (p)-NFκB p65 (1:1,000 dilution, Cell Signaling Technology, 3033), and anti-β-actin (1:2,000 dilution, ZSGB-BIO, TA-09). The protein signals were detected using an ECL kit (Millipore, United States) and analyzed by Image J software. The relative optical density ratio was calculated by comparison to β-actin.



Real Time-Polymerase Chain Reaction

After drug treatment for 48 h, total RNA of different groups was isolated from middle turn cochlear explants using TRIzol reagent (Life Technologies, 15596026) following manufacturer’s instructions. The cDNA was synthesized from each RNA sample by reverse transcription using the Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, K1622). A SYBR Premix Ex Taq (TaKaRa Bio, RR420A) was used to quantify the mRNA levels of related genes. Gapdh was amplified as the housekeeping gene. All data were analyzed using an Eppendorf Realplex 2 and the relative expression levels were calculated using the 2–Δ Δ CT method. PCR primers for the genes were listed in Table 1.



Spiral Ganglion Neuron Counting

The counting of SGNs was performed according to our previous researches (Wang et al., 2019; Liu et al., 2021). Briefly, SGNs were immunolabeled with the Tuj 1 antibody that specifically labels both SGN bodies and neurites. The images of cultured middle turn cochlear explants were taken using a Leica confocal fluorescence microscope. Spiral ganglion neurons in which the nucleus comprised 40% of the soma area were counted using the Image J software and the total number of SGNs in each spiral ganglion explant was obtained by adding the SGN counts in all consecutive sections. The density of SGNs was then calculated per unit area (0.01 mm2).



Statistical Analysis

All experiments were repeated at least three times and the data were presented as mean ± SEM. Two-tailed, unpaired Student’s t-tests were used to determine statistical significance in comparisons between two groups. When comparing more than two groups, data were statistically analyzed by one-way ANOVA followed by a Dunnett multiple comparisons test. A value of p < 0.05 was considered to indicate a statistically significant result. Scale bars and n values are defined in the respective figures and legends and n represents the number of independent cochlear samples from each sub-group.




RESULTS


Glutathione Peroxidase 1 Expression Is Decreased in Spiral Ganglion Neurons After Peroxynitrite Injury

First, we characterized the expression of GPX1 in postnatal cochlear SGNs with mice at different ages. Immunofluorescence staining was performed on the frozen cochlear cryosections of P3, P14, and P30 C57BL/6 mouse cochleae (Figure 1A), and Tuj 1, a neuron-specific marker which specifically labels both the cytoplasm and neurite of SGN, was used to mark SGN. As the expression pattern of GPX1 was the same in all three turns of cochlea SGNs, the middle turn was presented as the representative sample in Figure 1B. The results showed that robust GPX1 labeling was observed in cochlear SGNs of P3, P14, and P30 mice, and it appeared that the expression of GPX1 was mainly in the cytoplasm but not in the nuclei of SGNs (Figure 1B).
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FIGURE 1. The expression of GPX1 in postnatal cochlear spiral ganglion neurons (SGNs) with mice at different ages. (A) Immunofluorescence staining was performed on the frozen cochlear cryosection of P3, P14, and P30 C57BL/6 mouse cochlea. (B) Immunostaining images of the middle turn cochlea showed that robust GPX1 labeling was observed in cochlear SGNs of P3, P14, and P30 mice, and it appeared that the expression of GPX1 was mainly in the cytoplasm but not in the nuclei of SGNs. Scale bar = 25 μm.


Next, to determine the neurotoxic effect of peroxynitrite on cultured SGNs, the cultured SGNs were treated with different concentrations (100 or 200 μM) of peroxynitrite for 24 or 48 h, respectively (Figure 2A). As shown in Figure 2B, after the administration of peroxynitrite, the SGN morphology was disrupted and pyknotic, cells arrangement was disordered, nerve fibers were disordered, broken, or lost. Quantitative analysis showed that the numbers of survived SGNs were reduced significantly in peroxynitrite-treated groups in a dose- and time-dependent manner compared with the control group (Figure 2B), that is, the higher concentration of peroxynitrite and the longer processing time induced more SGNs loss. In detail, treatment with 100 μM peroxynitrite for 24 h induced minor SGN loss (75.4 ± 2.49% SGNs survived after treatment) and the higher concentration of 200 μM peroxynitrite treatment for 48 h caused approximately only 32.7 ± 1.84% SGNs survival compared with controls. The treatment of 100 μM peroxynitrite exposure for 48 h resulted in an obvious but moderate SGN loss, as there were 59.3 ± 3.71% SGNs left compared with the control group (Figure 2B), and it was selected as the peroxynitrite treatment condition for all subsequent experiments.
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FIGURE 2. The expression of GPX1 is decreased in cochlear SGNs after peroxynitrite injury. (A) The cultured SGNs from WT C57BL/6 mice were treated with different concentrations (100 or 200 μM) of peroxynitrite for 24 or 48 h, respectively. (B) Immunostaining images showed that the SGN morphology was disrupted, cells arrangement was disordered, and nerve fibers were disordered or lost after peroxynitrite administration. Quantitative analysis verified that the numbers of survived SGNs were reduced significantly in peroxynitrite-treated groups in a dose- and time-dependent manner compared with the control group. Scale bar = 25 μm. (C) The cultured SGNs were exposed to 100 μM peroxynitrite for 48 h. (D) Immunostaining illustrated that the fluorescence intensity of GPX1 in peroxynitrite group was significantly reduced compared with control group. Scale bar = 12.5 μm. (E) Western blot showed that the protein level of GPX1 was significantly decreased in peroxynitrite group compared with the control group. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 3 for each group.


Then, the expression change of GPX1 in SGNs was analyzed after peroxynitrite damage. The cultured SGNs were exposed to 100 μM peroxynitrite for 48 h (Figure 2C) and immunostaining illustrated that the fluorescence intensity of GPX1 in the peroxynitrite group was significantly reduced compared with that of the control group (Figure 2D). Western blot showed that the protein level of GPX1 was significantly decreased in peroxynitrite group compared with the control group (Figure 2E). Together, these results indicated that the administration of peroxynitrite caused a reduced expression of GPX1 in cochlear SGNs, thus suggesting that GPX1 might play a role in peroxynitrite-induced SGN damage.



Glutathione Peroxidase 1 Promotes the Survival of Spiral Ganglion Neurons After Peroxynitrite Damage

To clarify the role of GPX1 in the process of SGN injury caused by peroxynitrite, we performed experiments by increasing or inhibiting the expression of GPX1 in SGNs with the GPX1 mimic ebselen or using the gpx1–/– mouse model. Immunofluorescence staining and western blot results verified that GPX1 expression was absent in the cochlear SGNs of gpx1–/– mice (Supplementary Figures 1A,C), and there was no significant difference in SGNs number between the gpx1–/– mice and WT mice (Supplementary Figure 1B), which indicated that the absence of GPX1 in normal SGNs would not affect the survival of SGNs. Next, we examined the effect of regulating GPX1 expression by ebselen or GPX1 deficiency on peroxynitrite-induced SGNs loss. The cultured SGNs from P3 WT mice were incubated with 100 μM peroxynitrite for 48 h with or without the pretreatment of 30 μM ebselen for 1 h, or the SGNs from gpx1–/– mice were cultured and exposed to 100 μM peroxynitrite for 48 h. The dose of ebselen was chosen according to our published study (Liu et al., 2021), which shows that 30 μM ebselen treatment protects against cisplatin-induced oxidative stress in SGNs. As illustrated in Figure 3, the protein expressions of GPX1 were significantly increased in peroxynitrite + ebselen group compared with the peroxynitrite-only group, while it was absent in the peroxynitrite + gpx1–/– group (Figures 3A–C). Immunostaining and cell counting results showed that the number of surviving SGNs was significantly increased after the pretreatment with ebselen compared with the peroxynitrite-only group, while remarkably less survived SGNs were detected in gpx1–/– mice group compared with WT mice after peroxynitrite treatment (Figures 3D,E). These results suggested that the upregulation of GPX1 promotes, while the deficiency of GPX1 suppresses, the survival of SGNs after peroxynitrite injury.
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FIGURE 3. Glutathione peroxidase promotes the survival of SGNs after peroxynitrite damage. The cultured SGNs from P3 WT mice were incubated with 100 μM peroxynitrite for 48 h with or without pretreatment of 30 μM ebselen for 1 h, or the SGNs from gpx1–/– mice were cultured and exposed to 100 μM peroxynitrite for 48 h. (A–C) Immunofluorescence staining and western blot results showed that the protein expressions of GPX1 were significantly increased in peroxynitrite + ebselen group compared with the peroxynitrite-only group, while it was absent in the peroxynitrite + gpx1–/– group. Scale bar = 12.5 μm. (D,E) Immunostaining and cell counting showed that the number of surviving SGNs was significantly increased after pretreatment with ebselen compared with the peroxynitrite-only group, while remarkably less survived SGNs were detected in gpx1–/– mice group compared with WT mice after peroxynitrite treatment. Scale bar = 25 μm. *p < 0.05, **p < 0.01, ***p < 0.001, and n = 3 for each group.




Glutathione Peroxidase 1 Inhibits Apoptosis of Spiral Ganglion Neurons After Peroxynitrite Injury

The role of GPX1 in regulating the peroxynitrite-induced apoptosis of cochlear SGNs was investigated by immunostaining and western blot. After the drug treatment (Figure 4A), cleaved-Caspase3 (C-CASP3) immunostaining results showed that distinct C-CASP3-positive SGNs were observed in peroxynitrite group, but not in the control group. The number of C-CASP3-positive SGNs was downregulated in the presence of ebselen, while it was further increased in gpx1–/– mice compared with the peroxynitrite-only group (Figure 4B). Western blot analysis of C-CASP3 protein was consistent with the above results, i.e., the expression level of C-CASP3 was significantly reduced in the peroxynitrite + ebselen group, while it was significantly increased in the peroxynitrite + gpx1–/– group compared with the peroxynitrite-only group (Figure 4C). Therefore, these results revealed that the Caspase 3-mediated apoptosis was inhibited by ebselen and was aggravated by the lack of GPX1 in SGNs after peroxynitrite injury.
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FIGURE 4. Glutathione peroxidase inhibits the apoptosis of SGNs after peroxynitrite injury. (A) The cultured SGNs from P3 WT mice were incubated with 100 μM peroxynitrite for 48 h with or without the pretreatment of 30 μM ebselen for 1 h, or the SGNs from gpx1–/– mice were cultured and exposed to 100 μM peroxynitrite for 48 h. (B) Immunostaining results showed that distinct C-CASP3-positive SGNs were observed in the peroxynitrite group, but not in the control group. The number of C-CASP3-positive SGNs was downregulated in the presence of ebselen, while it was further increased in gpx1–/– mice compared with the peroxynitrite-only group. Scale bar = 25 μm. (C) The western blot analysis of C-CASP3 protein verified that the expression level of C-CASP3 was significantly reduced in the peroxynitrite + ebselen group, while it was significantly increased in the peroxynitrite + gpx1–/– group compared with the peroxynitrite-only group. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 3 for each group.




Glutathione Peroxidase 1 Attenuates Peroxynitrite-Induced Oxidative Stress in Spiral Ganglion Neurons

Glutathione peroxidase 1 is known as a major intracellular peroxide-scavenging enzyme to eliminate the damage of ROS to cells, proteins, and liposomes through the reduction of glutathione. In this study, we also investigated the relationship between GPX1 and ROS generation in peroxynitrite damaged SGNs. The cultured SGN explants from WT or gpx1–/– mice were exposed to peroxynitrite with or without ebselen pretreatment, and the expression changes of 4-HNE were examined to evaluate the oxidative stress level in SGNs (Figure 5A). The results of immunostaining and western blot showed that an obvious increased protein expression of 4-HNE was found in peroxynitrite treated SGNs, while it was significantly decreased in peroxynitrite + ebselen group but further increased in peroxynitrite + gpx1–/–mice compared with the peroxynitrite-only group (Figures 5B,C).
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FIGURE 5. Glutathione peroxidase attenuates peroxynitrite-induced oxidative stress in SGNs. (A) The cultured SGNs from P3 WT mice were incubated with 100 μM peroxynitrite for 48 h with or without the pretreatment of 30 μM ebselen for 1 h, or the SGNs from gpx1–/– mice were exposed to 100 μM peroxynitrite for 48 h. (B,C). Immunostaining and western blot results showed that obvious increased protein expression of 4-HNE was found in peroxynitrite treated SGNs, while it was significantly decreased in the peroxynitrite + ebselen group but further increased in the peroxynitrite + gpx1–/– mice compared with the peroxynitrite-only group. Scale bar = 12.5 μm. *p < 0.05, and **p < 0.01, n = 3 for each group.




Antioxidant Treatment Rescues the Aggravated Spiral Ganglion Neurons Loss and Apoptosis Induced by Glutathione Peroxidase 1 Deficiency After Peroxynitrite Injury

To explore whether GPX1 plays a protective role in peroxynitrite-induced SGNs damage by reducing intracellular ROS, we conducted a rescue experiment by using the antioxidant N-acetylcysteine (NAC). The cultured SGN explants from WT or gpx1–/– mice were treated with peroxynitrite and 2 mM NAC for 48 h (Figures 6A, 7A). The dose of NAC was chosen according to our published studies (Liu et al., 2019b,2021), which show that 2 mM NAC treatment successfully rescues the SGN loss from cisplatin damage. Immunostaining results illustrated that the immunofluorescence of 4-HNE was weaker in the peroxynitrite + NAC group compared with the peroxynitrite-only group, and it was also lower in the peroxynitrite + gpx1–/– + NAC group compared with the peroxynitrite + gpx1–/– group (Figure 6B). Western blot and statistical analysis of the protein expression level of 4-HNE were consistent with the immunostaining results (Figure 6C). Correspondingly, we found that the NAC treatment largely increased the number of surviving SGNs in the peroxynitrite + NAC group compared with the peroxynitrite-only group, as well as in the peroxynitrite + gpx1–/– + NAC group compared with the peroxynitrite + gpx1–/– group (Figure 6D). Furthermore, the apoptosis of SGNs detected by C-CASP3 immunostaining and western blot showed that there was much less C-CASP3-positive SGNs and remarkable reduction of the C-CASP3 protein levels in the NAC co-treated groups compared with the peroxynitrite-only groups, and it was also lower in the peroxynitrite + gpx1–/– + NAC group compared with the peroxynitrite + gpx1–/– group (Figures 7B,C). Collectively, these findings suggest that the antioxidant NAC treatment successfully rescued the exacerbated ROS generation, SGNs loss, and apoptosis caused by GPX1-deficiency after peroxynitrite damage.
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FIGURE 6. Antioxidant treatment rescues the aggravated SGNs loss and ROS accumulation induced by GPX1 deficiency after peroxynitrite injury. (A) The cultured SGNs from WT or gpx1–/– mice were treated with peroxynitrite and 2 mM NAC for 48 h. (B,C) Immunostaining results illustrated that the immunofluorescence of 4-HNE was weaker in the peroxynitrite + NAC group compared with the peroxynitrite-only group, and it was also lower in the peroxynitrite + gpx1–/– + NAC group compared with the peroxynitrite + gpx1–/– group. Western blot results verified that the protein expression level of 4-HNE was consistent with the immunostaining results. Scale bar = 12.5 μm. (D) Cell counting and statistical analysis showed that the NAC treatment largely increased the number of surviving SGNs in the peroxynitrite + N-acetylcysteine (NAC) group compared with the peroxynitrite-only group, as well as in the peroxynitrite + gpx1–/– + NAC group compared with the peroxynitrite + gpx1–/– group. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 3 for each group.
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FIGURE 7. N-acetylcysteine treatment reduced the apoptosis of SGNs in the lacking of GPX1 expression after peroxynitrite injury. (A) The cultured SGNs from WT or gpx1–/– mice were treated with peroxynitrite and 2 mM NAC for 48 h. (B) Immunostaining results illustrated that there was much less C-CASP3-positive SGNs in the peroxynitrite + NAC group compared with the peroxynitrite-only group, as well as in the peroxynitrite + gpx1–/– + NAC group compared with the peroxynitrite + gpx1–/– group. Scale bar = 12.5 μm. (C) Western blot results verified that the protein expression level of C-CASP3 was weaker in the peroxynitrite + NAC group compared with the peroxynitrite-only group, and it was also lower in the peroxynitrite + gpx1–/– + NAC group compared with the peroxynitrite + gpx1–/– group. *p < 0.05, and **p < 0.01, n = 3 for each group.




Glutathione Peroxidase 1 Inhibits the NF-κB Pathway to Protect Against Peroxynitrite-Induced Spiral Ganglion Neurons Damage

The transcription factor NF-κB plays a vital role in cellular death and survival under oxidative stress conditions (Li and Karin, 1999), and the activation of NF-κB can promote cell death (Schneider et al., 1999; Zhang et al., 2005). Recently, the correlation between GPX1 and NF-κB pathway has been declared (Koeberle et al., 2020; Sharma et al., 2021b). Therefore, to identify the role of NF-κB and the regulative mechanism between GPX1 and NF-κB in SGNs damage induced by peroxynitrite, we measured the NF-κB pathway in SGNs after peroxynitrite administration with GPX1 upregulation or deficiency (Figure 8A). As illustrated in Figure 8B, the anti-NeuN antibody was used to label the nucleus of SGN and the fluorescence of NF-κB p65 was mainly detected in the cytoplasm of SGNs in control group (Figure 8B). Peroxynitrite induced obvious nuclear distribution of NF-κB p65 in SGNs and pretreatment with ebselen significantly reduced it, whereas the lack of GPX1 intensified the nuclear fluorescence of NF-κB p65 in SGNs of peroxynitrite + gpx1–/– group (Figure 8B). Furthermore, we found that the expression of the p-NF-κB p65 protein was upregulated in peroxynitrite-exposed SGNs compared with the untreated controls, and the pretreatment with ebselen significantly reduced it while the lack of GPX1 increased it (Figure 8C). Besides, to further confirm peroxynitrite-mediated activation of the NF-κB pathway, we also measured the mRNA expression levels of known NF-κB p65 target genes Bax, P53, Bcl2, and Bcl-xL. Real time-PCR (RT-PCR) results revealed that peroxynitrite treatment caused significant increases in the mRNA expression of proapoptotic genes Bax and P53, and decreases in the mRNA expression of antiapoptotic genes Bcl2 and Bcl-xL compared with controls (Figure 8D). In addition, the lower mRNA expression levels of Bax and P53 and the higher expression levels of Bcl2 and Bcl-xL were detected in the peroxynitrite + ebselen group compared with the peroxynitrite-only group, while the lack of GPX1 in SGNs from gpx1–/– mice led to an opposite pattern (Figure 8D). These data, taken together, suggest that the NF-κB pathway is activated in SGNs after peroxynitrite treatment and GPX1 can partially block the nuclear translocation of NF-κB/p65 and inhibit the activation of the NF-κB signaling.
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FIGURE 8. The activated nuclear factor-kappa B (NF-κB) pathway is inhibited by GPX1 in SGNs after peroxynitrite damage. (A) The cultured SGNs from P3 WT mice were incubated with 100 μM peroxynitrite for 48 h with or without the pretreatment of 30 μM ebselen for 1 h, or the SGNs from gpx1–/– mice were exposed to 100 μM peroxynitrite for 48 h. (B) The anti-NeuN antibody was used to label the nucleus of SGN, and the immunostaining results showed that the fluorescence of NF-κB p65 was mainly detected in the cytoplasm of SGNs in the control group. Peroxynitrite induced obvious nuclear distribution of NF-κB p65 in SGNs and pretreatment with ebselen significantly reduced it, whereas the lack of GPX1 intensified the nuclear fluorescence of NF-κB p65 in SGNs of the peroxynitrite + gpx1–/– group. Scale bar = 12.5 μm. (C) Western blot results verified that the expression of the p-NF-kB p65 protein was upregulated in peroxynitrite-exposed SGNs compared with the untreated controls, and the pretreatment with ebselen significantly reduced it while the lack of GPX1 increased it. (D) Real-time PCR (RT-PCR) results revealed that peroxynitrite treatment caused significant increases in the microRNA (mRNA) expression of proapoptotic genes Bax and P53, and decreased the expression of antiapoptotic genes Bcl2, Bcl-xL compared with controls. The lower mRNA expression levels of Bax and P53 and the higher expression levels of Bcl2 and Bcl-xL were found in the peroxynitrite + ebselen group compared with the peroxynitrite-only group, while the lack of GPX1 in SGNs from gpx1–/– mice led to an opposite pattern. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 3 for each group.


Next, we used a highly potent NF-κB inhibitor, BAY 11-7082, to further verify the role of NF-κB pathway in SGNs damage induced by peroxynitrite (Figure 9). The cultured SGN explants from WT or gpx1–/– mice were treated with peroxynitrite and 10 μM BAY 11-7082 for 48 h. The dose of BAY11-7082 was chosen based on our preliminary results of dose response, which showed that 10 μM BAY11-7082 significantly increased the number of surviving SGNs after cisplatin damage in vitro (Supplementary Figure 2). Our results showed that 10 μM BAY 11-7082 effectively inhibited the nuclear translocation of NF-κB p65 and the mRNA expression of Bax and P53, but increased the mRNA expression of Bcl2 and Bcl-xL in the peroxynitrite + BAY 11-7082 group compared with the peroxynitrite-only group, as well as in the peroxynitrite + gpx1–/– + BAY 11-7082 group compared with the peroxynitrite + gpx1–/– group (Figures 9A–C). Correspondingly, the inhibition of NF-κB by BAY 11-7082 significantly increased the survived SGN numbers, while decreased the C-CASP3 positive SGN numbers and the C-CASP3 expression in peroxynitrite + BAY 11-7082 group compared with the peroxynitrite group (Figures 9D–F). More importantly, BAY 11-7082 treatment also rescued the aggravated SGN loss and apoptosis induced by the deficiency of GPX1 after peroxynitrite injury, as the number of SGNs was added, whereas the C-CASP3 expression was reduced in the peroxynitrite + gpx1–/– + BAY 11-7082 group vs. the peroxynitrite + gpx1–/– group (Figures 9D–F). Therefore, these results indicate that the inhibition of NF-κB pathway contributes to promote SGNs survived from peroxynitrite injury, and that GPX1 protects SGNs against peroxynitrite-induced damage, at least in part, via blocking the NF-κB pathway activation.
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FIGURE 9. Glutathione peroxidase inhibits the NF-κB pathway to protect against peroxynitrite-induced SGNs damage. (A) The cultured SGN explants from WT or gpx1–/– mice were treated with peroxynitrite and 10 μM BAY 11-7082 for 48 h. (B,C) Immunostaining and RT-PCR results showed that BAY 11-7082 effectively inhibited the nuclear translocation of NF-κB p65 and the mRNA expression of Bax and P53, but increased the mRNA expression of Bcl2 and Bcl-xL, in the peroxynitrite + BAY 11-7082 group compared with the peroxynitrite-only group, as well as in the peroxynitrite + gpx1–/– + BAY 11-7082 group compared with the peroxynitrite + gpx1–/– group. Scale bar = 12.5 μm. (D–F) Immunostaining, cell counting, and western blot results showed that the inhibition of NF-κB by BAY 11-7082 significantly increased the survived SGN numbers, while decreased the C-CASP3 positive SGNs numbers and the C-CASP3 expression in the peroxynitrite + BAY 11-7082 group compared with the peroxynitrite group. Moreover, BAY 11-7082 treatment also increased the number of SGNs, whereas reduced the C-CASP3 expression in the peroxynitrite + gpx1–/– + BAY 11-7082 group vs. the peroxynitrite + gpx1–/– group. Scale bar = 25 μm. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 3 for each group.





DISCUSSION

Glutathione peroxidase is a crucial antioxidant enzyme that participate in restraining the harmful accumulation of intracellular hydrogen peroxide and is more effective than catalase at eliminating intracellular peroxides under various physiological conditions (Antunes et al., 2002; Lubos et al., 2011). Here, for the first time, we reported that the expression of GPX1, which was observed robustly distributed in SGNs cytoplasm, was significantly reduced after peroxynitrite damage. Our finding is consistent with previous studies indicated that a decrease of GPX1 activity was found in mouse cochlea HCs and stria vascular after noise induced hearing loss (McFadden et al., 2001; Kil et al., 2007), and suggested that the antioxidant enzyme GPX1 might play a role in the oxidative injury of SGNs induced by peroxynitrite.

In the present study, the role of GPX1 in SGNs treated with peroxynitrite was explored via using ebselen and GPX1 deficient mice. Ebselen was found to increase the expression of GPX1 in SGNs after peroxynitrite damage, which is consistent with the reports that ebselen can increase the expression of GPX1 in cochlea after electrical stimulation (Liang et al., 2019) and in stria vascularis after noise exposure (Kil et al., 2007). Ebselen effectively promotes SGN survival and prevents SGN apoptosis after peroxynitrite injury by reducing SGNs oxidative stress, while the absence of GPX1 in gpx1–/– mice leads to the aggravated SGN injury (cell loss and apoptosis) induced by peroxynitrite, although it might cause no effect on SGN development as SGNs presented normal morphology and cell number in gpx1-deficient mice. These results suggest a neuroprotective effect of GPX1 against the peroxynitrite-induced SGN damage. It is important to note that ebselen mimics the activities of all the selenium-dependent mammalian GPXs, not only to GPX1, and has other effects on redox status. Thus, its protective effects overlap those of GPX1. Other types of GPXs have been shown to be expressed in the cochlea, for instance, GPX2 protein is greatly increased in chicken utricle HC expression during HC differentiation (Zhu et al., 2019) and cisplatin injury leads to the decreased GPX2 expression in HEI-OC1 cells (Youn et al., 2017; Jo et al., 2019). It has been reported that GPX3 and GPX4 labeling are absent in the spiral ganglia, while GPX1 is the major isoform of GPXs family that highly expressed in cochlear SGNs in adult rat (Kil et al., 2007). In this study, we also examined the expression of GPX2 and GPX4 in mouse SGNs, and relative low expressions of GPX2 and GPX4 were found in mouse SGNs (Supplementary Figure 3). Moreover, ebselen increased the expression of GPX2 and GPX4 in SGNs after peroxynitrite injury (Supplementary Figure 3), which is consistent with previous studies that ebselen can increase the expression of GPX2 or GPX4 in rat stomach (Kumar et al., 2010), gastric cancer cells (Xu et al., 2018), or cochlea (Liang et al., 2019). GPX2 and GPX4 serve a distinct function in antioxidant and cellular protection in some tissues that complements that of GPX1 and experimental evidence hints that the expression of GPX2 and GPX4 is less sensitive to variations in selenium levels compared with GPX1 (Lubos et al., 2011). However, to date, studies about the specific function of GPX2 or GPX4 in SGN are still lacking. Our preliminary data suggest that they might also play a part in SGNs against oxidative stress, which is worthy to be investigated in future studies.

With regard to how GPX1 influences the apoptotic outcome, the pieces of evidence indicate that GPX1 may influence several steps in apoptotic cascades via regulating oxidant accumulation. For example, one study revealed that an overexpression of GPX1 inhibited the nucleus-translocation of apoptosis-inducing factor (AIF) from mitochondria in neuronal cells after ischemia-induced apoptosis (Zemlyak et al., 2009), another analysis showed that GPX1 decreased the ratio of Bax:Bcl-2 to create a more antiapoptotic environment in human endothelial cells (Faucher et al., 2005). It is known that the intrinsic pathway of apoptosis involves the mitochondria release of pro-apoptotic factors, such as AIF or cytochrome c, and these processes can be activated by ROS. Therefore, it is possible that GPX1, as an essential antioxidant enzyme, attenuates AIF release and enhances the expression of Bcl-2 to inhibit cell apoptosis, by reducing ROS level. In the current study, our results suggest that GPX1 protects against peroxynitrite-induced SGNs damage by suppressing ROS accumulation in SGNs. Interestingly, we have reported that intranuclear localization of AIF involves in the peroxynitrite-induced apoptosis of SGNs (Liu et al., 2012), whether GPX1 regulates the intranuclear localization of mitochondrial AIF to alleviate apoptosis in SGNs after peroxynitrite injury deserved further exploration.

Finally, we explored the possible signaling pathways by which GPX1 was involved in protecting SGNs against peroxynitrite-induced injury. It has been shown that GPX1 can alter the activation of NF-κB (Li et al., 2001), modulate Akt pathways (Handy et al., 2009) to affect cellular proliferation and survival, and modify the ratio of Bax:Bcl-2 to create a more antiapoptotic environment (Faucher et al., 2005). NF-κB is known to be a redox-sensitive transcription factor in several cell types and involved in cellular death and survival under oxidative stress conditions (Li and Karin, 1999; Song et al., 2021). In this study, we found that the NF-κB pathway is activated in SGNs after peroxynitrite treatment and that the inhibition of NF-κB pathway contributes to promote SGNs survived from peroxynitrite injury. More importantly, we discovered that GPX1 can partially block the nuclear translocation of NF-κB p65 and inhibit the activation of the NF-κB signaling to protect SGNs against peroxynitrite damage. This observation is interesting that NF-κB activation is considered anti-apoptotic and pro-survival, partially due to augment the expression of IAPs and thus attenuating the activation of caspase. For instance, a study reported that the NF-κB signaling pathway is activated in noise-exposed cochleae to protect against inducible nitric oxide synthase-triggered oxidative stress and apoptosis (Tamura et al., 2016). We speculate the controversial effect of NF-κB pathway activation on inner ear cells, i.e., protecting or damaging cells, might rely on the cell and stimuli types. Furthermore, one possible explanation for the pro-apoptotic effect of NF-κB activation is that in the context of GPX1 deficiency, excess accumulation of cellular ROS might alter NF-κB responses. Evidence showed that excess intracellular hydrogen peroxide regulates the expression of various NF-κB component proteins, and the alterations in the composition or quantity of the NF-κB dimer can change down-stream target gene expression, and conduce to the upregulation of pro-inflammatory genes and a pro-apoptotic environment (Li et al., 2001; Oliveira-Marques et al., 2009; Lubos et al., 2011).

In summary, we investigated the role of GPX1 in protecting SGNs against oxidative stress by upregulating or inhibiting the expression of GPX1 in SGNs via the GPX1 mimic ebselen or the gpx1 knockout mouse model, and further determined the mechanistic details behind the neuroprotective effect of GPX1 in SGNs against peroxynitrite injury. We found that the ebselen could significantly promote SGN survival, decrease SGN apoptosis, and reduce intracellular ROS levels after peroxynitrite exposure in vitro, while the deficiency of GPX1 led to opposite patterns of the above effects. Moreover, we showed that the protective mechanism of GPX1 involves inhibiting the activation of NF-κB pathway in SGNs exposed to peroxynitrite. These findings suggest that GPX1 might serve as a novel target for the prevention of oxidative stress-induced SGNs damage and hearing loss.
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Supplementary Figure 1 | GPX1 expression was absent in the cochlear SGNs of gpx1–/– mice. Immunofluorescence staining and western blot results verified that GPX1 expression was absent in the cochlear SGNs of gpx1–/– mice. Cell counting and statistical analysis showed that there was no significant difference in SGNs number between the gpx1–/– mice and WT mice. **p < 0.01. Scale bar = 12.5 μm.

Supplementary Figure 2 | Dose responses of BAY11-7082 co-treated with peroxynitrite in cultured SGNs. The cultured cochlear SGNs were treated with different doses of BAY11-7082 (5 μM, 10 μM and 20 μM) and co-treated with 100 μM peroxynitrite for 48 h. (A,B) Immunostaining and cell counting results showed that co-treatment with 10 μM BAY11-7082 effectively increased the number of surviving SGNs after peroxynitrite damage, while the co-treatment with 5 μM or 20 μM BAY11-7082 showed no significant differences in SGN number compared to the peroxynitrite-only group. All data are presented as the mean ± SEM, * p < 0.05, ** p < 0.01. Scale bars: 25 μm.

Supplementary Figure 3 | Effects of ebselen on expressions of GPX2 and GPX4 in SGNs after peroxynitrite injury. (A,C) Immunofluorescence staining was performed on cochlear frozen cryosection to determine the expression of GPX2 and GPX4 in P3 C57BL/6 mouse cochlea. The Immunofluorescence labeling of GPX2 (A) and GPX4 (C) was observed in cochlear SGNs of P3 mice. Scale bars: 25 μm. (B,D) The cultured middle turn cochleae were treated with peroxynitrite (100 μM) alone, or cotreated with ebselen (30 μM) for 48 h. The immunostaining result showed that the fluorescence intensity of GPX2 (B) and GPX4 (D) in the peroxynitrite group was reduced compared to that of the control group, while it was increased in the peroxynitrite + ebselen group compared with the peroxynitrite-only group. Scale bars: 12.5 μm.
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Most cases of acquired hearing loss are due to degeneration and subsequent loss of cochlear hair cells. Whereas mammalian hair cells are not replaced when lost, in zebrafish, they constantly renew and regenerate after injury. However, the molecular mechanism among this difference remains unknown. Dual-specificity phosphatase 14 (DUSP14) is an important negative modulator of mitogen-activated protein kinase (MAPK) signaling pathways. Our study was to investigate the effects of DUSP14 on supporting cell development and hair cell regeneration and explore the potential mechanism. Our results showed that dusp14 gene is highly expressed in zebrafish developing neuromasts and otic vesicles. Behavior analysis showed that dusp14 deficiency resulted in hearing defects in zebrafish larvae, which were reversed by dusp14 mRNA treatment. Moreover, knockdown of dusp14 gene caused a significant decrease in the number of neuromasts and hair cells in both neuromast and otic vesicle, mainly due to the inhibition of the proliferation of supporting cells, which results in a decrease in the number of supporting cells and ultimately in the regeneration of hair cells. We further found significant changes in a series of MAPK pathway genes through transcriptome sequencing analysis of dusp14-deficient zebrafish, especially mapk12b gene in p38 signaling. Additionally, inhibiting p38 signaling effectively rescued all phenotypes caused by dusp14 deficiency, including hair cell and supporting cell reduction. These results suggest that DUSP14 might be a key gene to regulate supporting cell development and hair cell regeneration and is a potential target for the treatment of hearing loss.

Keywords: DUSP14, supporting cell, hair cell, zebrafish, proliferation, regeneration


INTRODUCTION

Millions of people all over the world are subjected to different degrees of hearing loss (Morton, 1991; Sun, 2021). The main causes of hearing impairment include aging, noise, genetic mutations, and exposure to ototoxic drugs, which contributed to the sensory hair cell loss in inner ear (Furness, 2015). Most cases of acquired hearing loss are due to degeneration and subsequent loss of cochlear hair cells (Vlajkovic and Thorne, 2021). However, there are no Food and Drug Administration (FDA)-approved drugs to protect from hearing loss, which makes urgent the task of discovering new therapeutics.

The auditory epithelium located in the cochlea is composed of sensory hair cells and non-sensory supporting cells (Kelley, 2006). Although hair cells cannot regenerate in mammalian adults, regeneration of hair cells in the inner ear and lateral line is widespread in non-mammalian vertebrates, such as chicken, amphibian, and zebrafish. Additionally, those hair cells regenerate from transdifferentiating supporting cells, which aroused the interest of many auditory scientists in understanding the inner ear hair cell and supporting cell development and regeneration, with the potential to develop biologic therapies for hearing loss (Rubel et al., 2013). Therefore, it is particularly important to understand the cellular and molecular mechanisms of such striking difference between mammalian and non-mammalian vertebrates.

Dual-specificity phosphatase (DUSP) family is a group of phosphatases, which dephosphorylate of tyrosine and/or serine or threonine residues and the resulting activity regulation of their substrates (Caunt and Keyse, 2013). DUSPs are considered to be major modulators of key signaling pathways that are dysregulated in a variety of diseases (Patterson et al., 2009a; Ríos et al., 2014; An et al., 2021). DUSPs can be divided into seven subgroups with the consideration of substrate preferences: phosphatases of regenerating liver (PRL) family, cell division cycle 14 (CDC14) phosphatases, phosphatase and tensin homologs deleted on chromosome 10 (PTEN), slingshot homolog (SSH) family of phosphatases, myotubularins, mitogen-activated protein kinase phosphatases (MKPs), and atypical DUSPs (Huang and Tan, 2012). Atypical DUSPs are mostly with low molecular weight and lack the N-terminal two CDC25 homology 2 (CH2) domain. The most atypical DUSPs are localized in the cytoplasm. It is reported that some atypical DUSPs regulate MAPK, including extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), and p38 kinases, which plays an important role in cell proliferation and apoptosis (Huang and Tan, 2012).

Dual-specificity phosphatase 14, an atypical member of the DUSP family of proteins, are critical modulators in various biological processes, such as apoptosis, inflammation, proliferation, and oxidative stress. Our results showed that dusp14 gene was expressed in the inner ear and lateral line system of zebrafish, which suggest that Dusp14 may play a vital role in the regulation of hair cell fate in zebrafish.

Based on these findings, this study examined whether dusp14 gene could regulate the hair cell fate in zebrafish, especially the behavior of supporting cell. Furthermore, we aimed to evaluate whether dusp14 gene putative modulating hair cell actions would be related to modulation of the MAPK signaling pathway.



MATERIALS AND METHODS


Zebrafish Embryos

Zebrafish (Danio rerio) were reared and maintained at 28.5°C as Westerfield described (Westerfield, 1995). Two zebrafish lines were used in the study, including the wild-type AB line and the transgenic line Tg(Brn3c:mGFP), where membrane-localized green fluorescent protein (GFP) is specifically expressed in the hair cells. Embryonic stages are defined as described (Kimmel et al., 1995). Embryos were collected after natural spawns. Embryos were moved to embryo medium containing 0.2 mM phenylthiourea at ∼20 h postfertilization (hpf) to prevent pigmentation. All animal procedures were performed according to protocols approved by the Animal Care and Use Committee of Nantong University and were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Whole-Mount in situ Hybridization

The DNA fragments of zebrafish dusp14 and eya1 were amplified by PCR using the primers (Supplementary Table 3). Then, they were subcloned into the pGEM-T Easy Vector (Promega, United States), and a gene-specific digoxigenin-labeled RNA probe was transcribed in vitro using the DIG RNA Labeling Kit (SP6&T7) (Roche) following the manufacturer’s instructions. The prefixed embryos were incubated with the probe overnight at 4°C. The alkaline phosphatase (AP)-conjugated antibody against digoxigenin (Roche) was used to detect the digoxigenin-labeled RNA probe. The AP-substrate NBT/BCIP solution (Roche) was added to the reaction system to stain the tissues specifically expressing dusp14 gene or eya1 gene in zebrafish.



Morpholino and CRISPR/Cas9 Microinjection

According to the manufacturer’s instruction, morpholino antisense oligos (MOs; Gene Tools) were prepared at a stock concentration of 1 mM. We designed dusp14 splice-modifying morpholino (dusp14-MO) to knockdown the expression of dusp14 (Supplementary Table 3). MOs were diluted to 0.3 mM and injected into one-cell-stage embryos.

To generate the dusp14 gene mutant zebrafish, as described in our previous work (Gong et al., 2017), 2–3 nL of solution containing specific single-guide RNA (sgRNA) and Cas9 mRNA was injected into one-cell-stage embryos (primers used are listed in Supplementary Table 3).



mRNA Synthesis and Phenotypic Rescue

dusp14 DNA fragments were synthesized by PCR using the primers, dusp14-BamHI-F and dusp14-EcoRI-R (Supplementary Table 3). The DNA fragments were subcloned into the pCS2 + vector, and the recombinant plasmid was linearized using the restriction endonuclease NotI (New England Biolabs). The linearized product was purified as a template and transcribed into mRNA in vitro using the mMESSAGE mMACHINE High Yield Capped RNA Transcription kit (Ambion). Then, the synthesized dusp14 mRNA was coinjected with dusp14-MO into one-cell-stage zebrafish embryos. The rate of rescued zebrafish after injection of dusp14 mRNA was analyzed at 72 hpf.



RNA Extraction, Reverse Transcription, and Quantitative Real-Time PCR

Total RNAs of all samples were extracted using TRIzol reagent (Invitrogen, United States), and genomic DNA contamination was removed by DNase I (Promega, United States). The RNA yield was determined using NanoDrop ND-2000 (Thermo Fisher Scientific, United States), and integrity was checked on a 1% agarose gel. The cDNA was synthesized using oligo-dT primers and Superscript RT-III (Takara, JP). Quantitative real-time PCR (qRT-PCR) was performed using a Plus Real-Time PCR System (Applied Biosystems, United States). SYBR Prime ScriptTM RTPCR kit (Takara, JP) was used for mRNA qRT-PCR. Data were analyzed using the relative 2–ΔΔCT method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008). The primers for qRT-PCR are listed in Supplementary Table 3.



Acoustic or Vibrational Startle

Acoustic or vibrational startle protocol was based on previous studies (van den Bos et al., 2017) with appropriate modifications. Larvae (6 dpf) were transferred from petri dishes to wells filled with 1 mL of E3 medium. Both the control and dusp14-MO zebrafish were tested. The protocol (lights on) consisted of 10-min acclimation, followed by 9 acoustic or vibrational stimuli (DanioVision intensity setting) with a 20-s interstimulus interval (ISI). Variable of interest to show the startle response was maximum velocity (mm/s) with 1-s intervals, since the startle response is a short burst of activity best captured by this parameter. When subjects did not show a clear response to the first stimulus (values lower than 15 mm/s), they were discarded from analysis.



Acoustic Startle Reflex

The acoustic startle reflex was performed as described previously (Yang et al., 2017). The larvae (5 dpf) 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.



Immunofluorescence Staining

For immunofluorescence staining, the embryos were anesthetized and then fixed using 4% paraformaldehyde. After washing three times with PBS-T, the embryos were incubated in the antigen retrieval solution (Beyotime Biotechnology, China, #P0088) for 15 min at 98°C. Non-specific binding was then blocked with 10% donkey serum (Solarbio, China, #SL050) in PBS-T. Next, specific primary antibodies against GFP (Abcam, #ab13970) and cleaved caspase-3 (CST, #9664), 5-bromo-2′-deoxyuridine (BrdU) (Sigma, #B5002) or SOX2 (Abcam, #ab97959) were added, and secondary antibodies were used to detect the primary antibodies.

TdT-mediated dUTP nick end labeling (TUNEL) assay was performed according to the manufacturer’s instructions (Alexa Fluor 640, cat#: 40308ES20, YEASEN Biotech Co. Ltd) to detect cell death in the HCs of neuromast. In brief, the embryos were anesthetized and then fixed using 4% paraformaldehyde. After washing three times with PBST, 20 μg/mL proteinase K (Roche) was used to treat the embryos. Next, Alexa Fluor 640-12-dUTP Labeling Mix was applied to label the apoptotic cells for at least 3 h. DAPI was applied to label the nucleus.

Images were taken with a Nikon confocal microscope A1R at 40× magnification and were analyzed by Nikon A1R NIS Elements. Exposure settings were adjusted to minimize oversaturation.



Drug Treatment

The p38 inhibitor (APExBIO, #C5248), with a working concentration at 50 ng/μL, was coinjected with dusp14-MO into the 1–2 cell-stage zebrafish embryos. Additionally, the injected zebrafish were raised at 28.5°C. The development status was recorded with a bright field microscope at about 72 hpf.



Statistical Analysis

All data were analyzed using GraphPad Prism 8.3.0. One-way ANOVA, unpaired Student’s t-tests, and two-way ANOVA were used to determine statistical significance when comparing two groups. The value of p < 0.05 was considered as statistically significant. All data are presented as means with SEM, and all experiments were repeated at least three times.



RNA-Seq Analysis

To study gene expression changes after dusp14 knockdown in zebrafish, we performed transcriptome sequencing. The wild-type zebrafish and dusp14-MO injected zebrafish of 3 days old were prepared, respectively. Three independent replicates of the samples were analyzed for each treatment. The total RNA was extracted using TRIzol reagent (Invitrogen, United States) following the manufacturer’s procedure. The quantity and purity of total RNAs were checked using a Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, United States) with RIN value > 7.0. All RNA samples were submitted to GENEWIZ Science (Suzhou, China), and deep sequencings were performed on an Illumina Hiseq2500.

For RNA-seq data, the Cuffdiff was used to estimate differential expression between samples at the transcript level (Kim et al., 2013). The differentially expressed gene (DEG) was determined with log2 fold change > 1, p-value < 0.05. The R package Clusterprofer was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and gene ontology (GO) annotation.




RESULTS


The dusp14 Gene Is Expressed in the Otic Vesicles and Neuromasts in Zebrafish

First, to observe the conservation of DUSP14, we constructed an evolutionary tree of 14 species based on the amino acid sequence of DUSP14, including mouse, giant panda, domestic cat, human, big brown bat, Chinese horseshoe bat, sperm whale, sea lion, bottlenose dolphins, lizards, zebrafish, yeast, and nematodes (Figure 1A). The results showed that dusp14 is an extensive conserved gene in many species with DUSP (dual-specificity phosphatases) conserved domain.
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FIGURE 1. The phylogenetic and expression analysis of zebrafish dusp14. (A) A phylogenetic tree was generated using the PhyML software base on amino acid sequences. The pictures are mouse, giant panda, domestic cat, human, big brown bat, Chinese horseshoe bat, sperm whale, sea lion, bottlenose dolphins, lizards, zebrafish, Saccharomyces cerevisiae, and nematodes. (B,C) WISH with the dusp14 probe in wild-type zebrafish showed that the gene is expressed in the otic vesicle and lateral line at 48 hpf (B) and 72 hpf (C). (B’,C’,C”) Are the detailed information with higher magnification of the (B,C), respectively.


Next, to investigate the spatiotemporal expression of dusp14 during the embryonic development, we performed the WISH using a dusp14 antisense probe. As shown in Figures 1B,B′, dusp14 is expressed in the neuromast at 48 hpf. At 72 h (Figure 1C), the dusp14 gene expression is pronounced in the lateral line (Figure 1C′) and the otic vesicle (Figure 1C′′). These results indicate that dusp14 may play an important role in inner ear development.



Knockdown the dusp14 Expression by Morpholino Leads to Hearing Defects in Zebrafish

To explore the effect of the dusp14 gene on zebrafish behavioral response, we designed morpholino oligonucleotides to knockdown the expression of dusp14, and dusp14-MO was validated to effectively reduce dusp14 expression (Supplementary Figure 1). Then, we performed acoustic or vibrational startle test after dusp14-MO injection at 5 dpf. The results showed that the response of dusp14-MO zebrafish to percussion stimuli becomes sluggish, whereas the injection of dusp14 mRNA significantly rescued the phenotype (Figures 2A,B). In addition, there is no difference in movement rate among wide-type zebrafish, dusp14-MO zebrafish, and dusp14-mRNA and MO coinjected zebrafish during the total test (Figure 2C), which suggests that the injection did not affect locomotor activities of zebrafish.
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FIGURE 2. Knockdown of dusp14 gene affects the hearing-related behavioral response in zebrafish. (A) Working diagram of acoustic or vibrational startle test after dusp14-MO injection at 5 dpf. (B) The distance moved of zebrafish within 1 s after the percussion stimulation. (C) Statistics of the moving rate of zebrafish during the total test. (D) The schematic diagram shows the startle response testing equipment. (E) The swimming trajectory of the control, dusp14 morphants and dusp14-mRNA and MO. (F,G) 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 **** above the bars are significantly different (P < 0.0001), ns means no significance.


To further investigate the effects of dusp14-MO on hearing dysfunction, we performed the acoustic startle reflex experiment (Figure 2D). The results showed that the swimming trajectory (Figure 2E), swimming distance (Figure 2F), and velocity (Figure 2G) of dusp14 morphants were reduced compared to the controls, which were reversed by dusp14-mRNA. These results indicate that dusp14 is necessary for hearing-related behaviors.



Knockdown dusp14 Expression by Morpholino Decreases the Number of Hair Cells and Neuromasts in Zebrafish

It is well known that hair cells in the inner ear of zebrafish are responsible for the balance perception and hearing. Therefore, to test the underlying cellular mechanisms of dusp14 gene on ear function, we knockdown the dusp14 expression by morpholino in the transgenic zebrafish line Tg(Brn3c:mGFP), in which the GFP were specifically expressed in hair cells (Figure 3A). The results showed that the number of hair cells in three different crista hair cell clusters (anterior crista hair cells: AC; lateral crista hair cells: LC; posterior crista hair cells: PC) was reduced after dusp14-MO microinjection at 72 hpf (Figures 3B,B′), which was neutralized by dusp14 mRNA treatment.
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FIGURE 3. Knockdown dusp14 expression by morpholino decreases the number of hair cell and neuromasts in zebrafish. (A) Schematic diagram of zebrafish neuromast and inner ear hair cell. (B) Confocal imaging analysis of crista hair cells in the otic vesicle of control and dusp14 deficiency zebrafish at 72 hpf. (B′) The statistical analysis of the numbers of inner ear crista hair cells in the control and dusp14 morphants at 72 hpf. (B′′) The statistical analysis of the numbers of hair cells in the remaining neuromast L3 in the control and dusp14 morphants at 72 hpf. (C) The imaging analysis of control and dusp14 morphants at 72 hpf in fluorescent field. Scale bar = 500 μm. (C′) Quantification of the number of unilateral hair cell clusters of control and dusp14 morphants at 72 hpf. (D) in situ hybridization of the eya1 gene specifically expressed in the neuromasts showed that the number of neuromasts in dusp14-MO zebrafish was decreased. (D′) statistics results of D. Each bar represents the mean ± SEM. Values with *, ***, and **** above the bars are significantly different (P < 0.05, P < 0.001, and P < 0.0001, respectively).


The hair cells in zebrafish are also present in the lateral line system containing the neuromasts that is important to perceive changes in the surroundings. Then, we further investigate the role of dusp14 gene on neuromast formation and found that the number of hair cell clusters in the posterior lateral line of dusp14 morphants was significantly decreased at 72 hpf (Figures 3C,C′). Moreover, the number of the hair cells in the remaining neuromast L3 was also decreased (Figures 3B,B′′). But the dusp14 mRNA treatment interfered these changes remarkably. In addition, we used the eya1 gene to label the neuromast cells (Grant et al., 2005; Whitfield, 2005) in lateral line by WISH and discovered that the number of neuromasts in the posterior lateral line of dusp14 morphants was significantly reduced (Figures 3D,D′). These results indicate that dusp14 gene affects the number of hair cells in zebrafish inner ear and lateral line.

To further validate the function of dusp14 during the hair cell development, the CRISPR/Cas9 system was utilized to knockout dusp14 in wild-type zebrafish. As shown in Supplementary Figure 2A, we chose a sgRNA target site near the translation start codon in the exon1 of dusp14 for CRISPR/Cas9-mediated mutation to abolish the protein translation. Similar to the results of the dusp14 morphants, the number of hair cell clusters and hair cells in the posterior lateral line of the dusp14 mutants was remarkably fewer than that of the control fish at 72 hpf, which was partially reversed by the dusp14 mRNA injection (Supplementary Figures 2C,C′,C′′).



Knockdown of the dusp14 Gene Reduces the Number of Supporting Cells and Proliferation of Supporting Cells

As we know, hair cells of the inner ear and lateral line system in zebrafish regenerate from mitotic supporting cells (Williams and Holder, 2000; Kniss et al., 2016; Thomas and Raible, 2019). Since knockdown of the dusp14 gene caused the reduction of hair cells, we speculated that support cells, resource of hair cells, were also affected by dusp14 morpholino injection.

To test the hypothesis, we analyzed SOX2+ cells in the posterior lateral line of dusp14 morphants by immunostaining with anti-SOX2 antibody. The results showed that SOX2+ cell number was dramatically decreased after dusp14 morpholino injection, which was substantially reserved by dusp14 mRNA treatment (Figures 4A,A′). Furthermore, we performed the BrdU incorporation to measure the regeneration of supporting cells in the lateral line (Figures 4B,B′). Our results showed that the number of proliferating supporting cells was significantly reduced in the dusp14 morphants. Additionally, the dusp14 mRNA treatment partially interfered these changes. What is more, there is no difference in apoptotic signal between dusp14 morphants and the control, which was immunostained with TUNEL and cleaved caspase 3 in zebrafish neuromasts (Supplementary Figure 3). Taken together, we found that dusp14 gene may regulate the formation of hair cells and ultimately affect the hearing by modulating the proliferation of supporting cells in the zebrafish lateral line (Figure 4C).
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FIGURE 4. Knockdown of the dusp14 gene reduces the number of supporting cells and proliferation of supporting cells. (A) The representation of SOX2 immunofluorescence images of neuromasts in the posterior lateral line of the control and dusp14 morphants. (A′) Quantification of the number of supporting cells in the posterior lateral line neuromast of control and dusp14 mutants at 72 hpf. (B) BrdU staining for the supporting cell in the neuromasts in the posterior lateral line of the control zebrafish and dusp14 morphants. Scale bar = 20 μm. (B′) Quantification of zebrafish embryos with the BrdU+ cells in the control and dusp14 morphants. (C) Schematic diagram of the longitudinal structure and the plane structure of neuromast, the gray part is the mantle cell, the pink part is supporting cell, and the green represents hair cell. Experimental embryos were sampled at 72 hpf (n > 8). Each bar represents the mean ± SD. Values with ** and **** above the bars are significantly different (P < 0.01 and P < 0.0001, respectively).




Transcriptomic Sequencing Data Revealed p38 Signaling Pathways May Responsible for Regulation of dusp14 Gene on Hearing Function

To gain a further insight into the molecular mechanism by which dusp14 gene responsible for the regeneration of the supporting cells, we performed RNA sequencing (RNA-seq) of 72 hpf wild-type zebrafish and dusp14-MO zebrafish. Over 40 million valid reads per library on average were obtained after quality filtering, which was, respectively, mapped to about 90% of the zebrafish genome (Supplementary Table 1). The results revealed 2,418 DEGs that might be affected by the absence of dusp14 with 1,787 upregulated DEGs and 631 downregulated DEGs (Figure 5A and Supplementary Table 2). What is more, 12 genes (apoeb, gsta.q, pkma, meis2b, dld, prkcbb, mag, ush1ga, mkm2os.2, fbxo16, pcloa, and cyp26c1) were randomly selected for qRT-PCR analysis to confirm the quality of RNA-seq data. Notably, the expression changes of 6 among 12 genes were consistent with the results of RNA-seq data analysis (Supplementary Figures 4A,B), indicating the reliability of RNA-seq analysis.
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FIGURE 5. Transcriptomic sequencing data revealed p38 signaling pathways may responsible for regulation of dusp14 gene on hearing function. (A) The upregulated differentially expressed genes (DEGs) and downregulated DEGs that might be affected by knockdown dusp14 based on transcriptome data analysis. (B) Gene ontology (GO) annotation enrichment of DEGs. (C) Gene expression changes in the MAPK pathway caused by dusp14 knockdown.


Subsequently, we performed KEGG pathway enrichment analysis on the RNA-seq data. The results showed that knockdown dusp14 gene by morpholino mainly resulted in changes in various metabolic pathways (Supplementary Table 2), including carbon metabolism, tryptophan metabolism, glycine metabolism, serine metabolism, tyrosine metabolism, retinol metabolism, metabolism of xenobiotics by cytochrome P450, phenylalanine metabolism, and so on. Furthermore, the most significant GO analysis enrichment terms were oxidoreductase activity, which were assigned as molecular functions. The cell membrane was the most significant GO enrichment term assigned as cellular component, and regulation of transportation was the most significant GO enrichment term assigned as a biological process (Figure 5B).

The DUSP family targets to MAPK signaling pathway, which modulate diverse cellular functions, such as regeneration, differentiation, and apoptosis. Therefore, we observed the gene expression changes in p38 kinases, ERKs, and JNKs signaling pathway in RNA-seq data. As is shown in Figure 5C, the genes directly regulated by dusp14 dephosphorylation include mapk8b, mapk9, mapk12a, and mapk12b, which are mainly in the JNK and p38 signaling pathways. Among them, mapk12b belonging to p38 signaling pathway showed the most significant difference, which suggests that p38 signaling pathway may play a vital role in dusp14 regulation of hearing in zebrafish.



p38 Signaling Pathway Is Involved in dusp14 Regulation of Inner Ear Hearing in Zebrafish

To further explore whether p38 signaling is responsible for dusp14 regulation of hearing in zebrafish, the wild-type and dusp14-MO zebrafish were treated with p38 inhibitor. As previously shown, although knockdown dusp14 gene expression by morpholino significantly decreased the number of hair cell clusters (Figures 6A,A’), the number of hair cells in inner ear cristae and neuromast L3 in the posterior lateral line, p38 inhibitor dramatically reversed these changes (Figures 6B,B’,B”). Additionally, p38 inhibitor also blocked the effect of dusp14-MO on the number of supporting cell and the proliferation of supporting cells (Figures 6C,C’,D,D’). These results indicate that p38 signaling pathway is necessary for the dusp14 regulation of hearing.
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FIGURE 6. p38 signaling pathway is involved in dusp14 regulation of inner ear hearing in zebrafish. (A) The imaging analysis of control and dusp14 mutants at 72 hpf in bright field and fluorescent field. (A′) Quantification of the number of the unilateral hair cell clusters of control and dusp14 mutants at 72 hpf. (B) Confocal imaging analysis of inner ear hair cells and lateral line neuromast hair cells of control, dusp14 deficiency and dusp14-MO and p38 inhibitor coinjected zebrafish at 72 hpf. (B′) The statistical analysis of the numbers of crista hair cells for panel (B). (B′′) The statistical analysis of the numbers of hair cells in the remaining neuromast L3 for panel (B). (C) The representation of SOX2 immunofluorescence images of neuromasts in the posterior lateral line of the control, dusp14 morphants and dusp14-MO and p38 inhibitor coinjected zebrafish at 72 hpf. (C′) Quantification of the number of supporting cells per neuromast for panel (C). (D) BrdU staining for the supporting cells in the neuromasts of the control, dusp14 morphants and dusp14-MO and p38 inhibitor coinjected zebrafish at 72 hpf. (D′) Quantification of zebrafish embryos with the BrdU+ cells for panel (D). Experimental embryos were sampled at 72 hpf (n > 6). Each bar represents the mean ± SD. Values with ** and **** above the bars are significantly different (P < 0.01 and P < 0.0001, respectively).





DISCUSSION

Hearing loss in mammals mainly caused by degeneration of hair cells in the inner ear, which is an irreversible process. To date, apart from hearing aids and cochlear implants, no pharmacological therapy promoting functional recovery from hearing loss is clinically available. This study demonstrates that dusp14, a conserved gene between species, is highly expressed in the lateral line and otic vesicles in zebrafish. Knockdown of dusp14 expression by morpholino inhibited the proliferation of supporting cells through p38 signaling pathway, resulting in a decrease in the number of hair cells and ultimately leading to abnormal hearing and balance-related behaviors in zebrafish (Figure 7).


[image: image]

FIGURE 7. Schematic diagram of hair cell reduction caused by dusp14 knockdown. Knockdown of dusp14 expression by morpholino inhibited the proliferation of supporting cells by p38 signaling pathway, resulting in a decrease in the number of hair cells and ultimately leading to abnormal hearing and balance-related behaviors in zebrafish.


Dual-specificity phosphatase 14, a member of the atypical DUSPs, has been implicated in inflammation, apoptosis, cancer, diabetes, cell differentiation, and proliferation (Wada and Penninger, 2004; Turjanski et al., 2007; Lountos et al., 2009; Ríos et al., 2014). Dusp14 was characterized by yeast two hybrid systems for the first time to identify a new protein interacting with T cell costimulatory CD28 (Marti et al., 2001). It is reported that DUSP14 knockout aggravated pathological processes involved in non-alcoholic fatty liver disease development, whereas DUSP14 overexpression ameliorated these pathological alterations (Wang S. et al., 2018). Moreover, hepatic ischemia–reperfusion injury reduced Dusp14 expression, which suggests that Dusp14 is a protective factor in liver damage (Wang X. et al., 2018). Suppressing DUSP14 expression exacerbated cardiac injury through activating MAPK signaling pathways (Lin et al., 2018). Cardiac-specific Dusp14 overexpression alleviated aortic banding-induced cardiac dysfunction and remodeling (Li et al., 2016). These results indicate that DUSP14 may be a positive regulator of various cellular responses. We found that dusp14 gene is important to supporting cell proliferating in zebrafish. Highly dusp14 expression in the lateral line and otic vesicle in zebrafish was observed, however, whether that dusp14 gene is specific located in the supporting cell remains unclear. The more experiments are needed.

Dusp14 is a dephosphorylate regulator that mainly acts on MAPK signaling and has different MAPK pathway targets in the pathological process of various diseases. In vitro, GST-tagged DUSP14 can dephosphorylate p38, ERK, and JNK pathways (Patterson et al., 2009b). DUSP14 knockout mice after myocardial ischemia–reperfusion injury induce the activation of MAPKs, including elevated p-p38, p-ERK1/2, and p-JNK in heart tissues (Lin et al., 2018). However, Dusp14 deficiency after hepatic ischemia–reperfusion injury upregulated p-JNK1/2 and p-p38, but not p-ERK1/2 (Wang X. et al., 2018). The enhanced phosphorylated p38 and JNK1/2 levels, but not ERK1/2, were also observed in Dusp14 knockout mice in aortic banding-induced hypertrophic heart tissues (Wang X. et al., 2018). The phosphorylation of ERK and JNK but not p38 increased in dominant-negative Dusp14-transduced primary T cells (Galvao et al., 2018). DUSP14 negatively regulated ERK1/2 pathway in T-cell proliferation (Sun et al., 2021). Our transcriptomic sequencing analysis showed that genes mainly regulated by dusp14 dephosphorylation belong to the JNK and p38 signaling pathways in dusp14-MO zebrafish. Additionally, p38 signaling, mapk12b gene, increased mostly in morpholino-induced dusp14-deficient zebrafish. In addition, p38 inhibitor significantly inhibited the effect of dusp14-MO on the proliferation of supporting cells and the decrease of hair cell in zebrafish. However, further experiments are needed to confirm the regulation of mapk12b gene on zebrafish supporting cells. Whether JNK and ERK are involved in regulating supporting cell development and how important their roles are also needed to be further investigated.

Numerous studies in non-mammalian species since the initial discoveries have elucidated that inner ear hair cell regeneration happens by two methods: supporting cells directly transdifferentiate into hair cells, supporting cells mitosis and then one of the daughter cells transdifferentiate into hair cells (Burns and Corwin, 2013; Takeda et al., 2018). However, our understanding of the molecular mechanisms that regulates supporting cell behavior is limited. Our results indicate that DUSP14 may be an important regulator of supporting cell development. Furthermore, DUSP14 is also reported to be involved in the hepatocyte proliferation and regeneration (Wang X. et al., 2018). In the immune system, DUSP14 negatively regulates β cell proliferation and apoptosis of cancer cells (Klinger et al., 2008).

Here, we explore the molecular mechanisms that lead to hair cell regeneration in zebrafish by exploiting their ability to regenerate hair cells. To our knowledge, this study reported the important effects of dusp14 gene on the fate of the hair cell in zebrafish for the first time, mainly through regulating proliferation of supporting cells, providing a new insight into understand the mechanism of supporting cell development and a new potential target for the treatment of hearing loss.



DATA AVAILABILITY STATEMENT

The data presented in this study are deposited in the China National GeneBank DataBase (CNGBdb), accession number: CNP0002521 (https://db.cngb.org/search/project/CNP0002521/).



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care and Use Committee of Nantong University.



AUTHOR CONTRIBUTIONS

DL and FC supervised and designed this project. GW, CC, XZ, JS, and FQ wrote the manuscript. GW, XZ, CG, and FQ analyzed the data. XZ, MX, CW, and QG performed the experiments. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from the National Natural Science Foundation of China (82001417) and Natural Science Foundation of Jiangsu Province (BK20190920, BK20180048, and BK20200966).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2022.840143/full#supplementary-material

Supplementary Figure 1 | The design of Dusp14-Mo sequence and verification of the knockdown efficiency. (A) The design of dusp14 morphant sequence. (B) Representative images of Dusp14+ cells of neuromasts in the posterior lateral line of the control and dusp14 morphants. (B′) The statistical results of panel (B). (C) Left: the result of ef1α RT-PCR of wild-type zebrafish and dusp14 morphants. Right: the result of dusp14 RT-PCR of wild-type zebrafish and dusp14 morphants. (C′) The statistical results of panel (C).

Supplementary Figure 2 | Dusp14 knockout leads to a decrease in zebrafish hair cell. (A) The design of dusp14 guide-RNA. (B) Mutations occurred in the target site of the dusp14 gene in mutant zebrafish compared to the wild-type fish. (C) Confocal imaging analysis of the numbers of hair cell clusters and hair cells in the lateral line system of wild-type and dusp14 mutants at 72 hpf. (C′) The statistical analysis of panel (C). Experimental embryos were sampled at 72 hpf (n > 7). Each bar represents the mean ± SEM. Values with *, **, ***, and **** above the bars are significantly different (p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively).

Supplementary Figure 3 | Dusp14 knockdown did not induce zebrafish hair cell apoptosis. (A) DAPI and cleaved TUNEL staining for the L3 hair cell clusters in the posterior lateral line of the control zebrafish and dusp14 morphants. (B) DAPI and cleaved caspase-3 staining for the L3 hair cell clusters in the posterior lateral line of the control zebrafish and dusp14 morphants.

Supplementary Figure 4 | qRT-PCR of different expression gene in the control and dusp14 morphants. (A) Twelve DEGs were detected in transcriptome sequencing. (B) The results of 12 DEGs caused by dusp14 morphants at 72 hpf (n = 3). Each bar represents the mean ± SEM. Values with *, **, ***, and **** above the bars are significantly different (p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively).

Supplementary Table 1 | Transcriptomic profiling of dusp14-morphant and wild-type zebrafish. The number of reads and percentage mapped to the coding genes of zebrafish genome is calculated. The 90% mapped rate presents the proportion of reads matched to the coding genes of zebrafish genome in the totally valid reads.

Supplementary Table 2 | Differentially expressed genes obtained based on transcriptome sequencing.

Supplementary Table 3 | Primer information.
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The link between hearing impairment and air pollution has not been established, and the moderating effect of a healthy diet has never been investigated before. The purpose of this study was to investigate the association between air pollution and hearing impairment in British adults aged 37–73 years, and whether the association was modified by a healthy diet. We performed a cross-sectional population-based study with 158,811 participants who provided data from United Kingdom Biobank. A multivariate logistic regression model was used to investigate the link between air pollution and hearing impairment. Subgroup and effect modification analyses were carried out according to healthy diet scores, gender, and age. In the fully adjusted model, we found that exposure to PM10, NOX, and NO2 was associated with hearing impairment [PM10: odds ratio (OR) = 1.15, 95% confidence interval (95% CI) 1.02–1.30, P = 0.023; NOX: OR = 1.02, 95% CI 1.00–1.03, P = 0.040; NO2: OR = 1.03, 95% CI 1.01–1.06, P = 0.044], while PM2.5 and PM2.5 absorbance did not show similar associations. We discovered an interactive effect of age and air pollution on hearing impairment, but a healthy diet did not. The findings suggested that exposure to PM10, NOX and NO2 was linked to hearing impairment in British adults, whereas PM2.5 and PM2.5 absorbance did not show similar associations. These may help researchers focus more on the impact of air pollution on hearing impairment and provide a basis for developing effective prevention strategies.

Keywords: hearing impairment, air pollution, digit triplet test (DTT), United Kingdom Biobank (UKB), healthy diet


INTRODUCTION

Hearing impairment is one of the most common age-related chronic health problems (Vos et al., 2016). The rate of clinically significant hearing impairment is doubling approximately every decade (Lin et al., 2011; Goman and Lin, 2016). Hearing impairment has been reported to be the second most prevalent disorder and the dominant cause of years lived with disability among global non-infectious diseases (Vos et al., 2016). In contrast with normal hearing adults of the same age, those with hearing impairment have a greater incidence of hospitalization (Genther et al., 2013), death (Contrera et al., 2015), falls (Lin and Ferrucci, 2012), cardiovascular disorders (McKee et al., 2018), depression (Li et al., 2014), and dementia (Lin et al., 2013). Consequently, hearing impairment causes a huge burden on the emotional and physical wellbeing of individuals (Dawes et al., 2014b). It is predicted that one-fifth of the population of the United Kingdom will suffer from hearing impairment by 2035 (Taylor et al., 2020). Accordingly, the key is to prevent hearing impairment. Hearing impairment is caused by a combination of hereditary and environmental factors (Cunningham and Tucci, 2017). The identification of modifiable risk factors is critical to provide the basis for preventive strategies.

Global trends in urbanization and industrialization have led to a growing problem of air pollution (Landrigan, 2017), which has become the main public health issue across the world (Brunekreef and Holgate, 2002). Of note, growing evidence demonstrates that air pollution exposure is not only connected with respiratory disorders, such as lung cancer (Xing et al., 2019), but also with cardiovascular diseases (Lelieveld et al., 2019; Hayes et al., 2020), inflammatory diseases (Chang et al., 2016), diabetes (Strak et al., 2017), and neurodegenerative diseases (Chen et al., 2017). Besides, the main environmental risk factor for human death is air pollution (Gordon et al., 2014). Lately, there have been reports that air pollution may impact hearing health, but available data is limited. A recent study (Tsai et al., 2020) found that participants exposed to fine particulate matter (PM2.5: particulate matter ≤ 2.5 μm in diameter) and nitrogen dioxide (NO2) had a substantially increased risk of sudden sensorineural hearing loss (SSNHL). Another study (Chang et al., 2020) showed that increased concentrations of NO2 were linked to a higher risk of sensorineural hearing loss, while in a nested case-control study (Choi et al., 2019), SSNHL was associated with NO2 exposure, but particulate matter with a diameter of 10 μm or less (PM10) was not associated with SSNHL. Similarly, another study (Lee et al., 2019) also found no association between PM10 and number of SSNHL patient. Although these studies explored the association of air pollution with sensorineural hearing loss, the results remained controversial.

A healthy diet might preserve hearing (Spankovich and Le Prell, 2013; Curhan et al., 2018, 2020), as described by their role in preventing chronic illnesses (Yevenes-Briones et al., 2021). A healthy diet includes multiple components that support antioxidant function and protect against free radical damage (Curhan et al., 2020), thereby regulating oxidative stress and delaying mitochondrial dysfunction (Yevenes-Briones et al., 2021). In addition, a healthy diet might be beneficial to hearing impairment by protecting microvascular and macrovascular damage to cochlear blood flow (Appel et al., 2006; Fung et al., 2008), providing the essential nutrients for an adequate cochlear blood supply (Yevenes-Briones et al., 2021), and reducing inflammation (Neale et al., 2016). According to previous research, dietary patterns could modify the relationship between air pollution and health-related outcomes, such as cardiovascular disease mortality risk (Lim et al., 2019) and cognitive function (Zhu et al., 2022). However, the moderating effect of a healthy diet on the link between hearing impairment and air pollution has not been investigated before. Therefore, in this cross-sectional study, we aimed to explore the link between air pollution and hearing impairment and to analyze whether a healthy diet has moderating effects on this link.



MATERIALS AND METHODS


Study Subjects

The United Kingdom Biobank is an international and accessible data resource1 containing data on more than half a million people aged from 37 to 73 years (99.5% were between 40 and 69 years) in England, Scotland, and Wales (Collins, 2012). Adults living within a 25-mile radius of one of 22 Biobank Assessment Centers in the United Kingdom were invited by email to join the United Kingdom Biobank between 2006 and 2010, achieving a response rate of approximately 5.5% (Sudlow et al., 2015). Participants completed a computer touch screen questionnaire (which included questions on topics such as population, health, lifestyle, environment as well as medical history, etc.) and underwent physical measurements, including a hearing test. Written informed consent was signed by all the participants. The research was carried out with the general approval of the National Health Service and the National Research Ethics Service. The subjects of the current study were all those participants for whom data on both air pollution measures and hearing test results were available.



Hearing Test

The speech-in-noise hearing test (i.e., digit triplet test, DTT) of the United Kingdom Biobank provided participants with 15 groups of English monosyllabic numbers to evaluate the listening thresholds (i.e., signal-to-noise ratio) at different sound levels.2 Each ear was examined separately, in the order that the participants were allocated at random. Participants first wore circumaural headphones and selected the most comfortable volume. Then, they started the speech-in-noise hearing test to identify and type the three numbers they had heard by touching the screen interface. The noise level of the subsequent triple would increase if the triplet was correctly recognized; otherwise, it would reduce. The speech reception threshold (SRT) was defined as the signal-to-noise ratio of correctly understanding half of the presented speech. The SRT ranged from −12 to +8 dB, with a lower score representing better performance. Based on the cutoff point established by Dawes et al. (2014b), the better performance ear was chosen for this study, and participants were divided into normal (SRT < −5.5 dB) and hearing impairment (SRT ≥ −5.5 dB) groups.

The DTT shows a very good correlation with the pure tone hearing test (r = 0.77) (Jansen et al., 2010), so it can be considered as a measure of hearing impairment (Dawes et al., 2014b). There are some advantages to the DTT, for example, there is no need for a sound booth and the test can be delivered via the internet (Moore et al., 2014). The most common hearing complaint is difficulty in hearing over background noise (Pienkowski, 2017), so the speech-in-noise hearing test used to evaluate hearing function represents an ecologically effective as well as objective hearing indicator (Couth et al., 2019).



Measures of Air Pollution

The air pollution data recorded in the United Kingdom Biobank were from the Small Area Health Statistics Unit,3 a part of the BioShaRE-EU Environmental Determinants of Health Project.4 The Land Use Regression model was applied to assess air pollution in 2010 by modeling at each residential address of the participants, which was developed as part of the European Study of Cohorts for Air Pollution Effects.5 The Land Use Regression model used to calculate the spatial distribution of air pollutants was based on geographic predictors such as traffic, land use, and topography in the geographical information system. In this study, the air pollutants assessed were PM2.5, PM10, PM2.5 absorbance, NOX, and NO2, of which all were annual average concentrations in μg/m3. More details about the air pollution data used in the United Kingdom Biobank are available elsewhere.6



Assessment of Other Variables

Age, gender, ethnicity, educational background, employment, smoking status, and alcohol intake were utilized as baseline data. The ethnic background of participants was divided into six categories: White, Black, Asian, Chinese, Mixed, and other. The educational background was divided into six categories: higher national diploma (HND), national vocational qualification (NVQ), higher national certificate (HNC), or equivalent; A levels or AS levels (including the higher school certificate), or equivalent; O levels (including the school certificate), general certificate of secondary educations (GCSEs), or equivalent; certificate of secondary educations (CSEs), or equivalent; college or university degree; and other professional qualification. Employment status was divided into seven categories: retired; unable to work because of sickness or disability; looking after home and/or family; unemployed; in paid employment or self-employed; student (full-time or part-time); or doing unpaid or voluntary work. Smoking status (Dawes et al., 2014a) was divided into three categories: never-smokers, current and former smokers. Alcohol consumption frequency was divided into five categories: daily or almost daily; three or four times a week; once or twice a week; occasional drinking; and never. Body mass index (BMI) was categorized as obese (BMI ≥ 30), overweight (25 ≤ BMI < 30), normal weight (18.5 ≤ BMI < 25), and underweight (BMI < 18.5). Evaluation of physical activity was conducted through the questions in the International Physical Activity Questionnaire, which graded activity into three degrees: low, moderate, and high.7 A questionnaire8 containing the usual dietary intake was completed by United Kingdom Biobank participants during the baseline assessment. The intake of fruits (fresh fruit intake and dried fruit intake), vegetables (cooked vegetable intake and salad/raw vegetable intake), fish (oily fish intake and non-oily fish intake), processed meat and unprocessed red meat (beef intake, lamb/mutton intake, and pork intake) from the United Kingdom Biobank food intake questionnaire was used to calculate the health diet scores (Wang et al., 2021): fruit intake ≥ three pieces per day, vegetable intake ≥ four tablespoons per day, fish intake ≥ twice per week, processed meat intake ≤ twice per week, unprocessed red meat intake ≤ twice per week. Each favorable dietary factor gave a point, so the healthy diet scores were 0–5. The serum concentrations of glycosylated hemoglobin and total cholesterol were regarded as continuous variables. Vascular problems included angina, heart attack, stroke, and high blood pressure.



Data Analysis

All analyses were performed using R version 4.0.2. The data are summarized descriptively. Continuous variables are represented as mean (standard deviation) and comparison between the two groups was performed by independent sample t test. The classification variables are represented as percentages (%) and the rate was compared by χ2 test. The link between air pollution and hearing impairment was investigated using a multivariate logistic regression model with and without adjusting for other variables. Model 1 was unadjusted, Model 2 was adjusted for age and gender, and Model 3 was further adjusted for race, educational level, employment, smoking status and alcohol consumption frequency, BMI, physical activity, glycosylated hemoglobin, total cholesterol, and vascular diseases (heart attack, stroke, angina, and hypertension). Moreover, we evaluated the association between subgroups stratified by healthy diet scores (low: 0–2, and high: 3–5), gender (female and male) and age (≤50, 51–60, and >60). The Wald test was used to test interactions among subgroups. P < 0.05 (two-sided test) was considered statistically significant.




RESULTS

In total, 158,811 subjects were enrolled in this study, including 18,881 (11.9%) with hearing impairment and 139,930 (88.1%) with normal hearing, 54.5% were female (n = 86,516), 91.7% were white (n = 145,633), with the mean (standard deviation) age of 56.68 (8.15) years. The distribution of baseline characteristics and air pollution in the two groups is shown in Table 1. Except for physical activity, other variables were significantly distributed in the two groups (P < 0.05). In comparison to the group of people with normal hearing, the subjects in the hearing impairment group were older on average, non-whites. In addition, they were more likely to be obese and to have cardiovascular problems. Furthermore, the hearing impairment group was exposed to higher mean annual concentrations of air pollutants than the normal hearing group (Table 1).


TABLE 1. Characteristics of participants (N = 158,811).

[image: Table 1]
Table 2 shows the risks of several air pollutants and hearing impairment. Model 1 (without adjustment for any confounders) showed significant associations between air pollutants and hearing impairment (P < 0.001) [PM2.5: odds ratio (OR) = 2.03, 95% confidence interval (95% CI) 1.73–2.40; PM10: OR = 1.64, 95% CI 1.51–1.78; PM2.5 absorbance: OR = 1.48, 95% CI 1.40–1.56; NOX: OR = 1.06, 95% CI 1.05–1.07; NO2: OR = 1.17, 95% CI 1.41–1.19]. After adjusting for age and gender, Model 2 showed that air pollutants were still significantly associated with hearing impairment (P < 0.001), and all OR values were larger than Model 1 (PM2.5: OR = 3.02, 95% CI 2.56–3.57; PM10: OR = 1.82, 95% CI 1.67–1.97; PM2.5 absorbance: OR = 1.67, 95% CI 1.59–1.77; NOX: OR = 1.09, 95% CI 1.08–1.10; NO2: OR = 1.24, 95% CI 1.21–1.26). Except for PM2.5 and PM2.5 absorbance, which showed no significant associations with hearing impairment (P = 0.970 and P = 0.063, respectively), we observed that the associations between the other pollutants and hearing impairment remained in Model 3 after further adjusting for other confounders on the basis of Model 2 (PM10: OR = 1.15, 95% CI 1.02–1.30, P = 0.023; NOx: OR = 1.02, 95% CI 1.00–1.03, P = 0.040; NO2: OR = 1.03, 95% CI 1.01–1.06, P = 0.044), even though the estimates were lower than those in Models 1 and 2.


TABLE 2. Association of air pollution and hearing impairment.
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Table 3 shows the associations between several air pollutants and hearing impairment, stratified by healthy diet scores. In this study, no significant associations and moderating effects were observed. After stratification by age (Table 4), we found that PM10, PM2.5 absorbance, NOX, and NO2 were associated with hearing impairment in participants up to and including 50 years of age (PM10: OR = 1.62, 95% CI 1.20–2.18, P = 0.002; PM2.5 absorbance: OR = 1.32, 95% CI 1.08–1.61, P = 0.006; NOX: OR = 1.04, 95% CI 1.01–1.08, P = 0.014; NO2: OR = 1.09, 95% CI 1.01–1.17, P = 0.031). In participants aged 51 to 60 years and above 60, there was no connection between air pollution and hearing impairment. Additionally, there was a statistically significant interaction between age and air pollution with hearing impairment (P < 0.05). Further, after stratifying by gender (Table 5), we found that NOX and NO2 were correlated with hearing impairment in men.


TABLE 3. Associations of air pollution and hearing impairment in subgroups stratified by healthy diet scores.
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TABLE 4. Associations of air pollution and hearing impairment in subgroups stratified by age.
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TABLE 5. Associations of air pollution and hearing impairment in subgroups stratified by gender.
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DISCUSSION

In this cross-sectional study, we investigated the association between hearing impairment and air pollution (comprising PM2.5, PM10, PM2.5 absorbance, NOX, and NO2) using United Kingdom Biobank data. We found that exposure to PM10, NOX, and NO2 was linked to hearing impairment after adjusting for confounding factors, while PM2.5 and PM2.5 absorbance showed no similar correlations. Furthermore, there was no modification of these associations by a healthy diet. Regarding age, interaction effects were observed.

The relationship between air pollution and hearing impairment has not been fully established yet. Several studies indicated that exposure to NO2 could be related to hearing problems. Chang et al. (2021) found that people exposed to moderate (hazard ratio, HR = 1.40, 95% CI 1.27–1.54) and high levels of NO2 (HR = 1.63, 95% CI 1.48–1.81) were at higher risk of developing sensorineural hearing loss than those exposed to the low level. The results of Tsai et al. (2020) were similar, finding a significantly increased risk of SSNHL in those exposed to high concentrations of NO2 (adjusted HR = 1.02, 95% CI 1.01–1.04). Likewise, Choi et al. (2019) discovered that SSNHL was associated with short-term exposure to NO2 (14 days) (adjusted OR = 3.12, 95% CI 2.16–4.49). Consistent with previous studies, NO2 was associated with hearing impairment in our study. Moreover, NOX, a term that contains several nitrogen compounds but is mainly composed of nitrogen oxide and NO2, showed an association with hearing impairment.

In contrast to our expectations, we found a significant association between PM10 and hearing impairment but not PM2.5. Conversely, previous studies (Choi et al., 2019; Lee et al., 2019) showed no correlation between PM10 and hearing impairment. A study reported (Tsai et al., 2020) a significantly higher risk of developing SSNHL with moderate (adjusted HR = 1.58, 95% CI 1.21–2.06) or high (adjusted HR = 1.32, 95% CI 1.00–1.74) level exposure to PM2.5 compared to those exposed to the low level. And another study discovered a slight negative association between the maximum PM2.5 concentration and the admission rate of SSNHL (Lee et al., 2019). In 2017, a study (Strak et al., 2017) in a large national health survey reported that oxidative potential of PM2.5 rather than PM2.5, was associated with diabetes prevalence, indicating that the impact of particulate matter on diabetes might vary with the compositions. According to a study (Yin and Harrison, 2008) conducted at three sites (urban roadside, central urban background, and rural) in Birmingham, United Kingdom, organics, nitrate, and sulfate accounted for a substantial amount of the overall mass for both PM10 and PM2.5. This research also showed that proportions of these three major parts and other secondary compositions like iron-rich dust and sodium chloride varied in both. Although discrepancies in associations with diseases after PM2.5 and PM10 exposure could be explained by different compositions of particulate matter, the evidence may still be limited. More research is required to clarify this issue in the future.

Oxidative stress and mitochondrial dysfunction play a crucial role in hearing impairment (Yamasoba et al., 2013). Air pollution might be involved in oxidative stress by producing or directly acting as reactive oxygen species (Kelly, 2003), which can then induce mitochondrial damage (Rodríguez-Martínez et al., 2013). Dysfunctional mitochondria increase reactive oxygen species generation and accumulation, reducing the mitochondrial membrane potential, activating the apoptosis pathway, and causing the death of inner ear hair cells (Park et al., 2016). What’s more, air pollution might indirectly be associated with hearing impairment by causing cardiovascular diseases through pro-inflammatory pathways and the production of reactive oxygen species (Simkhovich et al., 2008; Brook et al., 2010). It has been demonstrated that cardiovascular diseases are risk factors for hearing impairment (Oron et al., 2014; Tan et al., 2018). Nonetheless, the link between air pollution and hearing impairment was still evident after adjusting for related vascular problems in Model 3, suggesting that other mechanisms may also be involved in the link between air pollution and hearing impairment.

There was evidence that a healthy diet could protect against hearing impairment by reducing vascular damage, decreasing inflammation, and inhibiting oxidative damage (Curhan et al., 2020; Yevenes-Briones et al., 2021). Based on similar mechanistic pathways, modifying the health effects of air pollution by diet may be possible. But in our study, no effect modification of diet was observed. Studies previously showed an interaction between dietary patterns and air pollution exposure on health-related outcomes. In a birth cohort in Northeast China, animal foods pattern was found to significantly modify the association between exposure to NO2 and carbon monoxide and gestational diabetes mellitus, with higher intake related to a higher rate of gestational diabetes mellitus following exposure to air pollution (Hehua et al., 2021). A Mediterranean diet reduced cardiovascular disease mortality risk related to long-term exposure to air pollutants in a large prospective US cohort (Lim et al., 2019). A prospective cohort study of Chinese older adults reported that a plant-based dietary pattern mitigated the adverse effects of air pollution on cognitive function (Zhu et al., 2022).

It seems to be accepted that hearing impairment becomes more common with increasing age (Díaz et al., 2016). Nevertheless, the association between air pollution and hearing impairment was only found in participants younger under or equal to 50 years of age in this study. An interaction effect between age and air pollution on hearing impairment was also observed. Age is an unmodifiable risk factor for hearing impairment, which could lead to cochlear aging (Yamasoba et al., 2013). However, modifiable risk factors play a significant part in the development of hearing impairment at a relatively young age (i.e., <85 years old), while their effects decrease in the oldest people (i.e., ≥85 years old) (Zhan et al., 2010). Therefore, we speculated that air pollution, a modifiable risk factor, might have a greater impact on people younger than or equal to 50 years old compared to those over 50 years old, even if our study subjects were all under 85 years old.

Our research used data from the United Kingdom Biobank, a national cohort with good quality control. Additionally, the hearing test was based on the DTT data in the United Kingdom Biobank, which represented an ecologically effective and objective hearing indicator. We also adjusted for many confounders (including demographic information, lifestyle, and related diseases affecting hearing) to reduce their potential impact. However, our research also had some limitations. Above all, the cross-sectional design of this study was inadequate to account for the cause and effect between air pollution and hearing impairment, and further longitudinal studies are needed. Second, the sample of participants in United Kingdom Biobank was suggested to be unrepresentative of the general population because of the bias toward recruiting participants who were generally healthier and had a higher socioeconomic status (Fry et al., 2017). Hence, the subsample from United Kingdom Biobank and estimated hearing impairment rate in this study might not be representative of the general population. Third, like other epidemiological studies of air pollution, there might be potential misclassifications of air pollution exposure in this study because air pollution exposure was evaluated at the place of residence. Fourth, in the United Kingdom, where emissions regulations are strict and average pollution level is relatively low, it is not clear to what extent this study can be generalizable to other settings. Finally, in spite of adjusting for many confounders in our study, the potential effects of residual confounds of unmeasured variables could not be excluded, such as the use of ototoxic drugs, which was not considered due to lack of data.



CONCLUSION

In conclusion, we found that exposure to PM10, NOX, and NO2 was associated with hearing impairment in British adults, while PM2.5 and PM2.5 absorbance did not show similar correlations. Our findings may help researchers pay more attention to the impact of air pollution on hearing impairment and provide a basis for developing effective prevention strategies.
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Background: Endolymphatic hydrops (EH) is considered as the pathological correlate of Menière’s disease (MD) and cause of hearing loss. The mechanism of EH, remaining unrevealed, poses challenges for formalized clinical trials.

Objective: This study aims to investigate the development of hearing loss, as well as the effect of dehydration treatment on EH animal models.

Methods: In this study, different severity EH animal models were created. The laser Doppler vibrometer (LDV) and auditory brainstem responses (ABR) were used to study the effects of EH and the dehydration effects of mannitol. The LDV was used to measure the vibration of the round window membrane (RWM) reflecting the changes in inner ear impedance. ABR was used to evaluate the hearing changes. Furthermore, tissue section and scanning electron microscopy (SEM) observations were used to analyze the anatomical change to the cochlea and outer hair cells.

Results: The RWM vibrations decreased with the severity of EH, indicating an increase in the cochlear impedance. The dehydration therapy lowered the impedance to restore acoustic transduction in EH 10- and 20-day animal models. Simultaneously, the ABR thresholds increased in EH models and were restored after dehydration. Moreover, a difference in the hearing was found between ABR and LDV results in severe EH animal models, and the dehydration therapy was less effective, indicating a sensorineural hearing loss (SNHL).

Conclusion: Endolymphatic hydrops causes hearing loss by increasing the cochlear impedance in all tested groups, and mannitol dehydration is an effective therapy to restore hearing. However, SNHL occurs for the EH 30-day animal models, limiting the effectiveness of dehydration. Our results suggest the use of dehydrating agents in the early stage of EH.

Keywords: endolymphatic hydrops, dehydration therapy, Ménière’s disease, laser Doppler vibrometry, cochlear impedance


HIGHLIGHTS

- This study investigated the development of hearing loss on guinea pig EH models, as well as the effect of dehydration treatment. By combining analogical observations and objective measurement of hearing loss (ABR and LDV measurement of RWM vibration). The highlights of this study are:


1.EH induced hearing loss progressed with the development of EH, it starts at low frequencies, and later involves medium to high frequencies.

2.EH increases the cochlear impedance, causing conductive dysfunction. This dysfunction can be cured by dehydration treatment in early stage. But irreversible sensorineural component becomes significant for long-time EH.

3.Early dehydration treatment is suggested for reserving hearing.



- This study gives an overview of the development of hearing loss in EH, and partly revealed the mechanical basis and biological influences of EH. Moreover, the investigation of dehydration treatment may provide a reference for clinical practice.



INTRODUCTION

Menière’s disease (MD) is an inner ear disorder named after Prosper Menière (Atkinson, 1961), who in 1861 described patients with episodic vertigo accompanied by fluctuating hearing, tinnitus, and aural fullness in the affected ear. Later, the correlation between MD and endolymphatic hydrops (EH) was found by Hallpike and Cairns (1938) and Yamakawa (1938). As the presence of histopathological EH was reported postmortem, the essential relationship between EH and MD were being questioned until Merchant’s study found that EH and MD are associated with 100% of cases when the current definition of MD is strictly applied (Merchant et al., 2005; Gluth, 2020). Recently, the development of gadolinium chelate (GdC)-enhanced MRI demonstrated EH in vivo and further confirmed EH is a common pathological feature of inner ear diseases characterized by low-frequency hearing loss, including MD (Naganawa et al., 2014; Zou et al., 2020).

The physiological mechanisms of Méniere are still poorly understood, yet causative relationships between EH and disordered auditory physiology in MD have been supported by much clinical and experimental evidence. It is widely believed that the dysregulation of endolymph volume may lead to EH and cause a chain reaction. Since morphological changes such as the collapse of stereocilia of outer hair cells (Albers et al., 1987) or losing synapses in inner hair cells (Valenzuela et al., 2020) fail to explain the correlation of EH and hearing loss, potential explanations have mainly focused on the mechanical impact caused by high endolymphatic pressure on endolymph components (Oberman et al., 2017) and the function of the lymphatic sac (Swinburne et al., 2018). Among those theories, the mechanical mechanism of high pressure in the endolymphatic duct explains the clinical hearing symptoms in early and mid-stage Méniere’s disease (Ichimiya and Ichimiya, 2019), prompting the dehydration therapy for patients with MD. The effectiveness of dehydration therapy has not been strictly evaluated (Quaranta et al., 2019), and a recent meta-analysis further concluded that it was unclear whether diuretics were effective (Nevoux et al., 2018), even though patients have stated subjective perception improvements (Ward et al., 2019). Whether hyperosmolar agents, such as glycerol, urea, or mannitol, can improve patient hearing and act as a diagnostic tool are still under debate (Thomsen and Vesterhauge, 1979; Angelborg et al., 1982; Van de Water et al., 1986; Sterkers et al., 1987; Magliulo et al., 2001). This apparent contradiction raises the question of why patients report relief of symptoms while most of the available studies query the effectiveness of dehydration.

As the hearing ability can be predicted by the mechanical transfer of acoustic vibration and the round window is considered as an accurate proxy for cochlear fluid displacement (Ryan et al., 2020), we propose using peak-to-peak displacement of round window membrane (RWM) to analyze the change in intra-cochlear pressure under the effects of dehydration agents on EH animal models. We chose RWM as the reflection of the inner ear transfer function because it can estimate the cochlear input impedance as a whole, so it is free from the influence of the inertia of the perilymph inside the helicontrema, thus the compliance of it can better describe the total pressure inside the cochlea (Marquardt and Hensel, 2013). As the laser Doppler vibrometer (LDV) is an established optical technique to analyze the vibration of the ossicular chain, RWM, and tympanic membranes (Zhang and Gan, 2013), we used LDV to measure the dynamic behavior of RWM to evaluate cochlear impedance and sound transmission. To better illustrate the effectiveness of dehydration therapy, we created a series of different severity EH models using guinea pigs to simulate various stages of MD, then treated with mannitol. By measuring the auditory brainstem response (ABR), the linear displacement of RWM, and observing the changes in the organ of Corti, we assessed the influence of high endolymphatic pressure and the dehydration effects of mannitol on EH models.



MATERIALS AND METHODS


Animals and Research Program

Healthy albino guinea pigs (male, weighed 250–300 g), with a positive Preyer reflex and free of tympanic membrane perforation or otitis media, were used in this study. Pre-recruiting ABR measurements (click stimuli) were conducted to exclude animals with abnormal hearing function.

Guinea pigs were classified into 10-day EH, 20-day EH, 30-day EH, and blank control groups equally (12 individuals in the blank control group and 18 animals in the EH group). For the EH group, ABR (tone burst stimuli) was conducted to evaluate the auditory responses of one-third (6 animals) of the animals, and LDV measurement was used for the other two-thirds (12 animals). For all EH groups (10, 20, and 30 days), the ABR measurements were conducted both before and after dehydration with mannitol. Bilateral ears were used in all measurements.

For the LDV measurements, the twelve animals in each EH group were divided into two subgroups, one for direct LDV measurement and the other for vibrometry after mannitol treatment. An operation is necessary for LDV measurement, making it hard to keep the animals healthy if further mannitol treatments are followed, which may influence the effect of dehydration. The ABR and LDV results were also obtained as baselines by the blank control groups. Figure 1 and Table 1 give a flowchart and roadmap of the experimental program.
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FIGURE 1. The experimental design.



TABLE 1. A flowchart of the experimental procedure.
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After the measurements, the animals were sacrificed using an overdose of anesthetic. The cochleas were sectioned and stored in 10% polymerized formaldehyde or 2.5% glutaraldehyde for further histography.

The research program follows the principles of the guidelines for care and use of laboratory animals and was approved by the Ethics Committee of the Eye and ENT Hospital of Fudan University.



Endolymphatic Hydrops Model and Mannitol Treatment

As several studies report the importance of the endolymphatic sac and further confirm its function of regulating endolymph (Baluk et al., 2007; Swinburne et al., 2018), we used desmopressin without combining surgery to create our EH models.

The EH guinea pig model was conducted by intraperitoneal injection of desmopressin acetate (T5144, CAS: 62288-83-9, TargetMol, United States), once a day, at a dose of 8 μg/kg weight. The dose of desmopressin reported to induce EH models was variable, but there was evidence supporting increasing dosage and injection days can provide a more severe EH status in animal models at a low dose level (Takeda et al., 2000; Katagiri et al., 2014). The dose of 4–6 μg/kg weight has been widely used for EH guinea pigs modeling (Degerman et al., 2019; Jiang et al., 2019). Considering the potential for long-time medication tolerance, we increased the dose of desmopressin for our animal models (Takeda et al., 2000). To create an EH model with different levels of severity, the duration of model creation was 10, 20, and 30 days for the 10-, 20-, and 30-day EH groups, respectively.

Different kinds of hyperosmolar dehydration agents, such as glycerol, urea, isosorbide, sodium bicarbonate, and mannitol, were used to discuss their influence on the inner ears (Baldwin et al., 1992; Yazawa et al., 1998). Given the report of the rebound phenomenon of glycerol (Takeda et al., 1999) and the recent discovery of aquaporin-3 (also termed as aquaglyceroporin) in the labyrinthine membrane (Agre et al., 2002; Beitz et al., 2003), we chose mannitol as the dehydration agent applied in this study. The percentage of mannitol used in research varies from 10 to 40% (Larsen et al., 1982; Baldwin et al., 1992; Yazawa et al., 1998; Morawski et al., 2003; Le and Blakley, 2017). A high dose of mannitol would cause a lethal effect, while a low dose may not ensure sufficient dehydration. In our experiment, the dehydration treatment was fulfilled by the intravenous injection of an 18% mannitol-saline solution at a safer dose of 0.5 g/kg. The dose and concentration were chosen by experience. During the dehydration process, the infusion rate was set slow, and the measurement started approximately an hour after the full dose of mannitol was given.



Auditory Brainstem Responses Measurement

Before the ABR measurement, the animals were anesthetized with an intramuscular injection of ketamine hydrochloride (40 mg/kg) and xylazine hydrochloride (10 mg/kg).

The ABR measurements were conducted in a soundproof, electromagnetically shielded room. The measurements were conducted using the RZ6/BioSigRZ system (Tucker-Davis Technologies, Alachua, FL, United States). Electrodes were inserted into the skin, one electrode at the vertex for signal recording and two electrodes at the bilateral mastoids as reference and ground. Repeated tone bursts (5 ms duration, 0.5 ms rise-fall time, Blackman envelope) were presented by a closed-field speaker at a rate of 21 stimuli/s. The test frequency points are 2, 4, 8, 16, 24, and 32 kHz. The sound-intensity level ranges from 20 to 90 dB sound pressure level (SPL) at an interval of 5 dB. ABR responses were recorded and averaged after 1,024 stimuli. The threshold for each frequency point was determined typically by the ABR I, III, and V waves.



Laser Doppler Vibrometer Measurement

The vibration of the RWM was measured to evaluate the hearing function of normal, EH-modeled, and mannitol-treated guinea pigs. The feasibility of using RWM vibration as a measure of auditory function has been previously proven (Zhang et al., 2019).

The guinea pig was anesthetized using an intramuscular injection of ketamine hydrochloride (40 mg/kg) and xylazine hydrochloride (10 mg/kg). For the duration of the surgery, the animal was placed on a heating blanket to maintain its body temperature. Bilateral auricles were partially removed, and the dorsal auditory bulla was opened to sufficiently expose the RWM (Figure 2A). A reflective tape (0.2 × 0.2 mm2, < 0.01 mg Polytec, Germany) was carefully placed on the center of the RWM. The tympanic membrane and the ossicular chain were kept intact.
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FIGURE 2. The LDV measurement. (A) The surgical exposure was photographed via a dissecting microscope. The tympanic ring and round window membrane (RWM), with a radius of 0.5–0.6 mm, are seen from the opened middle ear cavity (right ear of tested guinea pig). (B) A sketch of the measurement system. The RWM velocity was measured via a compact LDV, and the signal was acquired by an AD card (NI-9234) and analyzed by an in-house MATLAB program.


Figure 2B illustrates the setup of the LDV system. The experiment was conducted in a soundproof chamber with < 30 dB SPL noise floor. The animal was placed on a platform. An insert earphone (ER-4PT, Etymotic, United States) was inserted into the ear canal, coupled with a tiny sound pressure probe (ER-7C, Etymotic, United States). Pure tones at 85 dB SPL in the frequency range of 0.5–10 kHz (5 points/octave) were produced by the earphones, driven by a power amplifier (Type 2718, B&K, Denmark) connected with a signal generator (NI 9263, National Instruments, United States). The tip of the pressure probe was positioned approximately 2 mm from the tympanic membrane to accurately monitor the input sound pressure.

An LDV (CLV 2534-4, Polytec, Germany) was adopted to measure the vibration of the RWM. The measuring laser beam generated by the device was controlled so that the measuring angle was greater than 70°. The RWM velocity (sensitivity: 2 mm/s/V) and input sound pressure (sensitivity: 20 Pa/V) were simultaneously recorded using a four-channel data acquisition card (NI9234, sampling rate: 51.2 kHz, National Instruments, United States). Two channels were used. An in-house MATLAB code was developed for measurement control, data acquisition, and analysis. The FFT algorithm was used to obtain the velocity amplitude and sound pressure.



Histological Section

For histology, specimens (stored in 10% polymerized formaldehyde at 4°C) were decalcified in 10% ethylenediaminetetraacetic acid (EDTA), dehydrated with 15 and 30% sucrose solution, and coated with Optimum Cutting Temperature (OCT) compound. Then the cochlea was frozen and sectioned in the plane parallel to the modiolus (section thickness: 8 μm), followed by hematoxylin and eosin (H&E) stain.

For scanning electron microscopy (SEM), during specimen collection, the apical of the cochlea and RWM were opened, poured, and fixed with 2.5% glutaraldehyde at 4°C for 48 h. Then the membranous labyrinth was fully exposed. All other tissues were removed, leaving only the basement membrane, fixed in osmium tetroxide solution, and treated with tannic acid. Finally, the specimens were dehydrated with alcohol, dried, sprinkled with gold, and observed by a scanning electron microscope (SU8010, HITACHI, Toyko, Japan).



Data Processing

For sections, since the EH model is induced by desmopressin, the SAM ratio is not suitable for our case. We provided changes in the angle formed by Reissner’s membrane and basilar membrane (BM) to reflect the severity of EH and response to mannitol. For LDV measured data, the RWM velocity amplitude was converted to peak-to-peak displacement according to the mathematical relation: Upeak-to-peak = V/(π⋅f) (where Upeak−to−peak is the peak-to-peak displacement, V is the velocity amplitude, and f is the frequency). Then the displacement is normalized by the sound pressure near the tympanic membrane. To statistically analyze the displacement and ABR threshold, the mean and standard deviation (SD) were calculated for each group. Two-tailed Student t-tests were used for data comparison, and p-values of < 0.05 were considered as a significant difference.




RESULTS


Observation of Tissue Sections of the Cochlea in Ears With Endolymphatic Hydrops

Figure 3 presents the H&E stained section of the cochlea for the EH groups and the blank controlled group (more section samples are presented in Supplementary Appendix). Turn 2 was shown. In the control group (Figure 3A), the Reissner’s membrane (RM) did not deform so that the membrane and the BM formed a sharp angle. However, the RM bulged toward the scala vestibula (SV) in the EH groups (Figures 3B–D). The tissue of RM deformation became more significant with the duration of EH, indicating an increase in EH severity. These observations, consistent with the previous reports (Katagiri et al., 2014), verified our EH models.
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FIGURE 3. Section of cochlear turn 2 of normal, EH-modeled, and dehydration-treated guinea pigs. In the control group (A), the Reissner’s membrane (RM) and the organ of Corti are in the normal position, and the RM and BM form a sharp angle (approximately 45°). In the EH groups (B–D), the RM are bent, and the deformation becomes remarkable as the EH goes severe. (E–G) The dehydration effect where the RM is partly restored. Some distortion of the RM and the organ of Corti are shown.


Figures 3E–G shows turn 2 of the cochleae after dehydration. Compared with the non-dehydration results, a significant volumetric change in the scala media (SM) was shown, and in the EH 10- and 20-day groups, the RM nearly relocated to its normal location, indicating the effectiveness of mannitol treatment. Slight foldings and distortions of the RM were observed (Figures 3E–G and Supplementary Figure 1). Additionally, some cases showed the deformation of the organ of Corti (Figures 3F,G). The mean and SD of the angle between RM and BM were calculated and shown in Table 2 (sections were used to calculate the mean of the angle, thus forming the sample number of 8).


TABLE 2. The angle between RM and BM of turn 2 in each group (N = 8).

[image: Table 2]


Effect of Endolymphatic Hydrops and Dehydration Treatment on Auditory Brainstem Responses Measurement

Auditory brainstem response thresholds of all groups are presented in Figure 4. Figure 4A plots the ABR thresholds in the EH groups of different severity, together with the result of the control group as a baseline. In the EH 10-day group, the mean thresholds increased by approximately 10 dB, mainly at low frequencies (2, 4, and 8 kHz). In the EH 20-day group, high-frequency thresholds also increased significantly (by 10–15 dB at 16, 24, and 32 kHz, p < 0.05), but low-frequency thresholds were still more prominent (with an increase of 20–30 dB at 2–8 kHz, p < 0.05). In the EH 30-day group, the ABR thresholds increased over a broad frequency range (by approximately 30 dB at 2–32 kHz, p < 0.05).


[image: image]

FIGURE 4. The ABR thresholds change. (A) The ABR thresholds in the control, EH 10-, 20-, and 30-day groups, presenting with mean and SD; as the degree of EH became more severe, the thresholds increased. (B–D) The ABR threshold differences between the EH groups and the dehydration groups of 10, 20, and 30 days, compared with the control group.


The mannitol dehydration treatment effect on ABR thresholds is shown in Figures 4B–D, with each sub-figure corresponding to EH 10-, 20-, and 30-day groups, respectively. Compared with non-dehydration status, the ABR thresholds at the low-frequency range of EH 10-day had remarkable improvements (9.1 dB SPL at 2 kHz, 5.0 dB SPL at 4 kHz, and 5.4 dB SPL at 8 kHz; Figure 4B, p < 0.05) and almost went back to normal. In the EH 20-day group, significant improvements of approximately 10 dB (p < 0.05) were observed in all frequencies. The improved thresholds were still notably higher than that of the normal baseline (refer to Figure 4C). In the EH 30-day group, the ABR thresholds were not changed after mannitol injection (except for a slight improvement at 2 kHz), indicating the ineffectiveness of dehydration treatment (refer to Figure 4D).



Effect of Endolymphatic Hydrops and Dehydration Treatment on Round Window Membrane Vibration

Figure 5A shows the mean peak-to-peak displacement and SD of RWM in the control and EH 10-, 20-, and 30-day groups. For the normal baseline, the displacements generally decrease as frequency increases in the range of 0.5–10 kHz. The most reduction occurred at 1–5 kHz and the plateau had been reached at above 7 kHz, which coincide with the reported data (Zhang et al., 2019). In the EH 10-day group, there existed a slight reduction (approximately 10 dB) in RWM displacement at 0.5–4 kHz (11.3 dB at 0.5 kHz). For the EH 20-day group, the RWM displacement significantly decreased at the frequency range of 0.5–10 kHz (at approximately 15 dB). In the EH 30-day group, a further reduction of 15–20 dB was observed.


[image: image]

FIGURE 5. The RWM peak-to-peak displacements in the dB scale. (A) The RWM peak-to-peak displacement in the control group and the EH 10-, 20-, and 30-day groups, presenting with mean and SD. The displacements are normalized by sound pressure in the ear canal. (B–D) The RWM peak-to-peak displacement differences in the 10-, 20-, and 30-day EH groups before and after dehydration treatment, compared with the normal baseline.


After dehydration treatment, the RWM vibration is shown in Figures 5B–D. In the EH 10-day group, the peak-to-peak displacement of RWM nearly went back to its normal range and was slightly higher than normal at 4–10 kHz (less than 4 dB, p < 0.05). In the EH 20-day group, the peak-to-peak displacements also showed a great improvement. However, at the range of 0.5–1 kHz, the recovery exhibited a mild reduction, compared with the normal curve (Figure 5C). In the EH 30-day group, the improvements were 3–8 dB, which was still 10–15 dB worse than the normal cases, suggesting the limited effect of dehydration therapy (Figure 5D).



Observation of Outer Hair Cells of the Cochlea in Ears With Endolymphatic Hydrops

Figure 6 shows the SEM observations of outer hair cells (OHC) in the EH 10-, 20-, and 30-day groups. Turns 2 and 3 were presented. In the EH 10-day group, the stereocilia of outer hair cells in turn 2 (Figure 6A) have already exhibited slight swelling and lodging, and accidental loss of stereocilia has been noticed. However, the OHC remains intact at turn 3 (Figure 6B). In the EH 20-day group, the damage of stereocilia of OHC in turn 2 (Figure 6C) is very obvious, and the lodging and collapse of stereocilia have started to show up in turn 3 (Figure 6D). The changes in OHC were most prominent in the EH 30-day groups. The injury to OHC was more severe compared with the EH 20-day group in both turns (Figures 6E,F), and collapse of cilia and swelling inner hair cells (IHC) have started to appear (Figures 6E,F). Those finding indicating sensation dysfunction in severe EH may be the explanation of poor response to mannitol in the EH 30-day group.
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FIGURE 6. The SEM observation of OHC in the EH 10-, 20-, and 30-day groups. (A,C,E) Turn 2 of the cochlea in the EH 10-, 20-, and 30-day groups. (B,D,F) Turn 3 of the cochlea in each group accordingly.





DISCUSSION


The Hearing Loss in Endolymphatic Hydrops Animal Models

Animal models are commonly used in identifying and characterizing the pathophysiology of EH. Current existing animal models can resemble the dilation of SM and low-frequency hearing loss. It is widely accepted that the EH animal models, created through surgical operation, medication application, or their combination, can reproduce the chronic phase of MD (Seo and Brown, 2020).

The EH surgical model was created via ablation of the endolymphatic duct and endolymphatic sac by electrocauterization. It produces reliable EH models, but the permanent surgical damage and irreversible hearing loss limit its feasibility in studying the curative effect (Horner, 1991). The EH medication models are created with injections of low-dose vasopressin (VP), desmopressin, or aldosterone. In hydropic cochleae confirmed by X-ray micro-tomography (micro-CT), desmopressin influences all frequency ranges of the cochlea but is more prominent at low frequencies (Takeda et al., 2000; Chihara et al., 2013; Katagiri et al., 2014).

A similar phenomenon was observed in our EH model experiments. The ABR results showed that the hearing loss started at low frequencies (the EH 10-day group) and progressed to higher frequencies (the EH 20- and 30-day groups, refer to Figure 4A). Note that the large variations in our ABR results may be caused by individual differences in response and the vasopressin escape phenomenon (Ecelbarger et al., 1998).

The increasing hearing losses were also reflected by the reduction of RWM vibrations (refer to Figure 5A). A positive correlation was found between the reduction of the RWM vibration and the severity of EH. However, the vibration reductions were not frequency-sensitive compared with the ABR results. The RWM vibration, different from ABR thresholds, is an evaluation of the mechanical influence of EH. This may cause the inconsistency between ABR and LDV results.



The Effect of Dehydration Therapy on Endolymphatic Hydrops

In clinical trials, dehydration agents (e.g., mannitol, isosorbide, and glycerol) are commonly used in the diagnosis and treatment of MD (Kakigi et al., 2004), as their influences on hearing improvement have been confirmed by clinical trials and research (Filipo et al., 1997; Degerman et al., 2019). The impacts of dehydration agents in animal models have usually been analyzed by tissue section or micro-CT. Among those studies, common morphological changes such as folding of the distended RM and deformation of the organ of Corti have been observed and reported (Egami et al., 2016). In our study, those morphological changes were also noticed (Figures 3F,G).

Hearing restoration after dehydration treatment was also evaluated in this study. As shown in both ABR (Figures 4B–D) and RWM vibration (Figures 5B–D) results, the hearing loss was nearly fully recovered after dehydration in the EH 10-day group and partly recovered in the EH 20-day group. In the EH 30-day group, the hearing loss was sustained. Considering the remarkable OHC injury in the EH 30-day group (Figures 6E,F), at that time, the causes of hearing loss may be transferred from conductive dysfunction to sensory impair, restoring of conductive function by dehydration is not enough to improve hearing.



Conductive and Sensorineural Hearing Loss

Typically, patients with MD experience fluctuating low-frequency hearing loss followed by medium- to high-frequency involvement. Gluth (2020) reviewed the hypothesis for MD development. The mechanical effect of high endolymphatic pressure affects cochlear conductive problems and damages the sensory hair cells, resulting in sensation dysfunction. The same damage to hair cell stereocilia in our study was also reported in many EH animal models (Momin et al., 2010; Jia et al., 2012; Ding et al., 2016).

Our results support this assumption. In the EH 10-day group, the injury stereocilia of OHC at turn 2 is minimal, and turn 3 is almost normal. The RWM vibration decreased by 7.6, 15.0, and 7.0 dB at 2,4, and 8 kHz, respectively (referring to normal range in Figure 5B), which were similar to ABR threshold changes (10.8, 7.9, and 7.1 dB at 2, 4, and 8 kHz, respectively, refer to Figure 4B). In the EH 20-day group, the hearing loss evaluated by RWM vibration was 15.2, 15.8, and 13.5 dB at 2, 4, and 8 kHz, respectively (Figure 5C), while the ABR threshold elevation was significantly higher (27.5, 20.8, and 17.1 dB at 2, 4, and 8 kHz, respectively, refer to Figure 4C). The gap was even more significant in the EH 30-day group. The ABR increases were 31.3, 27.1, and 25.0 dB, and the LDV results were 20.9, 22.4, and 16.6 dB at 2, 4, and 8 kHz, respectively (Figures 4D, 5D). For long-time EH models, the hearing loss evaluated by ABR was higher than that by RWM vibration, which is consistent with OHC stereocilia injury (Figures 6C–F).

The RWM vibration is a measurement of cochlear impedance, representing the conductive dysfunction component in acoustic transferring, while the ABR change is a sum of the conductive and sensation dysfunction. Therefore, the gap between ABR and RWM vibration may represent the SNHL. In our study, there is no gap in the EH 10-day animal models, indicating minimal SNHL at that time. However, the gap occurs in the EH 20- and 30-day groups, suggesting an increasing sensorineural component. Therefore, the dehydration treatment shows a significant curative effect in the EH 10- and 20-day groups (Figures 3B, 4B) while less effective in the EH 30-day group (Figures 3C,D, 4C,D).



Endolymphatic Hydrops-Induced Cochlear Damage

Besides the dislocations of RM in EH, the BM may also deform (Xenellis et al., 2004) as shown in Figure 3, caused by the pressure difference between SM and scale tympani. However, the BM deformation is quite small, and sectioning observations may not be solid evidence of BM deformation since slight deformation may also be caused during the sectioning. The BM deformation in EH has been numerically calculated using finite element analysis (Lee and Koike, 2017; Areias et al., 2021). The numerical analysis also predicts a low-frequency conductive hearing loss caused by BM deformation.

There are also assumptions that the EH-induced BM deformation may damage the sensory cells and cause SNHL. Lee and Kalinec (2016) measured the deformation of the organ of Corti in acute guinea pig EH models. They observed a significant decrease in the average area and height of the organ of Corti in the apical turn. They found that the lengths of OHC and Deiters’ cells in the apical turn were significantly reduced. Lee suggested that the compression and deformation of the organ of Corti may decouple the tectorial membrane and stereocilia. However, in vivo observations need further solid evidence. Optical coherence tomography may be a promising technique (Liu et al., 2017; Badash et al., 2021).



Limitations of This Study

The first limitation of this study is the mismatch between the frequency range in ABR and LDV measurements. The LDV measurement range was 0.5–10 kHz. Frequencies beyond this interval had not been surveyed, so the paired frequencies in ABR thresholds and RWM vibrations were restricted to 2–8 kHz. Second, mannitol injection is used in the diagnosis of MD in clinical practice instead of treatment due to severe side effects. However, it does not affect the conclusion of this study.




CONCLUSION

This study investigated the development of hearing loss in guinea pig EH models as well as the effect of dehydration treatment. By combining analogical observations (frozen section) and objective measurements of hearing loss (ABR and LDV measurement of RWM vibration), we are able to obtain an overview of the development of hearing loss in EH, both mechanically and biologically. The main conclusions of this study are as follows:


1.EH-induced hearing loss progressed with the development of EH; it starts at low frequencies and later involves medium to high frequencies.

2.EH increases the cochlear impedance, causing conductive dysfunction. This dysfunction can be cured by dehydration treatment at an early stage. But the irreversible sensorineural component becomes significant for long-time EH.

3.Early dehydration treatment is suggested for preserving hearing.
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Total (n = 313)

Continuous variable, mean (SD)

Age (years) 40.2 (12.8)
Dominant tinnitus pitch (Hz) 4866.8 (2579.6)
Tinnitus loudness (dB SL) 9.1(5.2
Tinnitus duration (months) 30.7 (63.7)
THI score 31.0 (28.3)
AlIS score 5.9 (6.3
FTQ score 8.1 (4.0
Categorical variable, n (%)

Sex

Male 170 (54.3%)
Female 143 (45.7%)
Education

Below high school 95 (30.4%)
High school or technical school 69 (22.0%)
College degree or above 149 (47.6%)
Tinnitus position

Left ear 66 (21.1%)
Right ear 57 (18.2%)
Bilateral ears 185 (59.1%)
In head 5 (1.6%)
Tinnitus severity

Grade | 5(1.6%)
Grade I 124 (39.6%)
Grade Il 140 (44.7%)
Grade IV 44 (14.1%)
Tinnitus condition

Intermittent 45 (14.4%)
Continuous 268 (85.6%)

<500 Hz (n = 34)

40.9 (13.9)
397.1 (124.9)
10.9 (6.1)
25.8 (38.4)
30.5 (19.8)
8(6.7)
9 3.5

11 (32.4%)
23 (67.6%)

15 (44.1%)
8 (23.5%)
1 (32.4%)

1 (32.4%)

8 (23.5%)

15 (44.1%)
0(0)

1 (2.9%)

12 (35.3%)
17 (50.0%)
4(11.7%)

8(23.5%)
26 (76.5%)

500-3,000 Hz (n = 15)

36.0 (15.4)
1869.3 (484.4)
121 (9.1)

2 (13.3%)
4 (26.7%)
9 (60.0%)

1 (6.7%)
3 (20.0%)

10 (66.7%)
1 (6.6%)

0(0)
6 (40.0%)
7 (46.7%)
2 (13.3%)

4 (26.7%)
1(73.3%)

3,000-8,000 Hz (n = 259)

40.6 (12.4)

1
1

5526.6 (1978. 3)

2.
5(4.6
314(5 )
310(23 6)
8(5.3)
0(4.0)

1560 (67.9%)
109 (42.1%)

78 (30.1%)
55 (21.2%)
126 (48.7%)

53 (20.5%)

46 (17.8%)

156 (60.2%)
4 (1.5%)

4 (1.5%)

103 (39.8%)
114 (44.0%)
38 (14.7%)

32 (12.4%)
227 (87.6%)

>8,000 Hz (n = 5)

25.6 (13.1)
1,0080 (0)
16.0 (6.5)
24.4 (23.5)
21.2(17.5)
3(3.7)
6.4 (4.3)

3 (60.0%)
2 (40.0%)

0(0)
2 (40.0%)
3 (60.0%)

1(20.0%)

1(20.0%)

3 (60.0%)
0(0)

000
3 (60.0%)
2 (40.0%)
0(0)

1(20.0%)
4 (80.0%)

The bold values represent the variable items compared between the four subgroups. n means number and SD means standard deviation.

*P < 0.05.

p-value

0.037*
/
<0.001*
0.940
0.716
0.454
0.306

0.025"

0.166

0.334

0.965

0.089
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Frequency Hearing thresholds [mean (SD), dB HL]

Control (n = 71) <500 Hz (n = 34) 500-3,000 Hz (n = 15) 3,000-8,000 Hz (n = 259) >8,000 Hz (n = 5)
250 Hz L 10.4 (4.7) 24.6 (18.4) 17.3(3.7) 17.5 (6.1) 19.0 (7.4)
R 10.9 (4.9) 20.0 (5.9) 19.0 (3.4) 17.0 (4.9 15.0 (6.0)
500 Hz L 10.8 (5.0) 20.0 (7.4) 16.0 (3.4) 16.9 (4.4) 18.0 (5.7)
R 10.8 (3.9) 18.8 (4.8) 18.0 (3.7) 16.9 (4.3 16.0 (4.2)
1,000 Hz L 10.4 (3.9 16.3 (4.3) 16.0 (7.1) 15.8 (4.1) 15.0 (3.5)
R 10.9 (3.9) 16.9 (4.4) 14.7 (3.0) 15.7 (3.8) 14.0 (4.2)
2,000 Hz L 10.6 (3.3) 156.3 (4.8) 14.7 (4.4) 16.2 (6.1) 16.0 (5.5)
R 10.8 (3.4) 15.7 (5.5) 15.7 (3.7) 15.5 (4.5) 16.0 (6.5)
4,000 Hz L 11.9 (6.4) 18.2 (6.4) 23.0(11.9) 22.5(10.0) 27.0(12.5)
R 11.6 (4.1) 19.1(8.4) 22.0(12.6) 21.9(9.9) 18.0 (5.7)
8,000 Hz L 12.9 (4.6) 27.1(16.7) 25.0(13.0) 27.2 (14.1) 34.0(16.4)
R 12.5 (4.6) 24.9 (14.0) 23.7 (11.1) 27.9(14.9) 42.0 (29.7)
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Female (N = 86516)

Male (N = 72295)

P-interaction

OR (95% CI) P OR (95% Cl) P
PMz 5 0.86 (0.61-1.22) 0.406 1.19 (0.83-1.69) 0.346 0.191
PMio 1.16 (0.98-1.38) 0.085 1.15 (0.97-1.37) 0.118 0.914
PM, 5 absorbance 1.10 (0.98-1.23) 0.112 1.07 (0.95-1.21) 0.261 0.920
NOx 1.01(0.98-1.02) 0.879 1.03 (1.01-1.05) 0.011 0.061
NO2 1.02 (0.97-1.06) 0.489 1.05 (1.00-1.09) 0.049 0.216

Abbreviations: OR, odds ratio; Cl, confidence interval;, PM, particulate matter; NO», nitrogen dioxides; NOx, nitrogen oxides.

All models were adjusted for age, race, education, employment, smoking, drink frequency, body mass index, physical activity, glycosylated hemoglobin, total cholesterol,

and vascular disease (heart attack, stroke, angina, and hypertension).
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<50 (N = 40,978)

51-60 (N = 53,844)

>60 (N = 63,989)

P-interaction

OR (95% ClI) P OR (95% CI) P OR (95% CI) P
PMz 5 1.74 (0.96-3.14) 0.067 1.02 (0.66-1.59) 0.918 0.80(0.57-1.13) 0.198 0.013
PM1o 1.62 (1.20-2.18) 0.002 1.15(0.92-1.43) 0.215 1.04 (0.88-1.23) 0.647 0.005
PM, 5 absorbance 1.32(1.08, 1.61) 0.006 1.04 (0.89-1.21) 0.626 1.05 (0.93-1.18) 0.417 0.029
NOx 1.04 (1.01-1.08) 0.014 1.02 (0.99-1.05) 0.247 1.00 (0.98-1.02) 0.921 0.005
NO2 1.09 (1.01-1.17) 0.031 1.08 (0.97-1.09) 0.292 1.01 (0.97-1.06) 0.641 0.017

Abbreviations: OR, odds ratio; Cl, confidence interval;, PM, particulate matter; NO», nitrogen dioxides; NOx, nitrogen oxides.
Allmodels were adjusted for gender, race, education, employment, smoking, drink frequency, body mass index, physical activity, glycosylated hemoglobin, total cholesterol,

and vascular disease (heart attack, stroke, angina, and hypertension).
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Low (N = 58324) High (N = 94414) P-interaction

OR (95% Cl) P OR (95% ClI) P
PMz 5 1.056 (0.69, 1.61) 0.823 0.84 (0.62, 1.14) 0.271 0.403
PM1o 1.20 (0.97, 1.49) 0.086 1.14 (0.98, 1.32) 0.094 0.688
PM, 5 absorbance 1.10 (0.95, 1.27) 0.191 1.10 (0.99, 1.22) 0.060 0.902
NOx 1.02 (0.99, 1.05) 0.147 1.01 (0.99, 1.03) 0.498 0.300
NO2 1.04 (0.99, 1.10) 0.161 1.02 (0.98, 1.06) 0.315 0.377

Abbreviations: OR, odds ratio; Cl, confidence interval; PM, particulate matter; NO», nitrogen dioxides; NOy, nitrogen oxides.

All models were adjusted for age, gender, race, education, employment, smoking, drink frequency, body mass index, physical activity, glycosylated hemoglobin, total
cholesterol, and vascular disease (heart attack, stroke, angina, and hypertension).

This subgroup included 152,738 participants because of the missing data of dietary information for 6,073 participants.
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Model 1 Model 2 Model 3

OR (95% CI) P OR (95% Cl) P OR (95% CI) P

PMos 2.03 (1.73-2.40) <0.001 3.02 (2.56-3.57) <0.001 1.01 (0.79-1.29) 0.970
PM1o 1.64 (1.51-1.78) <0.001 1.82 (1.67-1.97) <0.001 1.15 (1.02-1.30) 0.023
PMj 5 absorbance 1.48 (1.40-1.56) <0.001 1.67 (1.59-1.77) <0.001 1.08 (0.99-1.18) 0.063
NO 1.06 (1.05-1.07) <0.001 1.09 (1.08-1.10) <0.001 1.02 (1.001-1.03) 0.040
NO, 117 (1.14-1.19) <0.001 1.24 (1.21-1.26) <0.001 1.03 (1.01-1.06) 0.044

Abbreviations: OR, odds ratio; Cl, confidence interval; PM, particulate matter; NOo, nitrogen dioxides; NOy, nitrogen oxides.

Model 1: unadjusted.

Model 2: adjusted for age and gender.

Model 3: adjusted for age, gender, race, education, employment, smoking, drink frequency, body mass index, physical activity, glycosylated hemoglobin, total cholesterol,
and vascular disease (heart attack, stroke, angina, and hypertension).
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Normal hearing Hearing impairment P
N 139,930 18,881
Age (years), mean (SD) 56.21 (8.13) 60.13 (7.40) <0.001
Gender (%) 0.004
Female 76,414 (54.6) 10,102 (53.5)
Male 63,516 (45.4) 8,779 (46.5)
Race (%) <0.001
White ethnicity 129,996 (93.2) 15,637 (83.3)
Mixed ethnicity 1,053 (0.8 137 (0.7)
Asian ethnicity 3,641 (2.5 1,328 (7.1)
Black ethnicity 3,019 (2.2 1,026 (5.5)
Chinese ethnicity 462 (0.3) 123 (0.7)
Other ethnicity 1,336 (1.0 523 (2.8)
Education (%) <0.001
Other professional qualification 7,113 (6.9 1,191 (8.6)
College or university degree 48,983 (40.7 5,098 (36.8
O level/GCSEs or equivalent 30,497 (25.4 3,580 (25.9
CSEs or equivalent 8,280 (6.9 845 (6.1)
A/AS levels or equivalent 16,528 (13.7 1,670 (12.1
VQ or HND or HNC or equivalent 8,876 (7.4 1,465 (10.6
Employment (%) <0.001
npaid employment or self-employed 81,816 (59.0 7,467 (40.1
Retired 44,969 (32.4 9,136 (49.1
Looking after home and/or family 4,195 (3.0) 474 (2.5
Unable to work because of sickness or disability 3,575 (2.6) 883 (4.7
Unemployed 2,996 (2.2) 478 (2.6
Doing unpaid or voluntary work 678 (0.5) 115 (0.6
Full-time or part-time student 384 (0.3) 66 (0.4)
BMI (%), kg/m? <0.001
Underweight 721(0.5) 121 (0.6
ormal weight 46,225 (33.2 5,590 (30.0
Overweight 58,610 (42.1 7,817 (41.9
Obesity 33,648 (24.1 5127 (27.5
Smoke (%) <0.001
Never 77,310 (65.4) 10,140 (54.0)
Previous 48,353 (34.7, 6,572 (35.0
Current 13,839 (9.9) 2,054 (10.9
Drink frequency (%) <0.001
Daily or almost daily 29,132 (20.8 3,327 (17.7
Three or four times a week 32,246 (23.1 3,443 (18.3
Once or twice a week 35,588 (25.5 4,367 (23.2
Occasional drinkers 32,275 (23.1 5,095 (27.0
Never 10,551 (7.5) 2,609 (13.8
Physical activity (%) 0.061
Low 20,316 (17.6 2,658 (18.1
Moderate 46,945 (40.7, 5,839 (39.7
High 48,013 (41.7, 6,198 (42.2
HbA1c, mean (SD), mmol/mol 36.02 (6.50) 37.55 (8.10 <0.001
TC, mean (SD), mmol/L 5.71 (1.14) 5.60 (1.20) <0.001
Vascular problems (%) <0.001
one 10,0638 (73.8) 11,826 (64.9)
Hypertension 29,376 (21.5) 4,868 (26.7)
Heart attack, angina, or stroke 3,184 (2.3) 703 (3.9)
High blood pressure and heart attack, angina, or stroke 3,235 (2.4) 813 (4.5)
Air pollution
PMz 5, mean (SD), pg/m® 9.88 (0.91) 9.94 (0.95) <0.001
PM1o, mean (SD), pg/m? 16.28 (1.82) 16.45 (1.85) <0.001
PMo 5 absorbance, mean (SD), per-meter 1.21(0.27) 1.24 (0.29) <0.001
Oy, mean (SD), pg/m3 43.52 (14.44) 44.92 (15.83) <0.001
Oy, mean (SD), pg/m? 26.88 (7.21) 27.72 (7.70) <0.001

Abbreviations: N, number; SD, standard deviation;, GCSEs, general certificate of secondary educations; CSEs, certificate of secondary educations; NVQ, national
vocational qualification; HND, higher national diploma; HNC, higher national certificate; BMI, body mass index; HbATc, glycosylated hemoglobin; TC, total cholesterol,

PM, particulate matter; NOo, nitrogen dioxides; NOy, nitrogen oxides.
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Morphology change

Robust survival of transplant-derived cells in
the modiolus of the cochlea, but the majority
of grafted NSCs differentiated into glial cells

Transplanted cell was found in cochlea and
project neurites toward peripheral and central
nervous systems.

Transplanted cells were found close both to
the sensory epithelium, and the SGNs with
peripheral dendritic processes projecting to
the organ of Corti. Co-transplantation with
mDRGs increased SGNs survival.

A significant difference was identified in the
number of DRG neurons between the NGF
and non-NGF groups. Extensive neurite
projections from DRGs were found
penetrating the osseous modiolus toward the
spiral ganglion.

Transplanted cells expressed the neuronal
marker and were found close to the sensory
epithelium and adjacent to the SGNs and
their peripheral processes.

Small numbers of MESCs were detected in
the scala tympani for up to 4 weeks and a
proportion of these cells retained expression
of neurofilament protein.

SGNs and neuronal processes near the
sensory epithelium increased

Transplanted cells were able to survive in the
modiolus.

Transplanted cells showed characteristic of
both neuron tissues and the cells of the organ
of Corti. SGNs increased.

ESCs introduced into perilymph most
differentiated into glia-like cells. ESCs
transplanted into endolymph survived poorly.
50-75% of transplanted cells express
markers of early neurons, and a majority of
these cells had a glutamatergic phenotype.
Neurons derived from iPS cells projected
neurites toward cochlear hair cells.
Transplanted cells were found in the scala
tympani, the modiolus, the auditory never
trunk. BDNF increased cell survival and
neuronal differentiation.

Delivered hMSCs were largely entrapped in
the lungs; Recruitment of hMSCs was limited
to the spiral ganglion area

Increase in spiral ganglion and hair cells

Forming an ectopic spiral ganglion

NSCs migrated into RC with a high efficiency
and differentiated into neurons in a
degenerated SGN

Transplanted mMNSCs were more likely to
differentiate into neurons in SGN-degenerated
cochleae than in control cochleae

Significant SGN increase

UMSC cells were detected in SGNs, basal
membrane and Stria Vescularis

Significant SGN increase

Qe-NSC survived and migrated around the
SGNs in RC

miPSC could differentiate into hair cell-like
cells and spiral ganglion-like cells

The survival of transplant-derived neurons
was achieved when inflammatory
responses were appropriately controlled
Transplanted cells survival was poor

Transplanted cells were observed in the
cochlear perilymph, endolymph, and
modiolus, and some cells expressed neural
cell markers.

In deafened animals, the alginate-MSC
coating of the Cl significantly prevented
SGN from degeneration, but the injection of
alginate-MSCs only did not.

Transplanted hESC-derived ONP spheroids
survived and neuronally differentiated into
otic neuronal lineages and also extended
neurites toward the bony wall of the cochlea

Hearing outcome

Not mentioned

Significant
improvement in the
ABR thresholds

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

No improvement

Significant
improvement in the
ABR thresholds

improvement in the
ABR thresholds

Not mentioned

Not mentioned

Not mentioned

Detectible wave
change of ABR

improvement in the
ABR and DOPAE
thresholds

Hearing loss was
restored
No improvement

Not mentioned

Partially recovered
of ABR

No improvement

No improvement

Not mentioned
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treatment significantly enhanced SGN survival. CNTF did
not enhance the protective effect of BDNF.

significantly preserved SGNs in the basal turns

higher SGNs survival and lower Cl thresholds

Significantly reduced SGNs damage and improved
auditory function

significant preservation of SGNs and radial nerve fiber
survival

Significant greater number of SGNs and smaller ABR
threshold shift

Significant SGNs protection in the entire basal turn for the
1 week deaf group, in the lower basal turn for the 4 week
deaf group and no protection for the 8 week deaf group

Enhanced preservation of SGNs and pronounced
sprouting of nerve fiber

Sustain protection of SGNs and directed peripheral fiber
regrowth (4—11 weeks)

Regeneration of SGNs neurites

Long term protection of SGNs (6 months)

A transient elevation in NT levels can sustain the cochlear
neural substrate in the long term; BDNF was more
effective than NT3 in preserving SGNs

Long term protection of SGNs (5-14 months)
Significant SGNs synaptic protection
Improved SGNs and radial nerve fiber survival
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