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Editorial on the Research Topic
 Gene therapy for hearing loss: from mechanism to clinic




As the most prevalent sensory disorder, hearing loss causes patients a great deal of hardship and leads to a number of psychological and mental disorders. Such as the elderly individuals with presbycusis will causing social isolation, depressive symptoms and mild cognitive impairment. In addition, the cochlear hair cell loss and the degradation of auditory cortex are typical pathological alterations that lead to presbycusis. As pathological changes occur during the process of hearing loss, cognitive abilities and sound perception can be affected by lesions in the cochlea, auditory nerve, or auditory center. The common factors that can cause sensorineural hearing loss include genetic factors, medicines, infections, diseases, trauma, age, and the environment. With in-depth investigation of the pathophysiology of hearing disorders and enhancement of diagnosis and treatment technologies, gene therapy in hearing regeneration is gradually attracting our interest and is a future exploration direction. Gene therapy is a novel approach to preventing hair cell death, promoting hair cell regeneration and regulating the expression of genes associated with deafness. Remarkable advances have been made in gene therapy for hearing loss, but there are still many obstacles to overcome. New technologies and material applications will help us better understand the process of hearing loss and optimize the impact of gene therapy to restore auditory function. This Frontiers Research Topic entitled “Gene therapy for hearing loss: from mechanism to clinic” encompasses 11 manuscripts on the topic of gene therapy for sensorineural hearing loss, inner ear development regulation and clinical surgery treatment.

In the cochlea, inner ear cells are in charge of receiving acoustic signals and transmitting auditory information to the brain. Ribbon synapses can facilitate the conveying of signals to the appropriate spiral ganglion neurons by inner ear cells. However, hidden hearing loss (HHL) caused by ribbon synapse loss is usually ignored, and the mechanisms underlying ribbon synapse loss are largely unknown. Hou et al. conducted a series of experiments using an FGF22 knockout mouse model (Fgf22−/−) to explore the relationship between the Fgf22 gene and synaptic defects in HHL. The authors found that Fgf22−/− mice had lower wave I amplitudes at 8 and 16 kHz than Fgf22+/+ mice. However, the numbers of inner hair cells and ribbon synapses in Fgf22−/− mice was not significantly different from those in Fgf22+/+ mice. The authors found that FGF22 deletion may cause calcium channels to be more easily activated and cause Ca2+-triggered exocytosis in response to stimuli. The real-time PCR results showed that the synaptic vesicle-related proteins SNAP-25 and Gipc3 were significantly decreased in Fgf22−/− mice, which may affect the function of IHC ribbon synapses and induce HHL.

Endoplasmic reticulum (ER) stress is well-investigated in aminoglycoside-induced hearing loss, and ER stress inhibition exhibits a protective effect on aminoglycoside-induced ototoxicity. Wu et al. devoted much work to the protective role of pitavastatin (PTV), a new-generation lipophilic statin, on neomycin-induced hair cell loss. In in-vitro experiments, PTV protected not only HEI-OC1 cells but also cochlear explant cultures from hair cell damage caused by neomycin. In a mouse model, pretreatment with intraperitoneal injection of PTV prevented neomycin-induced hearing loss and hair cell damage. The authors further explored the mechanism underlying the protective effect of PTV and found that PTV could inhibit neomycin-induced apoptosis and ES under neomycin stimulation. In addition, PTV could inhibit PERK/eIF2α/ATF4 signaling to attenuate ER stress and inhibit the Rho/ROCK signaling pathway to protect against neomycin-induced ototoxicity.

Chen P. et al. reviewed the pathological mechanisms of connexin-26 (Cx26)-related hearing loss. Members of the Cx family play important roles in the cochlea, as these proteins can form gap junctions, which maintain the balance of ion and substance exchange between cells. The authors summarized two types of Cx26 transgenic mice, congenital deafness and late-onset progressive deafness model mice, and described the different pathological changes of these two models. Cxs are crucial for gap junction (GJ) combination, and Cx26 mutation disrupts the GJ system, which maintains stable endocochlear potential. The authors further explored the hypothesis that Cx26 deficiency causes cochlear potassium recycling dysfunction and put forth his own perspective. Furthermore, the authors discussed the crucial regulatory functions of Cx26 in the Ca2+ signaling pathway throughout the development of the inner ear. GJs play an important role in energy supply and glucose transport in the inner ear during development and hair cell (HC) survival. Mutations in Cx26 cause energy supply limitations and lead to Corti development disorder, OHC function decline and hearing failure.

Fei et al. introduced semicircular canal occlusion (SCO) to the treatment of vertigo in clinical and related basic research. SCO was initially applied to treat benign paroxysmal positional vertigo (BPPV). Later, semicircular canal fistula and Meniere's disease were also treated with SCO. The vertigo of most patients with Meniere's disease is controlled vertigo after SCO. The efficiency and safety of TSCO in the ear with endolymphatic hydrops were confirmed in animal models. Some patients with refractory BVVP who undergo posterior SCO show complete resolution of positional vertigo after long-term follow-up. However, some patients experience short-term hearing loss, which can recover within 6 months. Superior SCO is an ideal operation for treating superior semicircular canal dehiscence syndrome and has a low incidence of complications. Although the vertigo of most patients who undergo SCO is alleviated, there are still a few reports of hearing deterioration after SCO. Hence, further exploration is needed to determine the effect of SCO on hearing and vestibular function.

Adeno-associated virus (AAV) is a widely used vector for gene therapy in animal models and clinical trials. However, due to its packaging capacity, AAV cannot deliver a large gene or multiple genes. Therefore, a procedure for the cotransduction of dual-AAV vectors has been developed to solve these problems. Chen Z.-R. et al. tested the efficiency and safety profiles of cotransduced dual-AAV vectors in the vestibular sensory epithelium of mice. First, mixtures of dual-AAV-ie vectors with CGA or CMV promoters were injected into the adult and neonatal mouse inner ear. Compared with adult mice, the cotransduction rates in the striolar and extrastriolar region hair cells were significantly higher in neonatal mice. After diphtheria toxin administration to damage the utricle HCs, the authors found that the cotransduction rate increased in striolar and extrastriolar region HCs compared with those of control adult mice. Three months after dual-AAV-ie vector transduction, mouse auditory and vestibular functions were tested, and no significant effects were observed. The cotransduction efficiency was also maintained for 3 months in adult mice. This study provided a feasible safety profile for future gene therapies through the cotransduction of dual-AAV vectors into the vestibule.

G protein-coupled receptors (GPCRs) are the largest superfamily of mammalian cell surface receptors, and some of them are related to hearing disorders. Ma et al. reviewed 53 GPCRs expressed in the cochlea and offered a new GPCR-based medication development strategy for hearing loss therapy. In the manuscript, class A, class B2, class C and class F GPCRs in the cochlea and their functions are described. With the development of structural analysis, researchers have designed several GPCR structure-oriented drugs that target the complicated structure of GPCRs. With the exploration of cochlear gene therapy and GPCR-related gene therapy drugs that are applied in the treatment of other organ diseases, it is hoped that inner ear-oriented GPCR-related drugs will emerge in the near future.

Cochlear ribbon synapse maturation in postnatal mice requires morphological and functional modifications. Song et al. observed IHC ribbon synapse changes from P1-P28, and the data showed that the number of synapses undergoing pruning was accompanied by the activation and migration of macrophages. The expression of CX3CR1 was significantly associated with macrophage activation, and the expression level was increased at P7 and gradually decreased thereafter. Moreover, consecutive injection of a CX3CR1 inhibitor for 7 days after P7 showed that synapse pruning was affected, with impaired hearing in adulthood. Spiral neurons secreted CX3CL1 to recruit migrating macrophages at postnatal day 7. Exogenous supplementation with CX3CL1 activated synapse pruning and reduced the number of IHC ribbon synapses, and hearing was also impaired at P28. These results indicate that ribbon synaptic remodeling by macrophages via the CX3CL1/CX3CR1 axis occurs postnatally in mice prior to the onset of hearing and that this remodeling is essential for the development of hearing.

As a transient cellular cluster structure, Kölliker's organ (KO) plays a crucial role in cochlear development and degenerates during cochlear maturation. Chen J. et al. reviewed the morphological changes, biological functions and potential mechanisms for HC regeneration in KO. The structure of KO-SCs folds, cell gaps widen, and columnar cell numbers decrease and are replaced by cuboidal-like cells during maturation. The rhythmic morphological changes may be triggered by the intracellular Ca2+ concentration and contractile protein activation. Spontaneous ATP and Ca2+ release from KO-SCs is crucial for cochlear development, and KO-SCs secrete glycoproteins for tectorial membrane formation. Chen J. et al. also described the regulatory role of the apoptosis pathway, thyroid hormone signaling and autophagy in KO-SC programmed degeneration. Through the regulation of a variety of transcription factors and signaling pathways, KO-SCs can be a source of progenitor cells for hair cell regeneration in the early postnatal period, providing opportunities for the treatment of hearing disorders in the future.

Meng et al. compared the changes in vestibular function and hearing after different semicircular canal surgery techniques were performed for labyrinthine fistula treatment. In Group 1, the labyrinthine fistula was only partially covered with simple fascia when dexamethasone injection was administered. In Group 2, the labyrinthine fistula was capped with a “sandwich” composed of fascia, bone meal, and fascia. After surgery, several Group 1 patients experienced vertigo symptoms. The patients in Group 2 with type II labyrinthine fistulas showed short-term vertigo symptoms after surgery but no occurrences of vertigo during a long-term follow-up. For the patients with type I labyrinthine fistulas, there was no significant difference between bone conduction (BC) and air conduction (AC) thresholds or the A-B gap after surgery. However, for patients with type II labyrinthine fistulas, the recovery of the A-B gap in Group 2 was poorer than that in Group 1, but there was a significant recovery in hearing compared to preoperative hearing.

Mu et al. explored FOXG1-related epigenetic modifications that affect HC survival in cisplatin treatment. The expression of FOXG1 and the autophagy pathway were initially activated in both in vivo and in vitro models after cisplatin administration, and the expression decreased at high doses of cisplatin treatment. Subsequently, the authors found that the inhibition of FOXG1 and the autophagy pathway might be regulated by H3K9 methylation. Pretreatment with BIX01294, a G9a inhibitor that could transiently and reversibly inhibit H3K9me2 activity, reverse the inhibition of FOXG1 and autophagy and alleviate the HC damage and hearing loss induced by cisplatin. Interestingly, the authors also found that FOXG1 and H3K9me2 could affect the activation of the autophagy pathway by regulating autophagy-related miRNAs and affecting the ROS levels and apoptosis ratio changes in OC1 cells after cisplatin treatment.

Sun et al. provided a review of recent research progress in the role and regulation of autophagy and ferroptosis in the inner ear. As an important physiological process for metabolic waste degradation and reuse, autophagy plays a key role in maintaining normal cellular functions. In the auditory system, autophagy activation mostly promotes HC survival, such as in aging, ototoxic drug use and noise-related hearing loss. The autophagy pathway is regulated by many factors and signals, and this pathway needs to be further explored for deafness prevention. The authors also described ferroptosis regulation mechanisms in the auditory system and demonstrated that the prevention of ferroptosis activation had a protective effect on HCs during ototoxic drug exposure and aging-induced auditory cortex degeneration. Ferritinophagy, autophagy-induced ferroptosis, has recently attracted much attention from many researchers. Ferritinophagy is a kind of selective autophagy process that is mediated by NCOA4. NCOA4 induces the binding of autophagosomes and ferritin, and free Fe2+ increases with the degradation of ferritin and induces ferroptosis in cells. More studies are needed to clarify the mechanisms of ferritinophagy in the auditory system.

For this Research Topic, research on inner ear hair cell protection, ribbon synapses and organ of Corti development regulation and clinical middle ear surgery was collected. The content of this Research Topic includes recent research progress in the auditory system and the latest inner ear gene therapy methods and thus could provide a reference for further exploration of auditory disorders.
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Ribbon synapses are important structures in transmitting auditory signals from the inner hair cells (IHCs) to their corresponding spiral ganglion neurons (SGNs). Over the last few decades, deafness has been primarily attributed to the deterioration of cochlear hair cells rather than ribbon synapses. Hearing dysfunction that cannot be detected by the hearing threshold is defined as hidden hearing loss (HHL). The relationship between ribbon synapses and FGF22 deletion remains unknown. In this study, we used a 6-week-old FGF22 knockout mice model (Fgf22–/–) and mainly focused on alteration in ribbon synapses by applying the auditory brainstem response (ABR) test, the immunofluorescence staining, the patch-clamp recording, and quantitative real-time PCR. In Fgf22–/– mice, we found the decreased amplitude of ABR wave I, the reduced vesicles of ribbon synapses, and the decreased efficiency of exocytosis, which was suggested by a decrease in the capacitance change. Quantitative real-time PCR revealed that Fgf22–/– led to dysfunction in ribbon synapses by downregulating SNAP-25 and Gipc3 and upregulating MEF2D expression, which was important for the maintenance of ribbon synapses’ function. Our research concluded that FGF22 deletion caused HHL by affecting the function of IHC ribbon synapses and may offer a novel therapeutic target to meet an ever-growing demand for deafness treatment.

KEYWORDS
FGF22, ribbon synapse, hidden hearing loss, SNAP-25, Gipc3, MEF2D


Introduction

The mammalian cochlea consists of outer hair cells (OHCs) and inner hair cells (IHCs). OHCs amplify sound, thereby increasing the hearing sensitivity of the mammalian inner ear. In contrast, IHCs are responsible for capturing acoustic signals and delivering auditory information to the central nervous system. In mammals, the loss of hair cells cannot be spontaneously replaced, but the functional alteration can be rescued before hair cell loss (Jan et al., 2013; Li et al., 2016; Ni et al., 2016; Waqas et al., 2016; Wu et al., 2016; Chen et al., 2017).

Ribbon synapses are important structures in transmitting auditory signals from the IHCs to their corresponding spiral ganglion neurons (SGNs). Ribbon synapses, which are located at the base of the IHCs, contain presynaptic RIBEYE and postsynaptic glutamate receptors. For the signals to be transmitted accurately, the presynaptic active domain needs to quickly and precisely release glutamate-filled synaptic vesicles (SVs) (Nouvian et al., 2006).

The fibroblast growth factor (FGF) family comprises 22 structurally related molecules that can be grouped into seven subfamilies based on their similarities and fibroblast growth factor receptor (FGFR) binding (Itoh and Ornitz, 2004). For example, FGFs 7, 10, and 22 are similar in sequence, and they all activate FGFR2b (Zhang et al., 2006).

Numerous phenotypic similarities in FGF signaling between mice and humans have been illustrated in the branching morphogenesis of the lung epithelium (Goto et al., 2014), heart development (Itoh et al., 2016), skeletal growth (Teven et al., 2014), muscle regeneration (Yablonka-Reuveni et al., 2015), angiogenesis and lymphangiogenesis (Yu P. et al., 2017), kidney development (Carev et al., 2008), neurogenesis and neurodegeneration (Woodbury and Ikezu, 2014), craniofacial suture ossification (Prochazkova et al., 2018), and ear development (Raft and Groves, 2015). Due to conserved developmental functions and genome accessibility, the mouse is a superb model to study the mechanisms of FGF signaling in vivo. Consequently, many experiments concerning FGFs in the auditory system have been performed in mice as well as in other animals. Previously, FGF signaling was reported to play an important role in otic placode specification (Wright et al., 2015), cochlear development (Ebeid and Huh, 2017), neuromast hair cell regeneration (Lee et al., 2016), inner ear hair cell differentiation (Leger and Brand, 2002; Haque et al., 2016; Ratzan et al., 2020), and middle ear formation (Lysaght et al., 2014).

FGF22, a member of the FGF family, plays an intermediary role in synapse reconstruction (Jacobi et al., 2015) and axon rehabilitation (Zhu et al., 2020). As a presynaptic organizer originating from a postsynaptic cell in mammals, FGF22 is vital for excitatory synapse formation in the hippocampus (Umemori et al., 2004; Terauchi et al., 2015). It also contributes to neural growth in the dentate gyrus (Terauchi et al., 2017). We previously demonstrated that FGF22 could protect against hearing loss resulting from gentamycin ototoxicity and generate ribbon synapses by suppressing myocyte enhancer factor 2D (MEF2D) (Li et al., 2020). However, how ribbon synapses are related to FGF22 deletion remains unclear.

In this study, an FGF22 knockout mice model (Fgf22–/–) was utilized. Wild-type mice (Fgf22+/+) served as controls. Hearing thresholds were unchanged, but a decrease in wave I amplitude and synaptic defects was found, suggesting that Fgf22−/− mice suffer from hidden hearing loss (HHL). A set of experiments, such as the ABR test, the immunofluorescence staining, and the patch-clamp recording, were performed. Then, we measured the gene expression of synaptosome-associated protein 25 (SNAP-25), GIPC PDZ domain-containing family member 3 (Gipc3), and MEF2D. In brief, we tried to clarify the relationship between FGF22 and HHL.



Materials and methods


Animals

All animal experiments were in accordance with the guidelines approved by the experimental animal care institution of Shanghai Jiao Tong University School of Medicine. The approval number is XHEC-F-2021-065.

In the study, the mice (C57BL/6 background, 6-week-old) were obtained from the Harvard Children’s Hospital (Terauchi et al., 2010). Then Fgf22–/– mice were derived from a heterozygous mating scheme. Wild-type littermates of the same age were used as controls. The mice were housed in the group on a schedule of 12 h of light and 12 h of darkness, and they had free access to food and water. We inspected the ears of the mice, and those with infections in the external auditory canal and middle ear were excluded.



Genotyping

Deoxyribonucleic acid (DNA) was extracted from mice tails using a TIANamp Genomic DNA Kit. Polymerase chain reaction (PCR) was then performed to determine the presence of Fgf22 alleles; i.e., wild-type, Fgf22 homozygous, and Fgf22 heterozygous.

The primer sequences used for FGF22 genotyping are as follows: Fgf22 GS (E) (5′-TGCCTGACCATCTACTCCTGTCTCC-3′), Fgf22 GS (T, E) (5′-GAACCTACAGTCCACAGAGTAGACC-3′), and Neo (T) (5′-GGGCCAGCTCATTCCTCCCACTCAT-3′). After amplification, whole products were separated using 1% agarose gel electrophoresis. GeneRed (TIANGEN, China) was used to stain the gel, and the stained gel was viewed under ultraviolet light.



Auditory brainstem response testing

Mice (n = 12) were weighed and anesthetized with intraperitoneal injections of 150 mg/kg ketamine and 6 mg/kg xylazine. ABR recordings were carried out in a soundproof chamber by placing the electrodes subcutaneously, and the TDT RZ6 system was used for testing. The recording electrode was placed at the vertex of the head, while the stimulating electrode was inserted into one mastoid process. The ground electrode was inserted into the contralateral thigh. The sensing resistance was <1 kΩ.

The ABR test was carried out using BiosigRZ software. The sound stimulation output at 4–32 KHz was presented at a rate of 20 pips per second, lasted for 3 ms, and was overlaid 400 times. The sound was delivered to the ears via a loudspeaker placed 10 cm from the pinna. The stimulating intensities ranged from 10 to 90 dB sound pressure levels (SPLs). The hearing threshold, defined as the lowest stimuli level triggering a replicable response, was measured using decrements from high to low intensity in steps of 5 dB SPL. Additionally, the ABR wave I amplitudes and peak latencies were identified manually (Song et al., 2006).



Tissue preparation

Mice (n = 12) were quickly decapitated after anesthesia with 150 mg/kg ketamine and 6 mg/kg xylazine intraperitoneally. The temporal bones were taken off and immersed in fresh 4% paraformaldehyde (PFA). The walls of the auditory sac and footplates of the stapes were cleared. Then, the round and oval windows were opened, and a hole was drilled into the cochlea apex from where 4% PFA solution was perfused. After fixation, the basal membrane (middle turn) was gently separated from the cochlea for whole-mount staining.



Immunofluorescence staining

For immunofluorescence staining, we used antibodies against rhodamine-phalloidin (1:200, Yeasen, #40734ES75), C-terminal binding protein-2 (CtBP2, 1:400, mouse IgG1, BD Bioscience, #6120441), glutamate receptor 2 (GluR2, 1:200, mouse IgG2a, Millipore, Cat #mab3972), and 4′, 6-diamidino-2-phenylindole (1:1,000, Sigma, United States, #D9542).

Whole-mount organs of Corti were permeabilized with 0.1% Triton X-100 for 40 min and then blocked with 10% normal goat serum for 30 min at 37°C. Subsequently, the tissue was incubated with the primary antibodies overnight at 4°C. After rinsing, the samples were incubated with their specific secondary antibodies: 1:500 of goat anti-mouse IgG1 (Invitrogen, Alexa Flour™ 568-conjugated, ref#A21134, RRID: AB_2535766) and goat anti-mouse IgG2a (Invitrogen, Alexa Flour™ 647-conjugated, ref#A21241, RRID: AB_2535810) at 37°C for 2 h. The samples were imaged using a laser confocal microscope (Leica SP8, Germany).



3D reconstruction using a laser confocal microscope

Whole-mount organs of Corti were imaged using a 60× water-immersion objective coupled to a laser confocal microscope (Zeiss LSM 880, Germany). The presynaptic (CtBP2) and postsynaptic structures (GluR2) were detected in the red and green channels, respectively. Each orange fluorescent dot (i.e., red and green merge) indicated one ribbon synapse. Continuous scans were carried out from top to bottom with a step size of 0.5 μm. After each layer was scanned, the signals from each layer were obtained, and then ribbon synapses were quantified via signal superposition.



Transmission electron microscopy

Ribbon-attached vesicles were counted using transmission electron micrographs of complete serial sections encompassing the ribbon synapses.

The cochleae (n = 6) were fixed in 2.5% glutaraldehyde/0.1 M phosphate buffer and decalcified by immersion in a 10% ethylene diamine tetraacetic acid (EDTA) solution. Afterward, the specimens were postfixed in a 1% osmium acid solution for 2 h at room temperature. Following postfixation, the specimens were rinsed three times for 5 min each with 0.1 M butylene succinate. Next, the sections were dehydrated using gradients of ethanol and acetone solution. For embedment, the specimens were immersed in a 1:1 solution of acetone and Epon 812 for 2–4 h, followed by a 2:1 acetone:Epon 812 solution overnight. Then, they were immersed in Epon 812 for 5–8 h. The samples were subsequently inserted, while immersed in Epon 812, into an embedment plate in a 37°C incubator overnight; afterward, they were polymerized in a 60°C incubator for 36 h. Using an ultramicrotome, semithin sections (2.0 μm) were sliced serially to the central axis plane and collected onto glass slides. The sections were unfolded and dried on a 95°C heating plate; afterward, they were stained with a 1% toluidine blue for a few seconds. The standard plane of the cochlear axis was located under the microscope. Additionally, ultrathin sections (50–60 nm) were sliced using an ultramicrotome. The sections were stained with 2% uranyl acetate saturated alcohol solution for 15 min. After the first stain was completed, the tissues were stained with lead citrate for 15 min. Finally, the dual-stained sections were dewatered at room temperature overnight. IHC ribbon synapses were imaged using a transmission electron microscope (Philips CM-120) for analysis.



Patch-clamp recording

The IHCs were oriented for the patch-clamp experiment using the AXON patch-clamp system. Recording pipettes were pulled from borosilicate glass (World Precision Instruments) to a resistance of 4–6 MΩ. The bath solution contained 130 mM sodium chloride, 1 mM magnesium chloride, 2.8 mM potassium chloride, 10 mM calcium chloride, 10 mM amphoteric HEPES buffer, and 10 mM D-glucose, pH adjusted to 7.20 with NaOH, and osmolarity adjusted to 300 mOsm with D-glucose. To increase the calcium current and capacitance jumps, 10 mM calcium chloride was added. The electrode liquid consisted of 135 mM Cs-methanesulfonate, 10 mM cesium chloride, 10 mM tetraethylammonium chloride, 10 mM amphoteric HEPES buffer, 2 mM calcium chelator EGTA, 0.5 mM Na-GTP, and 3 mM Mg-ATP, pH adjusted to 7.20 with CsOH and osmolarity adjusted to 290 mOsm with D-glucose. The jClamp software was used to acquire and analyze all data. Recordings were performed at room temperature (∼24°C). Cells were held at −80 mV (unless otherwise indicated). Traces were recorded immediately after the cell membrane was broken through at a giga-ohm (GΩ) seal, and the series resistance (Rs) and membrane capacitance (Cm) were corrected. Liquid junction potential (−9.3 mV) was corrected offline. Data with a leakage current of less than 30 pA were included in the statistics.

The current-voltage relationship, which displays how Ca2+ currents react to the voltage ramp, was quantified using a point-by-point calculation. The curve-fitting equation was as follows:

[image: image]

In the above equation, Vrev refers to the reversal membrane potential.

A constant double-sinusoidal wave (390.6 and 781.2 Hz, 20 mV) superposed on the holding potential (−80 mV) was used to record membrane capacitance at different depolarization times of 10, 30, 50, 100, and 200 ms. The membrane capacitance change (ΔCm) is the difference between the average capacitance before and after depolarization. The area from the beginning of the Ca2+ current to the end of the Ca2+ tail current was integrated using the Patchmaster software to obtain the calcium influx charge (QCa). The ratio of the capacitance change to the Ca2+ current charge (ΔCm/QCa) was used to quantify the efficiency of Ca2+ in triggering exocytosis.



Quantitative real-time PCR

Freshly separated inner ears were collected from 6-week-old Fgf22+/+ (n = 6) and Fgf22–/– (n = 6) mice. The apical-basal membrane was micro-dissected rapidly, and the samples were stored at −80°C until further treatment. All of the ribonucleic acids were extracted to synthesize the complementary DNA, which then acted as a template for the amplification. The PCR amplification was conducted using the primers which are listed in Table 1.


TABLE 1    Primers for quantitative real-time PCR.

[image: Table 1]

The real-time PCR procedures were conducted as follows: 48°C for 30 min then 95°C for 5 min, followed by 40 cycles consisting of 94°C for 15 s, 60°C for 30 s, and 72° for 30 s. The reactions were replicated three times. The 2–ΔCt method was employed to quantify messenger ribonucleic acid (mRNA) levels of the above-mentioned genes.



Statistical analysis

Data in Figures 1, 5–7 were analyzed by one-way analysis of variance using Graphpad Prism 8. Data in Figures 2–4 were analyzed by a two-tailed t-test using Excel 2019. A P-value of <0.05 indicates statistical significance. Statistical data were normally distributed and equal variances were assumed.
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FIGURE 1
Auditory function parameters in the Fgf22+/+ and Fgf22–/– groups. (A) Mean amplitudes of the ABR wave I in the Fgf22+/+ and Fgf22–/– groups at 8 and 16 kHz. (B) Mean latency values of the ABR wave I in the Fgf22+/+ and Fgf22–/– groups at 8 and 16 kHz. (C) Mean values of the ABR threshold in the Fgf22+/+ and Fgf22–/– groups at 8 and 16 kHz. Data are expressed as the mean ± SD, statistical significance was assessed with two-way ANOVA followed by Bonferroni post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001.



[image: image]

FIGURE 2
Whole-mount of the cochlea hair cells in Fgf22+/+ and Fgf22–/– groups. (A) Isolated cochlea hair cells were immunostained with phalloidin (red). Scale bars: 20 μm. (B) The bar chart showed no difference in the hair cells between the Fgf22+/+ and Fgf22–/– groups.
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FIGURE 3
The number of synaptic ribbons in Fgf22+/+ and Fgf22–/– mice. (A) Representative cochlear whole-mount preparation (n = 6, middle turn) images of CtBP2-labeled presynaptic ribbons (red) and GluR2-labeled postsynaptic glutamate receptors (green) from the Fgf22+/+ and Fgf22–/– groups showing the overlapped puncta (yellow). Scale bars: 20 μm. (B) The bar chart showed the number of synaptic ribbons per IHC, which was similar in the Fgf22+/+ and Fgf22–/– groups.



[image: image]

FIGURE 4
The number of synaptic vesicles in the Fgf22+/+ and Fgf22–/– groups. (A) Representative images of synaptic vesicles in the Fgf22+/+ and Fgf22–/– groups under a transmission electron microscopy (TEM). Scale bars: 200 nm. (B) The number of ribbon SVs was significantly reduced in Fgf22–/– mice than in Fgf22+/+ mice. **P < 0.01 vs. the Fgf22–/– group.
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FIGURE 5
Changes in Ca2+ current in IHCs of the Fgf22+/+ and Fgf22–/– groups. (A) Representative curves of the Ca2+ current in IHCs of the Fgf22+/+ (black) and Fgf22–/– (gray) groups. The current response was induced by a voltage ramp from –80 to 60 mV and then the leak was subtracted. (B,C) No significance was found in the Ca2+ current amplitude (ICa) and the slope factor (k) between the Fgf22+/+ and Fgf22–/– groups. (D) IHCs from the Fgf22–/– mice (–31.55 mV) have a more negative half-activation voltage (Vhalf) than Fgf22+/+ mice (–28.76 mV). *P = 0.0301, which indicates significant differences with P < 0.05. Statistical significance was assessed with a two-way ANOVA followed by Bonferroni post hoc test.
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FIGURE 6
Changes in exocytosis in IHCs between the Fgf22+/+ and Fgf22–/– groups. (A) Representative Ca2+ currents (ICa) and the resulting capacitance jumps (ΔCm) recorded from IHCs between the Fgf22+/+ (black) and Fgf22–/– (gray) groups. (B,C) ΔCm and the Ca2+ charge (QCa) evoked by stimulations of different durations, from 10 to 200 ms. ΔCm for stimulation of 10 and 30 ms was significantly reduced in the Fgf22–/– group, *P = 0.0301, and P = 0.0251 < 0.05, respectively. (D) The Ca2+ efficiency of triggering exocytosis, assessed based on the ratio of ΔCm/QCa, was reduced significantly for stimulation of 10 and 100 ms in the Fgf22–/– group. Data are expressed as the mean ± SD. *Indicates significant differences with P = 0.0476, and P = 0.0201 < 0.05, respectively.
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FIGURE 7
Quantitative real-time PCR analysis in the Corti’s organ of the Fgf22+/+ and Fgf22–/– groups. Fgf22–/– mice displayed downregulation of SNAP-25 and Gipc3 and upregulation of MEF2D. Data are expressed as the mean ± SD, and statistical significance was assessed with a two-way ANOVA followed by Bonferroni post hoc test, *P < 0.05, ***P < 0.001.





Results


The wave I amplitude decreased in Fgf22–/– mice

Hidden hearing loss manifests as decreased wave I amplitude with normal hearing thresholds. We used the ABR to assess the hearing thresholds, amplitudes, and latencies of Fgf22–/– mice. The wave I amplitude of Fgf22–/– mice at 8 and 16 KHz was presented for the well-representative characteristics in hearing conditions, and it was significantly reduced compared to Fgf22+/+ mice (Figure 1A), while no significant difference in wave I latency or hearing threshold was observed between the two groups (Figures 1B,C).



The number of inner hair cells was unchanged in Fgf22–/– mice

The basal membranes obtained from FGF22–/– mice were processed, and the isolated hair cells were immunostained with phalloidin (red). The images showed that no difference was found in the IHCs between Fgf22–/– and Fgf22+/+ mice (27.60 ± 1.855 in FGF22–/– mice vs. 26.40 ± 1.497 in FGF22+/+ mice; Figure 2). Most hearing impairments are closely associated with hair cell loss. And from this result, it does not appear to be the cause of this model mouse.



The number of ribbon synapses in Fgf22–/– mice kept intact

Our previous study suggested that FGF22 could preserve hearing by maintaining the number of ribbon synapses. The IHC ribbon synapses in Fgf22–/– and Fgf22+/+ mice were clearly labeled by the double immunofluorescence staining. Antibodies against CtBP2 (red) and GluR2 (green) were used, respectively, to label presynaptic ribbons and postsynaptic glutamate receptors (Figure 3A). Juxtaposed puncta were identified as ribbon synapses and were quantified using 3D reconstruction. Fgf22+/+ and Fgf22–/– mice did not significantly differ in their number of IHCs ribbon synapses (17.00 ± 0.8944 in Fgf22+/+ mice vs. 17.50 ± 1.376 in Fgf22–/– mice; Figure 3B).



Ribbon synapse synaptic vesicles was reduced in Fgf22–/– mice

To quantify the number of vesicles per IHC ribbon synapse, sections of the IHCs from different Fgf22–/– mice were imaged using TEM and subsequently compared with sections from Fgf22+/+ mice (n = 6 animals/genotype; Figure 4A). The number of ribbon SVs was significantly reduced in Fgf22–/– mice than in Fgf22+/+ mice (11.40 ± 2.074 in Fgf22–/– mice vs. 19.00 ± 1.581 in Fgf22+/+ mice; P < 0.01; Figure 4B).



Alterations in Ca2+ current and exocytosis in Fgf22–/– mice

To examine the role of FGF22 on ribbon synapses, we investigated the electrophysiological characteristics of Ca2+ currents using patch-clamp analysis (Figure 5A). The number of recorded IHCs was 15 in Fgf 22+/+ mice and 12 in Fgf 22–/– mice. Neither the Ca2+ current amplitude (ICa) nor the slope factor (k) of voltage-dependent calcium channels differed between Fgf22–/– IHCs and those from wild-types (Figures 5B,C). A more negative half activation voltage (Vhalf) was found in Fgf22–/– IHCs, which indicated that the calcium channel was more easily activated in response to stimulus (Figure 5D).

To quantify exocytosis, a depolarizing pulse of 0 mV was applied to induce Ca2+ currents (Figure 6A). The stimulation durations ranged from 10 to 200 ms. During depolarization, we recorded capacitance changes (ΔCm) as well as changes in Ca2+ influx (QCa). For depolarization stimulations of 50, 100, and 200 ms, neither ΔCm nor QCa differed between Fgf22–/– IHCs and those from wild-types. However, for depolarization stimulation durations of 10 and 30 ms, ΔCm was significantly reduced in Fgf22–/– IHCs, while no differences in QCa were found between Fgf22–/– and Fgf22+/+ IHCs (Figures 6B,C).

Afterward, we calculated the ratio of capacitance change to Ca2+ current charge (ΔCm/QCa) to quantify the efficiency of calcium-evoked exocytosis (Figure 6D). For depolarization stimulation durations of 10 and 100 ms, the ΔCm/QCa in FGF22–/– IHCs was significantly reduced compared to Fgf22+/+ IHCs. Meanwhile, ΔCm/QCa was not altered for other stimulation durations (i.e., 30, 50, and 200 ms). These findings indicate that the decrease in ΔCm for short stimuli results in the reduced efficiency of Ca2+-triggered exocytosis while Ca2+ currents remain.



Modulation of SNAP-25, Gipc3, and MEF2D in Fgf22–/– mice

SNAP-25 is essential for Ca2+-induced SV fusion and neurotransmitter release. Gipc3 (GAIP interacting protein, C terminus 3). Defects of the human GIPC3 gene cause human deafness and Gipc3 disruption in mice leads to audiogenic seizures and progressive hearing loss. MEF2D belongs to the myocyte-specific enhancer-binding factor 2 family and plays an important role in human development and physiological function. To investigate how FGF22 affected ribbon synapses, we used quantitative real-time PCR to compare mRNA expression levels of SNAP-25, Gipc3, and MEF2D between Fgf22–/– and Fgf22+/+ mice. Fgf22–/– mice displayed downregulation of SNAP-25 and Gipc3 and upregulation of MEF2D (Figure 7).




Discussion

The main function of the IHC in the inner ear focuses on transducing sound waves into electric signals (Wang et al., 2017; Zhu et al., 2018; Qi et al., 2019, 2020; He et al., 2020). Deafness could be caused by genetic factors, infectious diseases, aging, ototoxic drugs, and noise exposure and is primarily attributed to the deterioration of cochlear hair cells (Zhu et al., 2018; Gao et al., 2019; Wagner and Shin, 2019; Zhang Y. et al., 2019; Qian et al., 2020; Zhang et al., 2020b; Zhou et al., 2020). Recently, much effort has been made to regenerate hair cells (White, 2020). Although the neonatal cochlea has limited hair cell regeneration ability, this regeneration ability decreases rapidly with increased age (Wang et al., 2015; Lu et al., 2017; He et al., 2019; Tan et al., 2019; Zhang S. et al., 2019; Zhang et al., 2020a,c). Many previous studies have reported that hair cell loss is mainly caused by oxidative damage (Liu et al., 2016; Li H. et al., 2018; Ding et al., 2020; Zhong et al., 2020; Zhou et al., 2020), which eventually induces apoptosis of hair cells (Sun et al., 2014; He et al., 2016; Yu X. et al., 2017; Li A. et al., 2018; Zhang Y. et al., 2019). Besides hair cells, the auditory nerve (AN) has been demonstrated to be involved in deafness, with pathogenic factors including noise, ototoxic drugs, and aging (Guo et al., 2016, 2019, 2020; Sun et al., 2016; Yan et al., 2018; Liu W. et al., 2019; Kohrman et al., 2020). Hearing dysfunction that cannot be detected by the hearing threshold is defined as HHL (Schaette and McAlpine, 2011). The relationship between ribbon synapses and FGF22 deletion remains indistinct. We previously demonstrated that FGF22 could be expressed in IHCs and gentamycin-induced hearing impairments occurred through ribbon synapse damage. Moreover, FGF22 infusion into the cochlea protected hearing by maintaining the number of ribbon synapses (Li et al., 2020). Here, we used 6-week-old mice with mature hearing.

We performed the ABR test in both Fgf22–/– and Fgf22+/+ mice and found that the wave I amplitude was significantly decreased in Fgf22–/– mice. The shift in wave I amplitude indicated impairment in sound-elicited discharges from the acoustic afferent nerve (Liu H. et al., 2019). However, wave I latency and hearing threshold were similar between the two groups of mice. The unaltered latency of wave I meant the unchanged traveling wave velocity in the basilar membrane of the cochlea, which may prove that the bundles of hair cells were unaffected (Popov and Supin, 2001), i.e., FGF22 deficiency-induced HHL. However, from the immunofluorescence staining, we found that the number of hair cells remained unchanged in Fgf22–/– mice, as did the number of ribbon synapses.

Auditory signals are dynamically encoded at synapses and precisely transmitted from IHCs to SGNs (Wichmann and Moser, 2015). As part of the audio encoding, SVs containing neurotransmitters are released, which are continuously tethered at the active zones (Jeng et al., 2020). Vesicles are tightly coupled with calcium channels, which promote the rapid and sustained release of neurotransmitters. As the number of hair cells and ribbon synapses were kept intact, SVs were further studied and quantified using TEM. Fgf22–/– IHCs exhibited reduced SVs, implying that FGF22 deficiency might led to a decline in vesicle formation. Besides, other explanations for such a decrease could be an impairment of vesicular replenishment, smaller ribbons, and a deficit in vesicular docking. We also assessed the biophysical characteristics of Ca2+ in IHCs. For basic properties of Ca2+ channels, a more negative half-activation voltage (Vhalf) was presented in Fgf22–/– mice, which revealed increasing excitability of Ca2+ channels in Fgf22–/– mice. Considering the relevance between SVs and voltage-gated Ca2+ channels (VGCCs), we speculate that the conformation change triggers the rapid activation and deactivation of the Ca2+ channels, which influences the fusion of SVs (Atlas, 2013; Ghelani and Sigrist, 2018). Then, we applied a depolarizing pulse and different stimulus durations to measure calcium influx charge quantity (QCa), increments in membrane capacitance (ΔCm), and ΔCm/QCa. IHC depolarization triggered the fusion of vesicles with the cell membrane, which increased the cell membrane area and, accordingly, membrane capacitance. In Fgf22–/– IHCs, the significantly decreased ΔCm after short stimulation reflected the attenuated release of SVs. Due to unchanged QCa, the change in ΔCm was not caused by differences in Ca2+ influx. Notably, ΔCm/QCa was significantly decreased in Fgf22–/– IHCs, which indicated that the reduction likely reflected a reduced efficiency in Ca2+-triggered exocytosis.

Altogether, we found the decreased wave I amplitude of ABR, the receding presynaptic SVs, the reduced ΔCm, and ΔCm/QCa, so we speculate that the reduction in neurotransmitter release by SVs was accompanied by weaker acoustic afferent fiber discharges and, accordingly, HHL.

To determine how Fgf22 knockout reduces the amount of SVs, we performed real-time PCR to quantify the expression levels of SNAP-25 and Gipc3, important proteins for SVs. We found a significant decrease in SNAP-25 and Gipc3 mRNA levels. As a homologous protein of the SNAP protein family, SNAP-25 is essential for the fusion of Ca2+-induced SVs and neurotransmitter release (Najera et al., 2019). In SNAP-25 knockout neurons, rapid SV release is barely observed (Washbourne et al., 2002). Exocytosis at the hair cell ribbon synapse appears to function without neuronal SNARE proteins, according to Nouvian et al. (2011). However, we discovered that SNAP-25 and Gipc3 mRNA levels were significantly lower in Fgf22–/– mice. Unknown mechanisms that are more sophisticated may exist. Previous studies have demonstrated that the Gipc3 allelomorph disrupts the configuration of the hair bundle (Charizopoulou et al., 2011). Moreover, Gipc3 mutations induce non-syndromic sensorineural hearing loss in humans (Katoh, 2013), and Gipc3 disruption enhances Ca2+ influx and exocytosis in IHCs, reverses the spatial gradient of maximal Ca2+ influx in IHCs, and increases the maximal firing rate of SGNs at sound onset (Ohn et al., 2016). While in this study, the decrease in Gipc3 expression was induced by the lack of Fgf22, it did not affect the Ca2+ current, only slightly shifting the Vhalf of the Ca2+ currents toward more hyperpolarized potentials and reducing exocytosis. We hypothesized that the absence of Fgf22 might have changed the expression of some proteins that affected calcium channel regulation, such as CtBP 2, though the expression level of calcium channel proteins was not thought to be impacted. The Gipc family may be involved in regulating vesicular trafficking (De Vries et al., 1998), and Gipc1 has been reported to be expressed in SVs at the presynaptic axon terminals of hippocampal neurons (Yano et al., 2006). Notably, we had reported that FGF22 triggered Ca2+ influx and activated calcineurin to downregulate MEF2D. Moreover, the transduction of cultured mouse cells with AAV-shFGF22 activated MEF2D and reduced the number of ribbon synapses (Li et al., 2020). MEF2D belongs to the myocyte-specific enhancer-binding factor 2 family and plays an important role in human development and physiological function. Here, we found that FGF22 knockout increased MEF2D expression and decreased the number of tethered SVs to the ribbon (Figure 4). Thus, we speculate that FGF signaling may antagonize the bone morphogenetic protein pathway to downregulate MEF2D (Cho et al., 2014). In addition, the myocyte enhancer factor 2 family may be associated with the WNT pathway (Snyder et al., 2013). These signaling pathways may regulate SV formation and release together. Regardless, the complex interplay between SNAP-25, Gipc3, and MEF2D needs to be further elucidated.

This study has some limitations. In this study, 6-week-old mice were used, and elder mice are under investigation. To sum up, despite this limitation, the mechanisms described above may offer novel therapeutic strategies to meet an ever-growing demand for deafness treatment.



Conclusion

Our study lays the foundation for further elucidating the molecular mechanism of IHC ribbon synapses in HHL and provides a more in-depth understanding and potential clues to the pathophysiology of HHL from the regulatory genes. FGF22 deletion caused HHL by affecting the function of IHC ribbon synapses, which may offer a new idea and therapeutic target for hearing development in HHL.
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Irreversible injury to inner ear hair cells induced by aminoglycoside antibiotics contributes to the formation of sensorineural hearing loss. Pitavastatin (PTV), a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, has been reported to exert neuroprotective effects. However, its role in aminoglycoside-induced hearing loss remains unknown. The objectives of this study were to investigate the beneficial effects, as well as the mechanism of action of PTV against neomycin-induced ototoxicity. We found that PTV remarkably reduced hair cell loss in mouse cochlear explants and promoted auditory HEI-OC1 cells survival after neomycin stimulation. We also observed that the auditory brainstem response threshold that was increased by neomycin was significantly reduced by pretreatment with PTV in mice. Furthermore, neomycin-induced endoplasmic reticulum stress in hair cells was attenuated by PTV treatment through inhibition of PERK/eIF2α/ATF4 signaling. Additionally, we found that PTV suppressed the RhoA/ROCK/JNK signal pathway, which was activated by neomycin stimulation in HEI-OC1 cells. Collectively, our results showed that PTV might serve as a promising therapeutic agent against aminoglycoside-induced ototoxicity.
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Introduction

Aminoglycosides are extensively used for serious infections in clinical therapeutics, but the side effect of permanent hearing impairment limits their application. It has been reported that sensory hair cells in the inner ear are the main targets of aminoglycosides (Zhanel et al., 2012). Aminoglycosides enter inner ear compartments which are filled with endolymph by passing through the blood–labyrinth barrier, and they enter hair cells via interacting with several cation channels, resulting in the reactive oxygen species accumulation and cell apoptosis (Alharazneh et al., 2011; Stepanyan et al., 2011; Kros and Steyger, 2019). Although in-depth studies have been performed to elucidate the mechanisms responsible for aminoglycoside-induced ototoxicity, most therapeutic strategies to improve outcomes have been frustrated up to now.

The endoplasmic reticulum (ER), which is an intracellular vesicle-like structure that participates in the process of protein folding, plays a critical role in maintaining normal cellular function and homeostasis (Wang and Kaufman, 2016). ER stress occurs when unfolded or misfolded proteins accumulate, leading to an impairment of ER function and perturbation of ER homeostasis (Fernández et al., 2015; Oakes and Papa, 2015; So, 2018). Prolonged ER stress responses can trigger cellular apoptosis and thus play a pivotal role in the pathological process of numerous diseases, including cardiovascular diseases, neurodegenerative diseases, cancer, and metabolic diseases (Urra et al., 2016; Brown et al., 2020; Ghemrawi and Khair, 2020; Radwan et al., 2020). The relationship between ER stress and hearing loss has been investigated for several decades, and aminoglycoside antibiotics have been demonstrated for the induction of hair cell apoptosis accompanied by ER stress. Also, ER stress inhibition exhibits attenuation for aminoglycoside-induced cochlear hair cell death (Jia et al., 2018), thus highlighting the need for further investigation on the relationship between ER stress and aminoglycoside-induced ototoxicity.

Statins that act as antilipemic agents by preventing cholesterol biosynthesis are the inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. Statins are not only applied for the therapeutics of cardiovascular diseases, but also for the treatment of neurological disorders (Oesterle et al., 2017; Sanz-Cuesta and Saver, 2021), and lots of studies have suggested that statins have potential protective effects against sensorineural hearing loss (Brand et al., 2011; Park et al., 2012; Fernandez et al., 2020; Whitlon, 2022). Pitavastatin (PTV) is a new-generation lipophilic statin that has been reported to exert anti-oxidative, anti-inflammatory, anti-neoplastic, and neuroprotective effects (Kaneyuki et al., 2007; Gbelcová et al., 2017; Cui et al., 2018; Li and Liu, 2022), but the role of PTV in aminoglycoside-induced ototoxicity remains unknown.

In the current research, we studied the protective properties and potential mechanisms of PTV on neomycin-triggered hearing loss by constructing in vivo and in vitro models. The ultimate goal was to assist in the discovery and development of therapeutic drugs for preventing aminoglycoside-triggered sensorineural hearing loss.



Materials and methods


Cell viability assay

HEI-OC1 cells were inoculated into 96-well plates (2 × 105 cells/ml) overnight. Then, the cells were incubated with PTV at different concentrations (0.001, 0.005, 0.01, 0.05, 0.1, and 0.5 μm) for 24 h and challenged with neomycin for the next 24 h. Then, CCK-8 solution (1:10 dilution in DMEM) was given to the cells for 30-min incubation at 37°C. The absorbance value was measured by a Thermo Scientific microplate reader at 450 nm.



In vivo experiments

SPF C57BL/6 mice were purchased from Gempharmatech Co., Ltd. (Nanjing, China). After being allowed to acclimate for 3 days, mice of P28 were intraperitoneal injected PTV (Aladdin, P129617) with a dose of 3 mg/kg. After 2 h, neomycin (Sigma, N6386) at 100 mg/kg was injected intraperitoneally, and then after 30 min, mice were given a single dose of furosemide (Sigma, BP547) at 200 mg/kg by intraperitoneal injection. The measurement of auditory brainstem response (ABR) and counting of cochlear hair cells were performed 2 days later.



Whole-organ explants culture

The cochleae of P3 wild-type mice were dissected from the inner ear and immersed in bioclean HBSS (Multicell, 311512011) using a stereo microscope. The spiral ganglion, spiral ligament, and stria vascularis of cochleae were removed, and the cochlear basilar membranes were put in dishes that were smeared with Corning® Cell-Tak™ and then cultured with DMEM-F12 medium added with ampicillin (Beyotime, ST008), N2 Supplement (Stemcell, 07152), and SM1 neuronal supplement (Stemcell, 05711) for 12 h in an incubator at 37°C, 5% CO2. About 0.01 μm PTV was given to the samples for 12 h, and then, 0.5 mm neomycin with 0.01 μm PTV was given together to the cochleae for another 12 h.



Auditory brainstem response audiometry

Hearing thresholds of mice were assessed by ABR. ABR experiment was carried out in an acoustic space, and the variation in brain electrical activity in mice in answer to different sounds was recorded by electrodes. After being anesthetized, the mice were kept on a preheating pad (37°C), and the ABR responses were recorded at different frequencies on a Tucker-Davis Technology System III system (Tucker Davies Technologies, Gainesville, FL, United States).



Immunofluorescence

The tissue or cell samples fixed with 4% paraformaldehyde were permeabilized with 1% Triton X-100. After blocking with QuickBlock™ buffer (Beyotime, P0260) for 1 h, and the primary antibodies against myosin 7a (Abcam, ab150386, 1:200 dilution), cleaved caspase-3 (Abcam, ab32042, 1:150 dilution), GRP78 (Proteintech, 11587-1-AP, 1:200 dilution), and CHOP (Proteintech, 15204-1-AP, 1:200 dilution) were added to the samples at 4°C overnight. Next day after washing three times with phosphate-buffered saline (PBS), the samples were incubated with corresponding secondary antibodies for 1 h at room temperature then washed three times with PBS and incubated with ECL solution and imaged using confocal laser scanning microscope (Zeiss, Germany).



Flow cytometry

The effect of PTV on neomycin-triggered apoptosis of HEI-OC1 cells was evaluated by an Annexin-V/PI kit (BD, 556419). Briefly, cells were harvested by digestion and centrifugation. Precooling PBS was used to wash the cells three times, and after being suspended by the binding buffer, cells were incubated with 5 μl Annexin V-FITC and 5 μl PI for 20 min at room temperature. The apoptosis was subsequently assayed by flow cytometry (MACSQuant, Germany).



Terminal deoxynucleotidyl transferase dUTP nick end labeling staining

A terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) BrightGreen apoptosis detection kit (Vazyme, A112-01) was used to determine the apoptosis of HEI-OC1 cells and cochlear explants. Briefly, the samples were fixed and permeabilized, then equilibrated with 1 × Equilibration Buffer for 30 min at room temperature. After incubating with the label solution at 37°C for 1 h, the samples were washed by PBS for 2 times and imaged by a confocal laser scanning microscope.



Western blot

The total protein of cell samples was extracted using RIPA lysis buffer (Beyotime, P0013C) containing phenylmethanesulfonyl fluoride (1 mm). After quantification by a BCA kit (Beyotime, P0012S), the sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer (Beyotime, P0015) was added to the total protein lysate, and the mixed buffer was boiled at 100°C for 5 min. Total proteins (40 μg) of each group were added to the gels and separated through electrophoresis and then transferred to polyvinylidene fluoride (PVDF) membranes. After being blocked in 5% BSA-PBST for 2 h, the immunoblots were immersed in 5% BSA-PBST, which contained primary antibodies overnight at 4°C. Next day, the bands were washed three times with 0.05% tween-PBS (PBST) and then combined with the corresponding HRP conjugated secondary antibodies and detected by an ECL kit (Vazyme, E411-04) and analyzed by ImageJ software.



Statistical analysis

All data are analyzed by GraphPad Prism 9 software and are presented as the mean ± standard deviation (SD). Statistical significance was calculated with one-way analysis of variance (ANOVA) followed by Dunnett’s test when comparing more than two groups. A p-value < 0.05 indicated a statistically significant difference.




Results


Pitavastatin protects against neomycin-induced hair cell damage

To confirm whether PTV has a beneficial effect on neomycin-triggered hair cell injury, auditory HEI-OC1 cells were administrated with different doses of PTV (0.001, 0.005, 0.01, 0.05, 0.1, and 0.5 μm) prior to neomycin (2 mm) treatment. PTV showed significant attenuation of cell injury triggered by neomycin at doses of 0.01–0.5 μm, and PTV at 0.01 μm exhibited the best protective effect, so premedication of 0.01 μm PTV for 24 h was chosen as the best administration scheme (Figure 1A). We also measured the influence of PTV on whole-organ cochlear explant cultures from P3 mice after neomycin treatment. Immunostaining results indicated that neomycin treatment resulted in an obvious missing of hair cells in cochleae in the middle and basal turns and that PTV pretreatment distinctly prevented neomycin-stimulated inner ear hair cell loss (Figures 1B–E). The above results disclose that PTV has effective protection against neomycin-triggered hair cell injury.


[image: image]

FIGURE 1
PTV attenuates neomycin-induced HEI-OC1 cell damage and missing of hair cells in cochlear explants in vitro. (A) The CCK8 method was used to determine the protective effect of PTV (0.001, 0.005, 0.01, 0.05, 0.1, and 0.5 μm) on neomycin-induced HEI-OC1 cell injury (n = 6). (B) Immunostaining of hair cells in cochlear explants in the apical, middle, and basal turns with anti-myosin 7a antibody. Scale bars = 20 μm. (C–E) Counting of the amount of hair cells per 200 μm in inner ear in the apical, middle and basal turns (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Pitavastatin alleviates neomycin-triggered hearing loss in vivo

Next, we investigated the protective property of PTV on neomycin-triggered hearing loss by establishing an acute neomycin-induced ototoxicity model according to the previous study (He et al., 2020). C57BL/6 mice (P28) were intraperitoneally injected with 3 mg/kg PTV, and after 2 h, mice were given an intraperitoneal injection of 100 mg/kg neomycin in conjunction with 200 mg/kg furosemide (Figure 2A). ABR measurements were employed to determine the auditory function of mice, and the results suggested that neomycin treatment led to an obvious elevation of ABR thresholds, whereas PTV administration strongly attenuated this effect (Figure 2B). By counting cochlear hair cells, we found a massive loss of cochlear hair cells in the neomycin plus furosemide group, whereas PTV had an apparent promotion for hair cell survival (Figures 2C,D). Collectively, the data reveal that PTV attenuates neomycin-triggered hearing loss in vivo.
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FIGURE 2
PTV promotes auditory function recovery and prevents neomycin-triggered hair cell loss in vivo. (A) Procedure of the experiments in vivo. (B) Auditory function of mice was detected using ABR method (n = 6). (C) Immunofluorescence of mouse cochlear hair cells stained with myosin 7a and phalloidin in the apical, middle, and basal turns. Scale bars = 20 μm. (D) Counting of the amount of cochlear hair cells per 200 μm in mice (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. NC group; *p < 0.05, **p < 0.01, ****p < 0.0001 vs. Neo group.




Pitavastatin attenuates neomycin-triggered apoptosis in HEI-OC1 cells

To explore the protective effects of PTV against neomycin-induced HEI-OC1 cell damage, TUNEL and cleaved caspase-3 (cleaved CASP-3) dying were conducted to detect apoptosis. We observed that neomycin stimulation for 24 h dramatically increased the count of TUNEL and cleaved CASP-3-positive cells, whereas PTV group exhibited an effective improvement (Figures 3A–D). Annexin V-FITC/PI kit was employed to further confirm the benefit of PTV on the apoptosis triggered by neomycin, and immunostaining and flow-cytometric assays exhibited that neomycin significantly induced cell apoptosis, whereas PTV administration showed a notable attenuation in the apoptosis of HEI-OC1 cells (Figures 3E–G). Our results indicate that PTV attenuates HEI-OC1 cell apoptosis induced by neomycin.
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FIGURE 3
Effects of PTV on neomycin-triggered HEI-OC1 cell apoptosis. (A,C) TUNEL staining and cleaved CASP-3 immunostaining of HEI-OC1 cells. Scale bars = 20 μm. (B,D) Statistics of the proportions of TUNEL or cleaved CASP-3 highlighted HEI-OC1 cells in (A,C) (n = 3). (E) Annexin-V/PI staining in PTV and neomycin treatment HEI-OC1 cells. Scale bars = 200 μm. (F) Apoptosis detection of HEI-OC1 cells by flow cytometry. (G) Statistics of the proportions of apoptotic HEI-OC1 cells in different groups (n = 3). ***p < 0.001, ****p < 0.0001.




Pitavastatin reduces apoptosis of cochlear hair cells after neomycin treatment

We further explored the impact of PTV on neomycin-triggered apoptosis of hair cells in cochlear explant cultures. After being dissected from P3 mice, the cochlear explants were cultured at 37°C and 5% CO2 for 12 h and then pretreated with 0.01 μm PTV for 12 h followed by neomycin (0.5 mm) treatment together with PTV for another 12 h. Using TUNEL and cleaved CASP-3 staining, we found that the amount of TUNEL-positive hair cells that were marked by myosin 7a and the amount of cleaved CASP-3 staining hair cells in model group were prominently higher than the control group, whereas PTV administration clearly decreased the amount of apoptotic hair cells, which is in accordance with the results discussed above in HEI-OC1 cells (Figures 4A–D). Collectively, the data demonstrate that PTV suppresses the apoptotic cascade under aminoglycosides stimulation.
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FIGURE 4
Effects of PTV on apoptosis of cochlear hair cell in whole-organ explants induced by neomycin. (A) Immunostaining with TUNEL and myosin 7a labeling in the middle turns in cochlear explants. Scale bars = 20 μm. (B) Statistics of the proportions of TUNEL highlighted hair cells in (A). (C) Immunostaining with cleaved CASP-3 and myosin 7a in the middle turns in cochlear explants. Scale bars = 20 μm. (D) Statistics of the proportions of cleaved CASP-3 highlighted hair cells in (C). ****p < 0.0001.




Pitavastatin inhibits neomycin-induced endoplasmic reticulum stress in cochlear hair cells

It has been reported that ER stress plays a pivotal role in aminoglycoside-induced hair cell apoptosis (Jia et al., 2018), so we next determined the expression of ER stress-relevant proteins GRP78 and CHOP after neomycin stimulation. We discovered that the level of GRP78 together with CHOP was remarkably higher than the control group after neomycin treatment. PTV administration could inhibit ER stress by suppressing the elevated expression of GRP78 and CHOP induced by neomycin (Figures 5A–D), and this further indicates that PTV can ameliorate neomycin-induced ER stress.
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FIGURE 5
Impacts of PTV on neomycin-triggered ER stress in cochlear hair cells. (A) Immunostaining with myosin 7a and GRP78 in middle turns in cochlear explants. Scale bars = 20 μm. (B) Statistics of the proportions of GRP78 highlighted hair cells in (A). (C) Immunostaining with myosin 7a and CHOP in middle turns in cochlear explants. Scale bars = 20 μm. (D) Statistics of the proportions of CHOP highlighted hair cells in (C). ****p < 0.0001.




Pitavastatin suppresses neomycin-induced endoplasmic reticulum stress by inhibiting PERK/eIF2α/ATF4 signaling in HEI-OC1 cells

To explore the molecular mechanism by which PTV inhibits neomycin-triggered ER stress, we examined the three classical signal pathways (PERK signaling, IRE1α signaling, and ATF6 signaling) that are involved in ER stress. First, by immunostaining, we confirmed that PTV could prevent the high expression of GRP78 and CHOP induced by neomycin in HEI-OC1 cells (Figures 6A–D). Next, western blot analysis revealed that the expression levels of p-PERK, p-eIF2α, ATF4, GRP78, and CHOP were markedly increased after neomycin stimulation in cells, which was strongly inhibited by PTV treatment (Figures 6E–J). Also, there was no obvious change in IRE1α or ATF6 expression after PTV and neomycin treatment (Figures 6K,L). Together, the results above suggest that PTV attenuates neomycin-induced ER stress mainly by restricting PERK/eIF2α/ATF4 signaling in HEI-OC1 cells.
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FIGURE 6
PTV alleviates neomycin-induced ER stress by inhibiting PERK/eIF2α/ATF4 signaling. (A,C) Immunofluorescence of HEI-OC1 cells with anti-GRP78 and anti-CHOP antibodies. Scale bars = 20 μm. (B,D) Statistics of the mean intensity of GRP78 and CHOP in HEI-OC1 cells in (A,C). (E) Western blot analysis of GRP78, CHOP, p-PERK, PERK, p-eIF2α, eIF2α, ATF4, ATF6, IRE1α, and GAPDH in HEI-OC1 cells with PTV pretreatment followed by neomycin exposure. (F–L) Quantification of the protein expression in (E) with ImageJ (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.




Pitavastatin significantly inhibits the RhoA/ROCK signaling pathway activated by neomycin

Previous research has shown that PTV exerts its neuroprotective effects mainly through the inhibition of Rho/ROCK signaling pathway (Hamano et al., 2012). PTV is a competitive inhibitor of the HMG-CoA reductases that activate the Rho/ROCK signaling pathway, but whether PTV protects against neomycin-induced ototoxicity through the inhibition of the Rho/ROCK signaling pathway remains unclear. In this study, we also tested the change of Rho/ROCK signaling after PTV administration and neomycin treatment in HEI-OC1 cells. Western blot results showed that the expression levels of the key factors in Rho signaling, including RhoA, ROCK, and JNK, were prominently upregulated after neomycin stimulation, whereas PTV pretreatment strongly downregulated the elevated expression of RhoA, ROCK, and JNK induced by neomycin (Figures 7A–D). These data suggest that PTV protects against neomycin-induced ototoxicity by inhibiting the Rho/ROCK signaling pathway.
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FIGURE 7
PTV inhibits neomycin-triggered activation of the Rho/ROCK signaling pathway. (A) Western blot analysis of RhoA, ROCK, JNK, and GAPDH in HEI-OC1 cells with PTV pretreatment followed by neomycin exposure. (B–D) Quantification of the protein expression in (A) with ImageJ (n = 3). *p < 0.05, **p < 0.01.





Discussion

Aminoglycoside antibiotics are used to treat gram-negative bacterial infections, but their application is restricted by the severe side effects of ototoxicity and vestibular toxicity. Aminoglycosides can accumulate in cochlear hair cells and are hard to metabolize, which may lead to irreversible damage of cochlear hair cells and result in permanent hearing loss. In the present study, we show that the HMG-CoA reductase inhibitor PTV could efficiently attenuate neomycin-triggered ototoxicity. By in vitro and in vivo studies, we demonstrated that PTV protected against neomycin-induced apoptosis of cochlear hair cells, and the protective effect might be in connection with the inhibition of ER stress. We further confirmed that PTV exerted anti-apoptotic effects and suppressed PERK/eIF2α/ATF4 signaling-mediated ER stress by inhibiting Rho/ROCK signaling.

PTV is a novel synthetic lipophilic statin with greater safety, tolerability, and fewer adverse effects compared with conventional statins and is commonly used for the treatment of hypercholesteremia (Hoy, 2017; Chan et al., 2019; Adams et al., 2020). Previous research showed that PTV exhibited efficient neuroprotective effects independent of its antilipemic effect (Kozuki et al., 2011; Kurata et al., 2011a,b). However, there is no investigation in regard to the beneficial effect of PTV on aminoglycoside-triggered hearing loss. In this study, by establishing an acute neomycin-induced ototoxicity model, we observed that PTV could effectively mitigate neomycin-triggered hearing loss in vivo (Figure 2). We also found that PTV protected against auditory HEI-OC1 cell and cochlear explant injury triggered by neomycin in vitro (Figure 1). These results suggested that PTV might be a promising agent for the prevention of aminoglycoside-triggered ototoxicity.

Apoptosis of hair cells leading to hearing loss is the key factor in the “ototoxicity” of aminoglycosides (Wu et al., 2021). Using TUNEL staining, we found that the proportions of TUNEL/myosin 7a double-positive cells in cochlear explants were remarkably increased after neomycin treatment, confirming that neomycin may cause cochlear hair cell death through apoptosis. In addition, there was very less TUNEL staining observed in the PTV pretreatment group (Figures 4A,B). Cleaved CASP-3 is considered a universal marker of apoptosis due to its critical role in the pathogenesis of cell apoptosis (Wang et al., 2021). In our study, we also found that PTV could significantly reduce the increased numbers and proportions of apoptotic hair cells induced by neomycin (Figures 4C,D), which is consistent with our in vitro results in HEI-OC1 cells (Figure 3). Collectively, these results demonstrate that PTV exerts its beneficial effect on neomycin-triggered hair cell injury by inhibiting the occurrence of apoptosis.

It is well documented that ER stress is triggered by the disruption of homeostasis in the ER and results in the activation of the unfolded protein response (UPR) (Lu et al., 2014; Fu et al., 2021). When the unfolded or misfolded proteins in the ER accumulate and exceed a tolerable threshold, the function of ER may be lost and be difficult to restore leading to cellular dysfunction and apoptosis (Gorman et al., 2012; Verfaillie et al., 2013; Hu et al., 2019). There are three classical signal pathways involved in UPR, including PERK signaling, IRE1 signaling, and transcription factor ATF6 signaling (Walter and Ron, 2011). GRP78, which is a type of peptide-binding protein that prevents the aggravation of protein folding, has been reported to be a key regulator of ER stress and UPR activation (Adams et al., 2019). Changes in the microenvironment due to physiological processes or to pathological conditions, such as hypoxia, viral, or bacterial infections and drugs, can induce ER stress, thus causing GRP78 to separate from the sensors (PERK, IRE1, and ATF6) and further activate downstream signaling (Hollien and Weissman, 2006; Díaz-Bulnes et al., 2020; Kapadia et al., 2021; Mazel-Sanchez et al., 2021). It was observed that neomycin treatment significantly increased the expression levels of GRP78 and CHOP in cochlear hair cells, which indicated that neomycin could activate ER stress (Figure 5). We also found that PTV pretreatment effectively alleviated neomycin-induced ER stress through inhibition of the PERK/eIF2α/ATF4 signaling pathway (Figure 6). These results manifest that PTV is able to suppress neomycin-induced hair cell apoptosis by inhibiting ER stress via mediation of the PERK/eIF2α/ATF4 signaling pathway.

As an HMG-CoA reductase inhibitor, PTV has been reported to exert its neuroprotective effect via the inhibition of Rho/ROCK signaling (Hamano et al., 2012, 2020). It has also been reported that ROCK inhibitor has neuroprotective and regenerative effects on synaptic pathways by promoting synapse formation in cochlear hair cells (Koizumi et al., 2020). By western blot assays, we confirmed that PTV could decrease the elevated expression of RhoA, ROCK, and JNK induced by neomycin (Figure 7). Thus, PTV appears to attenuate neomycin-induced ototoxicity by inactivation of Rho/ROCK signaling.



Conclusion

In summary, we show that PTV can ameliorate neomycin-triggered cochlear hair cell injury and hearing loss by inhibiting RhoA/ROCK signaling and can suppress ER stress by blocking the PERK/eIF2α/ATF4 pathway. The findings indicate that PTV may serve as a promising agent for the prevention of aminoglycoside-induced ototoxicity.
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Surgical treatment of vertigo is performed with in-depth study of inner ear diseases. Achieving an effective control of vertigo symptoms while reducing damage to hearing and reducing surgical complications is the principle followed by scholars studying surgical modalities. Semicircular canal occlusion is aimed at treatment of partial peripheral vertigo disease and has attracted the attention of scholars because of the above advantages. This article provides a review of the origins of semicircular canal occlusion, related basic research, clinical applications, and the effects of surgery on vestibular and hearing function.
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Introduction

Vertigo is a challenging and common disease entity. For a long time, no advancement in the diagnosis and treatment has been observed, and guidelines for treatment and diagnosis are not standardized, leading to inaccuracies. Medical treatment is often administered as a symptomatic treatment of vertebrobasilar insufficiency in clinics. In recent years, research on vertigo has made an important breakthrough, which has become the focus of multi-disciplinary attention. Presently, the direction of development of diagnosis and treatment technology is standardized and specialized. This is manifested in the diagnosis, treatment, daily management, and rehabilitation of vertigo. Clinicians pay close attention to the surgical treatment of especially some vertigo disorders.

Through the study of an animal model and the evaluation of postoperative effect of a large number of clinical cases, indications, perioperative treatment, surgery matters needing attention, postoperative vestibular rehabilitation, and follow-up of semicircular canal occlusion have gradually been standardized. The postoperative effect is also gradually emerging. This paper summarizes relevant studies by experts to facilitate clinical application.



Origin of semicircular canal occlusion

Semicircular canal occlusion was first initiated by Parnes and McClure (1990) in 1990 to treat benign paroxysmal positional vertigo (BPPV). The first routine treatment for vertigo is comprehensive drug therapy, with the main purpose of regulating autonomic nerve function and improving inner ear microcirculation. However, for recurrent and increasing intractable vertigo, clinicians consider surgical intervention, with unilateral semicircular canal occlusion becoming a research hotspot due to the decreased risk of trauma and good hearing protection; furthermore, the curative effect has been affirmed.

Minor et al. (1998) and Minor (2000) first reported findings related to symptomatic superior semicircular canal fistula in 1998. Five cases of surgical treatment via the middle cranial fossa approach through packing or surface covering the semicircular canal fistula have been reported. Brantberg et al. (2001) promoted filling of the superior semicircular canal through the mastoid approach to avoid the complications of craniotomy and temporal lobe injury. However, the transmastoid superior semicircular canal occlusion was widely criticized when it was first used because semicircular canal fistula is not fully demonstrated, and labyrinthine opening can easily lead to sensorineural hearing loss, tinnitus, and postoperative vertigo. In addition, the material and technology of semicircular canal occlusion also limited the application of this technology.

However, a number of subsequent studies have confirmed that in the case of BPPV or superior semicircular canal fistula, transmastoid semicircular canal occlusion can effectively relieve vertigo and preserve hearing. Thereafter, some scholars explored the application of triple semicircular canal occlusion (TSCO) in the treatment of Meniere's disease. Gentine et al. (2008) reported that 11 patients with Meniere's disease were treated with horizontal semicircular canal occlusion, and nine cases of vertigo were controlled. Yin et al. (2008) reported that TSCO was used to treat three patients with recurrent vertigo after endolymphatic sac decompression or drainage. Vertigo was controlled effectively.



Basic research on semicircular canal occlusion

The animal model of semicircular canal occlusion has been used to study vestibular function compensation. Unilateral labyrinthectomy in albino rats and TSCO in guinea pigs are recognized as vestibular compensatory animal models. As the largest vestibular nucleus, some electrophysiological data show that the medial vestibular nucleus may be one of the important areas of vestibular nerve compensation after semicircular canal occlusion. One study (Zhang et al., 2015) used guinea pigs to establish a model for unilateral horizontal semicircular canal occlusion to simulate the clinical semicircular canal occlusion operation. Then, the level of serotonin in medial vestibular nucleus was monitored by in vivo microdialysis combined with high- performance liquid chromatography and electrochemical detection. It was found that unilateral horizontal semicircular canal occlusion could increase the level of serotonin in the medial vestibular nucleus. It is suggested that serotonin and central compensation may play an important role in the compensatory process of residual vestibular function. Concurrently, the animal model of vestibular compensation with unilateral horizontal semicircular canal was successfully established.

Yin et al. (2006) verified the effectiveness and safety of TSCO in the ear with endolymphatic hydrops. They used the endolymphatic sac closure method to establish endolymphatic hydrops model in 20 guinea pigs. Among them, 12 animals underwent TSCO 120 days after operation, and eight were sacrificed for morphological observation to determine the existence of an endolymphatic fluid. The auditory and vestibular functions of the subjects were detected prior to the occurrence of endolymphatic hydrops to 1 month after TSCO, and the success of endolymphatic hydrops and semicircular canal occlusion was confirmed by morphological observation. Finally, it was concluded that TSCO effectively eliminated the response of semicircular canals to rotation and caloric test. It was safe in the ear with endolymphatic hydrops, and simultaneously, the static compensation for imbalance was fast and complete. It was suggested that TSCO was also an effective method to control rotational vertigo in ears with endolymphatic hydrops.



Application of semicircular canal occlusion in treatment of BPPV

BPPV, also known as otolithic vertigo, is an idiopathic paroxysmal vestibular organ disease with nystagmus and transient paroxysmal vertigo caused by head position change. It is self-limited and the most common form of peripheral vestibular vertigo (Bhattacharyya et al., 2017). Adler (1897) first described this disease in 1897. In 1921, Bárány (1920) reported a patient with sudden vertigo nystagmus in the right recumbent position. The symptoms disappeared after 30 s. Barany believes that this phenomenon is caused by damage to otolith. In 1952, Dix and Hallpike (1952) introduced the term BPPV, expounded the disease systematically, and put forward the gold standard Dix-Hallpike test for the diagnosis of the disease. With the deepening of scholars' understanding of the disease, different treatments have emerged. Treatment methods are otolith manual reduction, otolith machine reduction, vestibular rehabilitation training, and surgery. Among them, for patients with refractory BPPV after manual reduction, surgical treatment can be used.

Currently, surgical treatment for BPPV mainly includes posterior ampullary neurotomy and semicircular canal occlusion (Zhang and Fan, 2014; Kalmanson et al., 2021). The former was first proposed by Gacek (1974) and Gacek (1984) to treat BPPV by cutting off the posterior ampullary nerve that innervates the posterior semicircular canal. The operation may lead to serious complications such as sensorineural deafness, cerebrospinal fluid leakage, and facial paralysis. Posterior semicircular canal occlusion was first proposed by Parnes and McClure (1990). Its purpose is to make the crest physiologically fixed by closing the liquid space between the crest top and the site of obstruction. Presently, a posterior semicircular canal occlusion is most widely used in the treatment of BPPV, and its curative effect has been affirmed.

Walsh et al. (1999) performed posterior semicircular canal occlusion in 13 patients with refractory BPPV, with special emphasis on their long-term follow-up. The mean follow-up was 66 months (range, 29–119 months). All patients reported complete and immediate resolution of their positional vertigo, which has been maintained in the long term. Most patients, however, reported some postoperative transient unsteadiness which lasted up to 4 weeks. All patients developed a transient mild conductive hearing loss postoperatively, which usually resolved within 4 weeks. Five patients developed a transient mild sensorineural hearing loss at high frequency which resolved in all cases within 6 months. There were no reports of sensorineural hearing loss nor tinnitus in the long term. Parnes (1996) reported that positional vertigo was completely relieved after posterior semicircular canal occlusion, and most patients had temporary mixed hearing loss after surgery, and their hearing later returned to the preoperative level. The efficacy of this surgical method in the treatment of refractory BPPV has been affirmed; temporary vertigo or hearing loss may occur after surgery and gradually disappear after surgery (Uetsuka et al., 2012).



Application of semicircular canal occlusion in the treatment of Meniere's disease

Meniere's disease is a clinical condition defined by spontaneous vertigo attacks (each lasting 20 min to 12 h) with documented low to midfrequency sensorineural hearing loss in the affected ear before, during or after one of the episodes of vertigo. It also presents with fluctuating aural symptoms (hearing loss, tinnitus, or ear fullness) in the affected ear (Basura et al., 2020). Its incidence varies from 3.5 to 513 per 100,000 persons (Zhang et al., 2019) and is most common between the ages of 40 and 60 years (Basura et al., 2020).

Although Meniere's disease is caused by a variety of factors, such as microcirculatory disorders, viral infections, allergies, autoimmune reactions, and genetic factors, most scholars believe that the pathological basis of Meniere's disease is that when the inner ear endolymph accumulates, vertigo occurs when the potassium-rich endolymph leaks into sodium-rich perilymph. In 1938, Hallpike and Cairns (1938) confirmed the role of endolymphatic hydrops in Meniere's disease through the study of animal models. Although there is currently no cure, more than 85% of patients with Meniere's disease are helped by either changes in lifestyle and medical treatment, or minimally invasive surgical procedures such as intratympanic steroid therapy, intratympanic gentamicin therapy, and endolymphatic sac surgery (Sajjadi and Paparella, 2008). In addition, the surgical treatment of Meniere's disease is a research hotspot in recent years.

The surgical treatment of Meniere's disease has a history of more than 100 years, with Frazier first transecting the eighth cerebral nerve through the posterior fossa approach to treat Meniere's disease in 1908. The traditional surgical treatment of Meniere's disease mainly includes endolymphatic sac surgery, vestibular neurotomy, and labyrinthectomy. In recent years, progress has been made in the surgical treatment of Meniere's disease, such as the application of semicircular canal occlusion, development of endolymphatic aqueduct obstruction, clinical application of vestibular implantation, and application of cochlear implant with labyrinthine surgery (Cowan et al., 2020).

Surgical treatment includes endolymphatic sac surgery, TSCO, vestibular neurotomy, and labyrinthectomy, etc (Editorial Board of Chinese Journal of Otorhinolaryngology Head Neck Surgery; Society of Otorhinolaryngology Head Neck Surgery Chinese Medical Association, 2017). The indications are patients with frequent and severe vertigo and ineffective conservative treatment for more than 6 months. And the semicircular canal occlusion is a new surgical treatment. The short-term control rate of vertigo was 100% and the long-term control rate was 95%. It is an ideal surgical treatment, with a very small number of patients having their hearing affected (Jiang et al., 2022). In the Editorial Board of Chinese Journal of Otorhinolaryngology Head Neck Surgery; Society of Otorhinolaryngology Head Neck Surgery Chinese Medical Association (2017), patients with Meniere's disease are divided into four stages, and patients whose hearing level is worse than 70dB are Classified into forth stage. The guideline alse suggests that semicircular canal occlusion is applicable to patients diagnosed stage IV Meniere's disease. Hence, patients with hearing loss above 70 dB should be selected (Editorial Board of Chinese Journal of Otorhinolaryngology Head Neck Surgery; Society of Otorhinolaryngology Head Neck Surgery Chinese Medical Association, 2017), and triple semicircular canals should be blocked concurrently, with the aim to block the movement of lymph in the semicircular canal so as to eliminate vertigo caused by postural changes.

Zhang et al. (2016) conducted semicircular canal occlusion in more than 200 patients with Meniere's disease. The efficacy of semicircular canal occlusion in the treatment of Meniere's disease was studied. The vertigo control rate at short-term follow-up was 100%: 49 patients were followed up for more than 3 years, the total effective rate of vertigo control was 100%, and about 30% of the patients had hearing loss. This shows that semicircular canal occlusion is effective in the treatment of intractable Meniere's disease. The principle is that after the semicircular canal is blocked, the endolymphatic flow is blocked and the rotational vertigo caused by the displacement of the ampullary crest is eliminated. Although the application of this procedure is limited in some patients with a low cranial plate or mastoid sclerosis, semicircular canal occlusion may still be the first choice for most patients with intractable Meniere's disease (with severe hearing loss).



Application of semicircular canal occlusion in treatment of labyrinthine fistula caused by middle ear cholesteatoma

Labyrinthine fistula is a complication of otitis media, with a reported incidence ranging from 4 to 15% (Ostri and Bak-Pedersen, 1989; Dornhoffer and Milewski, 1995; Copeland and Buchman, 2003; Stephenson and Saliba, 2011; Prasad et al., 2013). It is mostly caused by cholesteatoma invading the labyrinthine bone and can also be observed in ulcerative otitis media and mastoiditis, occasionally after middle ear mastoid surgery or trauma. Due to the damage of the bone wall connected to the cochlea, the endosteum is in direct contact with the cholesteatoma and causes damage to the endosteum and results in perilymph overflowing to the mastoid cavity of the middle ear; labyrinthine fistula can not only cause vertigo (Villari et al., 2021), but also lead to sensorineural hearing loss (Jang and Merchant, 1997). Fistula often occurs in the horizontal semicircular canal and can also be seen in the superior semicircular canal, posterior semicircular canal, and promontory (Bo et al., 2016). The mechanisms leading to bone wall destruction include: (1) localized osteitis caused by chronic infection; (2) non-inflammatory osteolysis mainly caused by cholesteatoma compression and chemicals such as collagenase produced by cholesteatoma matrix. Except for bone resorption, there are common pathological changes, such as fibrous tissue hyperplasia and new bone formation in the fistula (Ostri and Bak-Pedersen, 1989).

At present, there are many classification criteria for labyrinthine fistula, including Dornhofer's (1995) fistula, which are widely used at present and can be divided into three types (Dornhoffer and Milewski, 1995):

Type I: The labyrinthine bone is absorbed but the membranous labyrinth is intact.

Type II: The bone labyrinth and membranous labyrinth are destroyed at the same time to form a fistula, and the depth of the fistula is <1 × 2 of the semicircular canal diameter.

Type III: The bone labyrinth and membranous labyrinth are destroyed at the same time to form a fistula. The depth is >1 × 2 of the semicircular canal diameter until amputation.

Quaranta et al. (2009) provides the latest classification, in which labyrinthine fistula can be divided into six stages according to CT and intraoperative findings.

The staging system considers the size and depth of the fistula (Prasad et al., 2013) (see Table 1).


TABLE 1 Fistula staging.
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A labyrinthine fistula is usually difficult to diagnose preoperatively. Fistula test and CT of the temporal bone are commonly used to diagnose labyrinthine fistula, but they are not reliable when the test result is negative, and the most reliable method requires careful exploration during surgery. Simultaneously, with the development of diagnostic technology, HIT and semicircular canal multi-planar reconstruction (s-MPR) can be used appropriately to increase the positive rate of preoperative diagnosis. Indeed, the findings of intraoperative exploration is an important basis for diagnosis (D'Albora et al., 2017).

Yamauchi et al. (2014) first reported in 2014 the “underwater” endoscopic labyrinthine fistula closure technique. Thangavelu et al. (2022) reported the effect of “underwater technology” on postoperative hearing in patients with cholesteatoma complicated with labyrinthine fistula. The “underwater technique” for the removal of cholesteatoma in labyrinthine surgery is a feasible choice to maintain the function of the inner ear and promote the complete removal of cholesteatoma. There is no significant difference in bone conduction threshold before and after the operation. Sensory improvement in 20% of patients was more than 10 dB, and no patients had worsened postoperative sensorineural hearing loss. Some patients had temporary vertigo after the operation, but they eventually recovered. Pace et al. (2022) reported that the hearing of patients with cholesteatoma can be preserved using the “underwater technique” for labyrinthine fistula. Therefore, for patients with destruction of bone labyrinth and membranous labyrinth, it is safe to use the appropriate fascia packing method during operation. Moreover, the operative method is simple, easy, and time-efficient; has fewer complications, and there is no obvious interference to hearing; thus, it is widely applied clinically. Labyrinthine fistula is a common complication of middle ear cholesteatoma; thus, the possibility of labyrinthine fistula should be greatly considered. During the operation, the fistula area should be completely removed and repaired to prevent the disease from worsening (Gersdorff et al., 2000).



Application of semicircular canal occlusion in treatment of superior semicircular canal dehiscence syndrome

Superior semicircular canal dehiscence syndrome (SCDS) is a vestibular disorder caused by a pathologic third window into the labyrinth, resulted from a bone defect above the superior semicircular canal, which leads to a series of auditory and vestibular function syndromes (Steenerson et al., 2020). Its typical clinical manifestations are vertigo and auditory hypersensitivity caused by strong sound stimulation.

In 1998, Minor et al. (1998) first reported eight cases of SCDS, and since then, many cases of SCDS have been reported (Steenerson et al., 2020; de Wolf et al., 2021; Kontorinis and Gaggini, 2021; Nieto et al., 2021; Ellsperman et al., 2022). The incidence of SCDS is low and its pathogenesis is unknown, and it may be related to head trauma, infection, and pathological changes in the middle ear or adjacent structures (Rosowski et al., 2004; Ward et al., 2017; Mau et al., 2018). Its diagnosis needs to involve clinical manifestations, auditory function examination, vestibular function examination, and imaging examination.

The surgical treatment of SCDS includes the management of the superior semicircular canal and round window, and the operation related to the superior semicircular canal is performed earlier and is more mature. There are relatively few reports of round window surgery, which is a new surgical method, and its long-term effects remain to be observed. Surgical approaches include the middle cranial fossa approach, mastoid approach, external auditory canal approach, and endoscope-assisted surgical approach (Creighton Jr et al., 2021). The above surgical method needs to be realized by different surgical approaches, among which the middle cranial fossa approach and mastoid approach are reported more frequently, the postoperative results are stable, and each has its own advantages (Gersdorff et al., 2022). The external auditory canal approach is often combined with round window surgery, which has the advantage of less trauma. And the modified middle cranial fossa approach combined with ear endoscopy avoids the greater trauma caused by the traditional middle fossa craniotomy and the disadvantage of being unable to observe the dehiscence directly (Tugrul et al., 2022).

Management of superior semicircular canal includes occlusion, capping, and covering. Occlusion of the superior semicircular canal is the most frequently reported operation, which can be achieved by the middle cranial fossa approach and mastoid approach (Allsopp et al., 2020), and there is no difference in the postoperative effect. Semicircular canal occlusion was first reported by Minor et al. (1998). The surgical procedure mainly includes enlarging the dehiscence and filling the lumen of the superior semicircular canal with fascia, bone cement, and other materials. Resurfacing covers the dehiscence of the superior semicircular canal with autogenous tissues such as cartilage and fascia without blocking the superior semicircular canal. Capping is an improvement to the covering technique and uses hydroxyapatite cement instead of its own tissue to cover the dehiscence of the superior semicircular canal; hence, there is no risk of absorption and migration. The success rate of capping is similar to that of occlusion, and it is advantageous in that it cures the Tullio phenomenon and hyperacusis (Vlastarakos et al., 2009; Kaski et al., 2012; Mueller et al., 2014; Smith et al., 2022).

According to the summary of clinical cases, in the superior semicircular canal-related surgery, the postoperative effect of occlusion has been affirmed by scholars worldwide (Hassannia et al., 2019), and the postoperative effects of other surgical methods are still controversial. Superior semicircular canal occlusion is an ideal surgical method for the treatment of superior semicircular canal dehiscence syndrome with a low incidence of complications.



Effect of semicircular canal occlusion on hearing and vestibular function

The preservation of cochlear function after semicircular canal occlusion is key to its popularization and application (Lin et al., 2021), and experimental studies and clinical applications show that there is a separation system between the superior labyrinth (vestibular labyrinth) and inferior labyrinth (auditory labyrinth), i.e., the membrana limitans and utricle-endolymphatic valve (Smith et al., 2022). The vestibular labyrinth is comprised of the semicircular canals (detecting angular acceleration) and otolith organs (utricle and saccule, which detect linear acceleration and head tilt relative to gravity). Lying just inferior to the utricle is the membranous membrana limitans (ML). Acting as a keystone to vestibular geometry, the ML provides support for the utricular macula and acts as a structural boundary between the superior (pars superior) and inferior (pars inferior) portions of the vestibular labyrinth. The utricle-endolymphatic valve is a living valve-like structure located at the entrance of the utricle in the anterior and inferior walls of the utricle. It is passively closed when the lymphatic pressure in the upper and lower labyrinth changes, which can prevent excessive endolymphatic loss caused by secondary labyrinthine destruction. The relative independence of the internal and external lymphatic system between the superior and inferior labyrinth provides an anatomical basis for semicircular canal occlusion to preserve hearing. In addition, the collapse and adhesion of the membranous semicircular canal caused by inflammation separate the fistula from the adjacent tissue and limit the spread of inflammation to the downward labyrinth. Animal experiments and clinical observations showed that single and multiple semicircular canal occlusion did not affect the function of the cochlea and other vestibular terminal organs other than the blocked semicircular canal.

Stultiens et al. (2021) performed vestibular function examination and hearing test before superior semicircular canal or posterior semicircular canal filling and 1 week, 2 months, and 6 months after the operation. Testing included caloric irrigation test, video Head Impulse Test (vHIT), cervical and ocular Vestibular Evoked Myogenic Potentials (VEMPs) and audiometry. Concurrently, the following oculomotor muscle movement tests were performed to rule out central lesions: smooth pursuit, saccade, optokinetic nystagmus, spontaneous nystagmus, and gaze evoked nystagmus. The results showed that the ipsilateral caloric test decreased in all patients, and the vHIT vestibulo-ocular refexes (VOR) gain decreased in six patients with unilateral semicircular canal. Six months after the operation, the thermal response of six patients recovered to 60% of the preoperative value. The bilateral unblocked semicircular canal vHIT VOR of five of six patients returned to 85% of the preoperative value. Four VEMP reactions in the neck and eyes were preserved in six patients. The results of the hearing function test were similar to those of the vestibular function test; during the 1-week follow-up after the operation, the bone conduction hearing of three of six patients deteriorated, and the 10 dB was even lower than that before the operation. Although one patient sustained a 15- dB injury at 8 Hz, it recovered within 6 months after the operation, and the vestibular function and hearing of patients after semicircular canal occlusion decreased significantly in a short period of time after semicircular canal occlusion.

Yin et al. (2006) concluded that TSCO controls vertigo, is easy to perform, and could be used as an alternative procedure for the treatment of Meniere's disease in selected patients who complain mainly of intractable vertigo. Three patients with Meniere's disease who underwent unsuccessful endolymphatic sac decompression or mastoid shunt was then selected to undergo TSCO.Vertigo control and vestibular and auditory function were measured. The early vestibular symptoms caused by surgery resolved quickly and no hearing deterioration occurred after surgery.

Chen et al. (2010) investigated the safety and efficacy of semicircular canal occlusion for surgical treatment of labyrinthine fistula caused by cholesteatoma. Twenty-two patients with labyrinthine fistula who were treated surgically were enrolled in the study. All patients were treated by completely removing the cholesteatoma matrix followed by semicircular canal occlusion. With a follow-up of at least 6 months, there was no recurrent cholesteatoma in any of the patients. Vertigo disappeared in all the patients. Most patients presented no hearing deteriorate and four of them demonstrated hearing improvement. No patient presented with surgery-related deafness postoperatively.

Although the vestibular function and hearing of most patients recovered continuously during the follow-up period (Gill et al., 2021; Zhang et al., 2021; Kontorinis and Thachil, 2022), some patients still had persistent impairment of their inner ear function. The limitation of this study is that there are few samples, and the changes of biomechanical properties of the inner ear may also include perilymph leakage and postoperative local inflammation caused by tissue injury. This study cannot rule out the influence of related factors. However, with further development of basic scientific research and clinical follow-up monitoring related to semicircular canal occlusion, related research on the effect of semicircular canal occlusion on vestibular function and hearing will be more accurate.



Summary

Semicircular canal occlusion is a surgical method that has been highlighted in recent years and has a good effect after surgical treatment of refractory BPPV, intractable Meniere's disease, superior semicircular canal dehiscence syndrome, and middle ear cholesteatoma complicated with labyrinthine fistula. The symptoms of postoperative vertigo can be effectively controlled, the postoperative hearing loss is less, and other serious complications are minimized. These advantages have been recognized by scholars. However, there are still some reports that the hearing of patients after semicircular canal occlusion deteriorates over time (see Figure 1).
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FIGURE 1
 Development of semicircular canal occlusion.


The degree of recovery and duration of postoperative vertigo vary from patient to patient, and the exact cause of the decline in inner ear function after semicircular canal surgery is not completely clear; therefore, effective control of the influence of semicircular canal occlusion on vestibular and cochlear organs is an important direction for future research.
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Hereditary deafness is one of the most common human birth defects. GJB2 gene mutation is the most genetic etiology. Gap junction protein 26 (connexin26, Cx26) encoded by the GJB2 gene, which is responsible for intercellular substance transfer and signal communication, plays a critical role in hearing acquisition and maintenance. The auditory character of different Connexin26 transgenic mice models can be classified into two types: profound congenital deafness and late-onset progressive hearing loss. Recent studies demonstrated that there are pathological changes including endocochlear potential reduction, active cochlear amplification impairment, cochlear developmental disorders, and so on, in connexin26 deficiency mice. Here, this review summarizes three main hypotheses to explain pathological mechanisms of connexin26-related hearing loss: potassium recycling disruption, adenosine-triphosphate-calcium signaling propagation disruption, and energy supply dysfunction. Elucidating pathological mechanisms underlying connexin26-related hearing loss can help develop new protective and therapeutic strategies for this common deafness. It is worthy of further study on the detailed cellular and molecular upstream mechanisms to modify connexin (channel) function.
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Introduction

Up to now, 21 human genes and 20 mouse genes encoding connexin (Cx) have been identified, of which 19 are considered homologous pairs (Söhl and Willecke, 2003). All Cxs are considered to share the same topology, with cytoplasmic amino and carboxyl terminals, and four transmembrane domains are connected by two extracellular rings and one cytoplasmic ring (Beyer and Berthoud, 2018). In the cochlea, there are varieties of Cxs including Cx26, Cx29, Cx30, Cx31, Cx32, Cx43, and Cx45, which are named according to their molecular weight size (Lautermann et al., 1998; Ahmad et al., 2003; Buniello et al., 2004). Different connexins have distinct distribution and expression characteristics during the development of cochlea (Forge, 1984). Cx26 and Cx30 are the prevailing Cxs in the developing and mature rodent cochlea (Tsutsui et al., 1976; Kikuchi et al., 1995; Zhao and Yu, 2006). Six connexins can combine into one single junctional hemichannel, and two hemichannels between two adjacent cells form a gap junction (GJ) (Sáez and Leybaert, 2014). The GJ which is composed of the same connexin protein is known as homomeric gap junction, while the GJ which is composed of heteromeric connexin is also known as heterotrimeric gap junction (Kumar and Gilula, 1996). GJ channels and hemichannels generally allow the passage of ions (K+), some second messengers [adenosine-triphosphate (ATP) and inositol-1,4,5-trisphosphate (IP3)],(Niessen et al., 2000; Beltramello et al., 2005; Bedner et al., 2006; Hernandez et al., 2007) and metabolites (glycolytic intermediates, vitamins, amino acids, and nucleotides) (Zou et al., 2005; Chang et al., 2008; Kanaporis et al., 2008) of molecular weight less than 1.4 kDa molecular weight or diameter less than 1.5 nm (Leybaert et al., 2017). The hemichannel is mainly maintained in a closed state, and its opening and closing are mainly regulated by (1) extracellular Ca2+ and Mg2+ concentrations (Verselis and Srinivas, 2008; Bennett et al., 2016), (2) membrane potential (Verselis et al., 1994), and (3) post-translational modifications of proteins (e.g., phosphorylation) (Moreno, 2005; Aasen et al., 2018).

Mammalian cochlear inter-cellular connections are divided into two main cellular network systems, namely the epithelial gap junction system (E-sys) and the connective tissue gap junction system (C-sys) (Kikuchi et al., 1995). In mammals, the E-sys forms around embryo day 19 (E19) and is well developed by postnatal day5 (P5). E-sys is located in supporting cells around the organ of Corti, the bordering epithelial cells of the inner sulcus and outer sulcus, the interdental cells of the spiral limbus, and the root cells (Jagger and Forge, 2013) that extend their process into the spiral ligament. C-sys develops around P0 and is further divided into two systems, (1) fibrocytes of the spiral limbus; (2) fibroblasts, basal cells, and intermediate cells of the stria vascularis (SVs), fibroblasts of the suprastrial region, mesenchymal cells of the vestibular scala, and dark cells (Kikuchi et al., 2000).

The maintenance of normal function of the inner ear depends on the homeostasis of three fluid environments—the perilymph fluid (cerebrospinal fluid), the endolymphatic fluid, and the intracellular fluid. Furthermore, the maintenance of the fluid environment homeostasis depends on the cellular network system of substance exchange and signaling transmission which is formed by intercellular GJ channels and extracellular hemichannels.

Gap junction protein 26 (connexin26, Cx26) encodes by the GJB2 gene. GJB2 mutations cause about 50% of non-syndromic hearing loss. There are more than 340 mutations of GJB2 (Mammano, 2019), including missense mutation, nonsense mutation, frameshift mutation, insertion mutation, deletion mutation, and so on. Most GJB2 mutations cause recessive non-syndromic deafness (DFNB1A, OMIM: 220290). GJB2 mutations affect the following: (1) the protein expression level (Thönnissen et al., 2002); (2) their transport to the plasma membrane; (3) their channel biological characteristics (voltage gated, chemical gated, and channel permeability) (Gerido et al., 2007).

Cx26 is the most common and harmful deafness gene. Cx26 is responsible for intercellular substance transfer and signal communication and plays a critical role in hearing acquisition and maintenance. Cx26 mutations can not only cause congenital deafness but also cause delayed deafness. The deafness mechanism caused by Cx26 mutation is not clear. Mouse models are widely used in hearing and deafness mechanism research (Leibovici et al., 2008). Benefit from the development of transgenic technologies such as the Cre-loxP system and the establishment of the Cx26 conditional knockout mouse model has promoted the study of the mechanism of Cx26 mutation deafness (Gridley and Murray, 2022). This paper reviews the research progress of congenital deafness and delayed deafness caused by Cx26 mutation in recent years and tries to find the underlying pathological mechanisms of connexin26-related hearing loss.



Mouse models of connexin 26 deficiency

Given the complex phenotype and mutation in Cx26-related hearing loss, it is difficult to explore the underlying pathogenesis mechanism. More and more Cx26 transgenic mice have been used to study pathogenesis mechanisms. We summarized and classified Cx26 transgenic mice into two major types based on the deafness phenotype: profound congenital deafness model mice and late-onset progressive deafness model mice. Profound congenital deafness model mice include Gjb2loxP/loxP; Otog-Cre, Gjb2loxP/loxP; Sox10-Cre, Gjb2loxP/loxP; Pax2-Cre, Gjb2loxP/loxP; Foxg1-Cre, Gjb2loxP/loxP; Rosa26-Cre, Gjb2loxP/loxP; Prox1-CreERT2, and Gjb2loxP/loxP; Rosa26cre-ER injected with tamoxifen at E19 or P1 (Sun et al., 2009; Wang et al., 2009; Chang et al., 2015). The common pathological changes of these mice are the failure of the opening of the tunnel of Corti at P6, serious hair cell loss from the middle turn after P14, and the secondary loss of spiral ganglion neurons (Cohen-Salmon et al., 2002; Sun et al., 2009; Wang et al., 2009). Obviously, in Cx26 deficiency mice, the sensory epithelial cell injury precedes hearing loss. The failure of the tunnel of Corti to open is a landmark event (Lin et al., 2013). Since the tunnel of Corti and Nuel’s space are not developed, perilymph failed to infiltrate around the outer hair cell body, resulting in an effective K+ potential difference (endocochlear potential, EP), and cochlear amplifier function fail to form (Wang et al., 2009). Researchers found that the reduction of microtubules in inner and outer column cells is likely the reason that the tunnel of Corti failed to open (Lin et al., 2013; Xie et al., 2019). Cx26 plays a crucial role in the early development of the cochlea. The developmental disorder of supporting cells may be the main mechanism of congenital profound deafness caused by Cx26 deficiency.

Cx26 model mice that present late-onset progressive deafness mainly include p.V37I homozygous mutant mice, Cx26± mice, and Gjb2loxP/loxP; Rosa26cre ER mice which received injection with tamoxifen at P5, P8, and later (Zhu et al., 2015; Chen et al., 2016; Lin et al., 2019). All these mice acquire normal hearing function and show normal cochlear development without hair cell loss at P30 (Chang et al., 2015). However, with aging, progressive hearing loss first started only at high frequency and gradually extended to full frequencies (Chang et al., 2015; Xie et al., 2019). It is like the phenotype of DFNA3 or DFNB1. The common pathophysiological alterations of these model mice are the active cochlear amplification impairment which showed that distortion product otoacoustic emission (DPOAE) failed to evoke at an early stage (Chen et al., 2021). With aging, hair cells at the basal turn first start to damage and then gradually expand to the middle and apic turns (Fetoni et al., 2018). This pathological change pattern is like the pattern of noise-induced deafness and age-related deafness (Zhou et al., 2016). This kind of mice model further proves that Cx26 plays an essential role in maintaining hearing function, especially in maintaining the active amplification of the cochlea. The rest of the cochlear blood supply depends on two vascular networks, one serving the spiral limbus, and another serving the spiral ligaments and SVs (Figure 2).



Pathological mechanisms of connexin26-related hearing loss


Cx26 mutation leads to disruption of potassium recycling in cochlear lymph

In 1983, Santos-Sacchi and Dallos proposed the hypothesis of the GJ function in potassium recycling (Santos-Sacchi and Dallos, 1983). The cochlear GJ is a specific potassium ion channel. By GJ, expelled potassium ions from hair cells are sunken into supporting cells and are eventually transported back to the endolymph.

Potassium recycling is such a process that potassium flows through ion channels in the cochlear GJ system from the perilymph into the endolymph, participating in the formation of hair cell receptor potentials and stable endocochlear potential (EP), finally returning to the perilymph (Lv et al., 2021; Figure 1). Potassium recycling is thought to be critical for maintaining high endolymphatic potassium concentrations and EP (Chen et al., 2021).
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FIGURE 1
Schematic diagrams of Cx expression, potassium recycling, and ATP-Ca2+ signaling in the inner ear.
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FIGURE 2
Schematic diagrams of glucose transport in the stria vascularis and spiral ligament of the cochlea.


The cochlea is filled with endolymph and perilymph of unique and different ionic environments. The ionic composition of endolymph is different from that of perilymph. Such as, the potassium concentration in the endolymph is 30 times higher than that of the perilymph, in contrast, Na+ concentration in the perilymph is 10 times higher than that in the endolymph. This leads to the potential difference between different parts of the cochlea in the resting state. EP is the positive voltage (+80 mV) of cochlear endolymph in scale media at the resting state. Once acoustic stimulation, the positively charged EP becomes the driving force to promote potassium ions of endolymph in the scala media to pass through the mechano-transduction channel in the top of hair cells and generates auditory receptor current and potential. Thus, the positive EP is necessary for hearing maintenance (Chen and Zhao, 2014; Chen et al., 2021). Gap junction coupling is required to produce positive EP. Loss of Cx26 expression in the cochlea can lead to decreased EP (Chen et al., 2014). Compared with WT mice, Cx26 KO mice had about a 50% reduction in EP (Cohen-Salmon et al., 2002).

The EP reduction attenuates the potassium inflow driving force into hair cell stereocilia and weakens outer hair cell (OHC) electromotility. OHC electromotility serves as a major source of active cochlear amplification in mammals (Ashmore, 2008; Liu et al., 2019). Active cochlear amplification can increase hearing sensitivity and frequency selectivity (Dallos, 2008; Zheng et al., 2021). Therefore, Cx26 deficiency in the cochlear supporting cells can impair active cochlear amplification with DPOAE reduction (Lin et al., 2019).

Based on GJ functions in the cochlea, researchers have hypothesized that the pathological mechanism of deafness caused by Cx26 mutations may be due to dysfunction of GJ, leading to impair potassium recycling in the cochlea. They hypothesized that GJB2 mutations produce functionally defective or non-functional Cx26 proteins that affect the permeability of the cochlear GJ, impairing GJ coupling and disrupting potassium recycling, and also (1) leading to potassium excessive accumulation in extracellular space near hair cell, generating cell toxicity and eventually damaging the hair cells (Salt and Ohyama, 1993; Teubner et al., 2003; Wangemann, 2006; Zhao, 2017); (2) leading to EP reduction; and (3) leading to impair active cochlear amplification (Kamiya et al., 2014; Chang et al., 2015).

The potassium recycling dysfunction hypothesis can explain the pathogenesis of most of the GJ-related hearing loss including profound congenital hearing loss and late-onset progressive hearing loss. However, there has been no direct evidence found to support this hypothesis so far. Moreover, more and more model mice have been studied, and the theory of potassium recycling has been challenged and questioned in many ways (Zhu et al., 2015). For example, many mutations do not affect the ion permeability of the GJ but still cause deafness (Beltramello et al., 2005); R75W mutant mice exhibit severe deafness but have normal EP (Inoshita et al., 2008), and so on. Therefore, in our opinion, the Cx26 mutation causing impaired potassium recycling may not be its main pathogenic mechanism. The hypothesis of potassium recycling defect cannot explain that Cx26 deficiency can lead to congenital deafness and delayed deafness. The congenital deafness caused by Cx26 mutation is not due to the degeneration of cells and the reduction of cochlear potential but may be due to the developmental disorder of the cochlea itself.




Critical role of ATP triggered intercellular Ca2+ signaling in cochlear development

As an intercellular channel, GJ also plays an important role in intercellular Ca2+ signaling transduction (Sirko et al., 2019). Calcium signaling is involved in a variety of cell pathophysiological processes, which is not only the main driving force of cell proliferation and growth but also closely related to cell death (Sirko et al., 2019).

The spread of intercellular Ca2+ waves can be realized through transmitting second messengers (Ca2+ and IP3 by GJ channels, or ATP and IP3 by hemichannels). During cochlear development, supporting cells of the Kölliker’s organ can spontaneously and rhythmically release ATP to the endolymphatic surface via hemichannels, as well as to adjacent supporting cells via GJ channels (Mese et al., 2011; Sellitto et al., 2021). Then, ATP can activate the G protein-coupled P2 purinergic receptor (P2R) of the adjacent cells, producing phospholipase C (PLC)-dependent IP3, which activates the endoplasmic reticulum IP3 receptor and promotes endoplasmic reticulum calcium release, thereby inducing Ca2+ signaling (Piazza et al., 2007). Initially, intracellular Ca2+ release from supporting cells usually starts from a small group of cells (2–4) and then passes rapidly through gap junction channels, synchronizing the entire Kölliker’so rgan syncytium, causing cumulative ATP release, and eventually activating the P2Rs on adjacent inner hair cells (IHC), which again leads to causing depolarization of IHCs and the release of calcium-dependent glutamate from ribbon synapses, activating spiral ganglion neurons (SGNs) to generate action potentials(Ceriani et al., 2016). This process is called as the ATP-triggered intercellular Ca2+ signaling pathway or sound-independent spontaneous electrical activity, which is a key transient physiological activity during auditory development (Ceriani et al., 2016). With the disappearance of Kölliker’s organ, mature synapses of hair cells start to be established for chemical-electrical connection with postsynaptic afferent nerves, and the abovementioned transient physiological activity ends. Thus, ATP triggered intercellular Ca2+ signaling pathway plays a critical role in promoting the maturation of hair cells and SGNs and the refinement of synapses and nerve fibers.

In addition, the propagation of the intercellular Ca2+ wave activates and opens TMEM16A (a Ca2+-activated chloride channel), causing osmotic cell contraction and wrinkle movement of tall columnar cells of Kölliker’s organ (Tritsch et al., 2007). TMEM16A is highly expressed in columnar supporting cells near IHC. The wrinkle movement of columnar cells will also depolarize IHC and increase the frequency of spontaneous Ca2+ action potentials (APs) of IHC at the prehearing stage, thus triggering synaptic vesicle exocytosis and promoting the development and maturation of IHC and SGN at prehearing stage (Wang et al., 2015).

Connexin, as the core of ATP-triggered intercellular Ca2+ signaling pathway, and its defect will lead to the disruption of calcium signal transmission. Both Gjb2loxP/loxP; Sox10-Cre mice and Gjb6–/– mice showed that Ca2+ waves failed to propagate in the Kölliker’s organ (Ortolano et al., 2008; Crispino et al., 2011), and consequently failed to acquire normal hearing (Sun et al., 2022). On the contrary, P2rx7 and Panx1, as alternative parts for ATP-triggered intercellular Ca2+ signaling, P2rx7–/– (MGI:3606250) and Panx1–/– (MGI:3606250) mice, showed that normal Ca2+ waves spread in Kölliker’s organ and normal hearing phenotype (Suadicani et al., 2006). Moreover, overexpression of Cx30 by transduction in vivo with BAAV (bovine adeno-associated virus) vectors encoding Cx30 via canalostomy at P4 not only restored calcium wave transmission in Gjb6–/– mice but also partially and significantly improved hearing threshold around P30 (Crispino et al., 2011).

Although IHCs and OHCs do not express GJs, the Ribbon synapse of IHC retained immature morphology in Gjb2loxP/loxP; Sox10-Cre mice and Gjb6–/– mice under transmission electron microscopy observation (Johnson et al., 2017). And patch clamp experiments also showed membrane currents and exocytosis capability of IHC retained at the prehearing stage (Johnson et al., 2017). The impaired synapse and nerve innervation of OHC also have been found in Cx26 deficiency mice (Johnson et al., 2017).

In conclusion, these results demonstrated that Cx-dependent ATP-triggered intercellular Ca2+ signaling pathway plays a key role in postnatal auditory development. Some scholars proposed the hypothesis that the disrupted Ca2+ signaling of developing cochlear epithelium prevents hearing acquisition in Cx26 deficiency mice (Ceriani et al., 2016; Johnson et al., 2017; Sun et al., 2022). However, the disrupted Ca2+ signaling hypothesis cannot explain the abnormal development of cochlear support cells, such as the failure of the tunnel of Corti to open and the failure of inner and outer column cells to differentiate and mature.



Energy supply of the cochlear supporting cell via gap junction-mediated glucose transport pathway

The mammalian cochlear sensory epithelium is basically an avascular structure. With one exception, there is only one capillary, the spiral vessel, that traverses the sensory epithelium beneath the tunnel of Corti. The rest of the cochlear blood supply depends on two vascular networks, one serving the spiral limbus and another serving the spiral ligaments and SVs. The spiral ligament vessel, which is embedded in the fibrocytes forming part of the C-sys, crosses SVs and divides into many fine capillaries in the SVs.

Glucose transport is divided into two types, the family of glucose transporters (GLUT) that promote glucose diffusion along concentration gradient and sodium-dependent glucose transporters (SGLTs) that transport glucose against a concentration gradient (Mueckler and Thorens, 2013; Deng and Yan, 2016). Blood glucose is mainly transported along a concentration gradient, which does not require energy, but requires a carrier. In rats, the concentration of glucose in the perilymph of vestibular scala and media scala is only about 50% of that in blood plasma, while the glucose concentration in the endolymph is less than 10%. In 1983, Santos-Sacchi and Dallos discovered that GJs can help transport glucose and other metabolic substances to adjacent cells of the sensory epithelium (Santos-Sacchi and Dallos, 1983). Using a fluorescent glucose tracer (2-NBDG) which can monitor the ability of glucose uptake in living cells, it has been shown that glucose transport is through the intercellular GJs network system (Zou et al., 2005). Also in astrocytes, the network of GJs can transport energy and nutrients from the vascular zone to distant neurons in the avascular zone.

During cochlear development, both hair cells and supporting cells require a large amount of energy for differentiation and maturation. The insufficient energy supply will disturb normal development. Autophagy provides important energy for early development, and the deletion of autophagy-related molecules can be lethal to mouse embryos (He et al., 2017; Liu et al., 2021). Similarly, complete knockout of Cx26 mice has embryonic lethality, which is related to impaired transplacental glucose uptake (Bakirtzis et al., 2003). Interference with autophagy in early development also disrupts cochlear sensory epithelial development (Bu et al., 2022). In adult mice, the normal OHC electromotility activity also requires a large amount of energy, and the concertina movements of OHCs can reach 10,000 Hz frequency, and such a high frequency of cellular concertina movements must be accompanied by a large consumption of energy (Zhu et al., 2013). However, OHC electromotility does not depend on ATP but probably on the constant uptake of glucose from the cortilymph by the glucose transporters in the lateral walls of OHCs. Glucose of cortilymph may come from the hemichannel secretion of supporting cells.

Mutations in Cx26 reduce the coupling of CJs, which limits the transport of nutrients, especially glucose from distal vessels to avascular sensory epithelium. The glucose transport pathway mediated by GJs is critical for the differentiation and maturation of supporting cells, especially the inner and outer column cells of the tunnel of Corti during early development (Xie et al., 2019). Limited energy supply may hinder the formation of microtubules of inner and outer column cells, leading to failure to open the tunnel of Corti, which can explain the developmental disorder in congenitally profound deafness model mice (Lin et al., 2013; Xie et al., 2019). The lack of nutrients such as glucose affects ATP production, leading to reactive oxygen species (ROS) overload and cell apoptosis (Wang et al., 2016; Fetoni et al., 2018). This provides a mechanism to explain the massive loss of OHCs due to their high elevated levels of mitochondrial metabolism, making them more susceptible to intracellular ATP deprivation (Wang et al., 2022). Considering that OHCs in the high-frequency region require more energy, it could not only explain that Cx26 defect model mice with delayed progressive hearing loss that usually start to hearing impairment at the high frequencies but also explain that Cx26-related delayed hearing loss has noise susceptibility and age-related characteristics (Fetoni et al., 2018; Lin et al., 2019).



Summary and outlook

Cx26 plays a critical role for hearing acquisition and maintenance. Cx26 mutations can induce congenital deafness and late-onset hearing loss. Cx26 is responsible for intercellular substance transfer and signal communication. GJ channels and hemichannels generally allow the passage of potassium, ATP-calcium signaling, and glucose. Potassium recycling is critical for maintaining EP and OHC electromotility. Therefore, Cx26 mutation can disrupt potassium recycling in cochlea lymph, leading to EP reduction and active cochlear amplification impairment. ATP-triggered intercellular Ca2+ signaling is critical for cochlear development. Cx26 mutation can lead to cochlear IHC development disorder. Cochlear development for hearing acquisition and OHC electromotility for hearing maintenance require sufficient energy supply, which depends on the cochlear supporting cell by GJ-mediated glucose transport pathway. Thus, energy deprivation at different periods due to Cx26 deficiency can cause cochlear non-sensory and sensory epithelial cell development arrest or OHC electromotility impairment with aging or noise.

Cx26 function has been studied for decades, most of which focus on downstream function changes. Nowadays, there are some advances in the treatment of GJB2 mutation-related deafness. Yu et al. (2014) and Iizuka et al. (2015) used virally mediated gene therapy to restore Cx26 expression in a mouse model of Gjb2 deletion and improved the auditory responses or development of the cochlear structure. Xu et al. (2022) found that systemic administration of dexamethasone could prevent OHCs loss and improve auditory responses at some frequencies. Monoclonal antibodies developed in the last three decades have become the most important class of therapeutic biologicals (Buratto et al., 2021). Ziraldo et al. (2019) found that a human-derived monoclonal antibody named abEC1.1 can selectively modulate hemichannel function and efficiently inhibit hyperactive mutant Cx26 hemichannels implicated in autosomal dominant non-syndromic hearing impairment accompanied by keratitis and hystrix-like ichthyosis-deafness (KID/HID) syndrome (Xu et al., 2017). So far, there is no drug to prevent or treat Cx26 mutation-related hearing loss. Post-translational modifications of proteins can regulate the Cx26 protein life cycle and/or channel selective permeability by the covalent addition of functional groups or proteins, changing the hydrophilicity and spatial structure of Cx26. The upstream molecular regulation mechanism of Cx26 deserves further study to find more information for novel protective or therapeutic strategies to prevent or treat hereditary deafness caused by GJB2 mutation.
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The Kölliker’s organ is a transient cellular cluster structure in the development of the mammalian cochlea. It gradually degenerates from embryonic columnar cells to cuboidal cells in the internal sulcus at postnatal day 12 (P12)–P14, with the cochlea maturing when the degeneration of supporting cells in the Kölliker’s organ is complete, which is distinct from humans because it disappears at birth already. The supporting cells in the Kölliker’s organ play a key role during this critical period of auditory development. Spontaneous release of ATP induces an increase in intracellular Ca2+ levels in inner hair cells in a paracrine form via intercellular gap junction protein hemichannels. The Ca2+ further induces the release of the neurotransmitter glutamate from the synaptic vesicles of the inner hair cells, which subsequently excite afferent nerve fibers. In this way, the supporting cells in the Kölliker’s organ transmit temporal and spatial information relevant to cochlear development to the hair cells, promoting fine-tuned connections at the synapses in the auditory pathway, thus facilitating cochlear maturation and auditory acquisition. The Kölliker’s organ plays a crucial role in such a scenario. In this article, we review the morphological changes, biological functions, degeneration, possible trans-differentiation of cochlear hair cells, and potential molecular mechanisms of supporting cells in the Kölliker’s organ during the auditory development in mammals, as well as future research perspectives.
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INTRODUCTION

Mammals are not born with a sense of hearing, which gradually matures during the 12th to 14th day of life (Geal-Dor et al., 1993). During the development of hearing, the Kölliker’s organ supporting cells play a key regulatory role (Tritsch et al., 2007; Dayaratne et al., 2014), changing cell morphology and numbers during the embryonic and postnatal periods, eventually degenerating and disappearing after the external auditory canal opens, the endocochlear potential is established, and the cochlea can receive external acoustic stimuli, and then eventually diffuse into internal sulcus cells, at which point the cochlear hearing becomes mature (Lim and Anniko, 1985). Delayed degeneration or dysfunction of Kölliker’s organ-supporting cells can lead to abnormal cochlear hearing development (Lim, 1986). In addition, Kölliker’s organ-supporting cells can be induced to differentiate into new hair cells as inner ear progenitors for hair cell regeneration, which in turn can repair damaged hearing (Chai et al., 2011, 2012; Wang et al., 2015; Cheng et al., 2017; Zhang et al., 2017, 2018; You et al., 2018). Although the Kölliker’s organ was described more than a century ago, the molecular mechanisms regulating cochlear auditory development are still far beyond understanding. In this article, we review the morphological changes, biological functions, degeneration, possible trans-differentiation into hair cells, and potential molecular mechanisms of Kölliker’s organ-supporting cells during development, as well as future research perspectives to gain insight and understanding of the role of Kölliker’s organ-supporting cells in cochlear auditory development.



MORPHOLOGICAL CHANGES IN KöLLIKER’S ORGAN-SUPPORTING CELLS DURING AUDITORY DEVELOPMENT AND POSSIBLE MECHANISMS

The organ of Corti consists of a chimera of hair cells and supporting cells connected in a highly ordered manner, and is an important component of the inner ear auditory receptors (Lim, 1986). At the base of the inner spiral sulcus is a single layer of cuboidal epithelium, which is derived from the degenerated Kölliker’s organ-supporting cells (Lim and Anniko, 1985).

The Kölliker’s organ is the earliest visible epithelial structure, present in the late embryonic and early postnatal periods (P0–P14), which is a marker of cochlear immaturity (Dayaratne et al., 2014). The differentiated Kölliker’s organ consists mainly of closely spaced columnar cells, and due to the dense distribution, the nucleus can appear in different areas of the cell (mostly at the base of the Kölliker’s organ), thus appearing stratified in cross-section (Hinojosa, 1977). Kölliker’s organ-supporting cells have elongated cytosomes, usually separated by an extracellular space of about 200 Å, with some extracellular gaps down to 30 Å, with bipolar or unipolar protrusions at the top of the cell and microvilli visible at the end, which were shown to be about 3–4 μm long in mice and appeared within 10 days after birth (Hinojosa, 1977). Some of these cells can be mitotically active in late embryonic and early postnatal stages and have the potential to trans-differentiate into hair cells (Wu and Kelley, 2012; Dayaratne et al., 2014).

The morphology and structure of Kölliker’s organ-supporting cells undergo programmed changes and alterations during the embryonic period and after birth: the cytoplasm moves away from the cell membrane, the cells develop folds, and the cell gaps increase in size. After this critical period, the columnar cells gradually degenerate and their number decreases dramatically to about 12% of the original number of cells in the adult cochlea, and are eventually replaced by cuboidal-like cells that form a mature internal sulcus before degenerating and disappearing (Figure 1), at which point the cochlea matures in hearing (Tritsch et al., 2007). The origin of the cuboidal-like epithelial cells that replace the columnar supporting cells of the Kölliker’s organ during cochlear developmental maturation and remodeling of the Kölliker’s organ is unclear.


[image: image]

FIGURE 1. The morphology and structure of Kölliker’s organ-supporting cells from immature to mature stages. From P1 to P14, the cytoplasm moves away from the cell membrane, the cells develop folds, and the cell gaps increase in size. Also, during this critical period, the columnar cells gradually degenerate and their number decreases dramatically, and are eventually replaced by cuboidal-like cells which form a mature internal sulcus, at which point the cochlea matures in hearing. KO, Kölliker’s organ; GER, Greater epithelial ridge; LER, Lesser epithelial ridge; OHC, Outer hair cells; IHC, inner hair cells.



The role of ATP in initiating spontaneous morphological changes in Kölliker’s organ-supporting cells was first described by Tritsch et al. (2007). After ATP is released into the extracellular space through gap-linked hemichannels on the surface of Kölliker’s organ-supporting cells, it in turn, acts on the purine P2X and P2Y receptors on the surface of the cells themselves receptors on the cell surface, causing intracellular Ca2+ elevation and inward current generation (Tritsch et al., 2007; Liang et al., 2009). Using real-time imaging, the study found that these rhythmic structural changes first start in a small group of cells within the Kölliker’s organ and then radially spread to neighboring cells through gap junctions (Tritsch and Bergles, 2010). Much like inward currents, the frequency of these morphological events was significantly increased in border cells adjacent to the hair cells within the Kölliker’s organ region, suggesting that border cells around the hair cells first initiate this spontaneous activity and play a key regulatory role (Nishani Dayaratne et al., 2015).

This spontaneous morphological change in the rodent Kölliker’s organ does not occur at birth, and studies suggest that cellular morphological changes need to be initiated when the cochlea develops to a certain extent. The low level of purinergic receptor expression on the surface of Kölliker’s organ-supporting cells in the early postnatal period results in ATP-induced inward currents and calcium waves at low levels, which are insufficient to initiate this process (Tritsch and Bergles, 2010). It was found that neither strong current stimulation nor elevated extracellular K+ ion concentrations induced spontaneous morphological changes; whereas when the increased intracellular Ca2+ concentrations, cells underwent depolarization, activated Kölliker’s organ-supporting cells, and further promoted changes in cell diameter in neighboring cells (Tritsch et al., 2007; Tritsch and Bergles, 2010). These results suggest that the intracellular Ca2+ concentration is a key factor in triggering rhythmic morphological changes in cells that diffuse into adjacent cells within the Kölliker’s organ (Tritsch et al., 2007; Peng et al., 2012).

It is now believed that one of the key factors initiating this morphological change is the Ca2+-activated Cl− channel, leading to Cl− efflux, which decreases the cell membrane threshold potential level and further causes an efflux of intracellular fluid due to the osmotic gradient, resulting in sawtooth morphological changes in Kölliker’s organ-supporting cells (Tritsch et al., 2010). Furthermore, this outflow of intracellular fluid may be influenced by the distribution of water channel proteins (especially AQP4) within the Kölliker’s organ-supporting cells (Nishani Dayaratne et al., 2015), and additionally, the activation of intracellular contractile proteins may also be responsible for the altered morphology of the supporting cells (Tritsch et al., 2010; Liu Y. et al., 2019).



BIOLOGICAL FUNCTIONS OF KöLLIKER’S ORGAN-SUPPORTING CELLS IN THE REGULATION OF COCHLEAR HEARING DEVELOPMENT


Intracellular spontaneous electrical activity in Kölliker’s organ-supporting cells promotes auditory maturation

Studies have shown that afferent nerve fibers are not in a silent state before the onset of hearing and that the hair cells continuously release low levels of glutamate, triggering spontaneous electrical activity that plays an important role in promoting the survival and maturation of auditory neurons, the development of synapses, and the refinement of audio localization (Lelli et al., 2009; Blankenship and Feller, 2010; Wang and Bergles, 2015). Rodents are not auditory at birth and do not respond to external sounds until 2 weeks after birth, and Kölliker’s organ-supporting cells play a key role in this auditory maturation process (Forsythe, 2007; He and Yang, 2011).

The inner and outer hair cells generate spontaneous calcium action potentials in the first week of life. Spontaneous calcium action potentials begin to guide cochlear development before the appearance of hearing (Beurg et al., 2008; Marcotti, 2012; Sendin et al., 2014). While this spontaneous calcium action potential of immature inner and outer hair cells is certainly important in cochlear development, the developmental maturation process of hearing also relies on the cellular communication network formed by Kölliker’s organ-supporting cells through gap junctions. In the second week of life, Kölliker’s organ-supporting cells begin to release adenosine triphosphate (ATP) spontaneously and release ATP to the endolymphatic surface via gap junction hemichannels composed of Cx26 and Cx30 between Kölliker’s organ-supporting cells and act as paracrine receptors on the surface of neighboring hair cells to produce phospholipase C (PLC)-dependent diacylglycerol and inositol triphosphate (IP3; Rodriguez et al., 2012; Giorgi et al., 2018). The intracellular diffusion of IP3 and subsequent binding to IP3 receptors in hair cells triggers the release of Ca2+ from the endoplasmic reticulum (ER) calcium pool and an increase in cytoplasmic Ca2+ concentration, which further induces the release of the neurotransmitter glutamate from synaptic vesicles in inner hair cells, excites hair cells and their afferent nerve fibers, activates type I spiral neurons (SGNs) to generate action potentials and in this way transmits cochlear development to the upstream auditory pathway. This transmits temporal and spatial information about cochlear development to the upstream auditory pathway and refines synaptic connections in the auditory pathway, thus promoting cochlear maturation and auditory acquisition (Tritsch and Bergles, 2010; Rodriguez et al., 2012; Johnson et al., 2017). It has been suggested that ATP released by Kölliker’s organ-supporting cells primarily coordinates spontaneous electrical activity with its neighboring inner hair cells, with little association with the more distant inner hair cells, and it is hypothesized that this mechanism may be critical for the establishment of audio localization in the cochlear nucleus before the emergence of hearing (Tritsch et al., 2007).



Ca2+ release from Kölliker’s organ-supporting cells promotes cochlear development

Ca2+ is the primary messenger for intercellular messaging in the cochlea and is involved in the transduction of a large number of signaling pathways (Tritsch et al., 2010). ATP in the cochlea triggers changes in intracellular Ca2+ concentration in Kölliker’s organ-supporting cells and intercellular calcium wave transmission, which in turn transmits important biological information to the cochlear sensory epithelium. Organ-on-chip model studies have shown that developing cochlear Kölliker’s organ-supporting cells release ATP to drive spontaneous Ca2+ signals via gap junction protein hemichannels (Mazzarda et al., 2020). Before the appearance of hearing, the spontaneous release of ATP from the Kölliker’s organ further mediates the release of Ca2+ within Kölliker’s organ-supporting cells after release into the extracellular compartment via hemichannels, initially inducing the release of Ca2+ from only a small group of Kölliker’s organ-supporting cells, which subsequently propagate rapidly through the intercellular gap junction channels, further initiating the release of Ca2+ from the calcium pool in neighboring Kölliker’s organ-supporting cells. The release of large amounts of Ca2+ promotes the synchronization of neighboring cells, which further causes the release of ATP (Zhao et al., 2005). In this way, the P2 purinoceptor/phospholipase C/IP3/Ca2+ signaling cascade is maintained in an orderly and positive feedback manner, causing sustained spontaneous electrical activity, and promoting cochlear development.

Kölliker’s organ-supporting cells form a functional syncytium through extensive intercellular gap junctions (Goodenough and Paul, 2009), through which intercellular Ca2+ propagation and ATP release occur, providing a Kölliker’s organ cell-to-cell signaling metabolic basis, i.e., facilitating intercellular signaling when the gap junctions are open and closing them under some specific physiological conditions (Goodenough and Paul, 2009; Mammano, 2013). GJB2 mutations are mainly characterized by degeneration of outer hair cells and hypoplasia of the vascular stripe and are the main cause of deafness in 50% of pre-speech deafness (Hochman et al., 2010). In addition, GJB6 mutation in rodents was found to reduce Ca2+ in Kölliker’s organ-supporting cells, leading to an increased hearing threshold (Rodriguez et al., 2012; Chen et al., 2021a); while Cx26 cKD mice also showed reduced ATP release, downregulation of ATP-dependent calcium signaling, the disappearance of calcium waves and increased hearing threshold in Kölliker’s organ-supporting cells (Sun et al., 2022).



Kölliker’s organ-supporting cells promote the formation of tectorial membrane in the organ of corti

Studies have shown that glycoproteins secreted by Kölliker’s organ-supporting cells, such as otocollagen and capsid protein, are involved in the formation of the tectorial membrane (Hinojosa, 1977; Lim and Anniko, 1985; Zine and Romand, 1996). During early developmental stages, the tectorial membrane is attached to the Kölliker’s organ-supporting cells by a network of thin filaments, which gradually separate as the cochlea matures, and about 2 weeks after birth, the tectorial membrane is completely separated from the Kölliker’s organ and eventually extends to the out hair cells. Thyroid hormone is a key factor in regulating this process, and thyroid hormone deficiency prolongs the survival of Kölliker’s organ-supporting cells and causes tectorial membrane malformations (Uziel et al., 1981).

PR-domain-containing 16 (PRDM16) is a key transcriptional regulator in craniofacial, adipose, and neural tissue development (Fumasoni et al., 2007; Shull et al., 2020). It was found that PRDM16 is highly expressed in the nuclei of Kölliker’s organ-supporting cells in the bottom and middle cochlear apex by embryonic day 13.5 and decreases rapidly at birth. Its expression in the Kölliker’s organ continued throughout development until postnatal day 7, and PRDM16 was thus suggested as a possible specific marker for Kölliker’s organ-supporting cells (Ebeid et al., 2022). Further, by studying the model with Prdm16cGT double allele deletion mice, it was found that the cochlear Kölliker’s organ of Prdm16 gene-deficient mice at day P0 had poor development, shortened cochlear ducts, reduced proliferation of Kölliker’s organ-supporting cells, increased density of hair cells and supporting cells in the parietal ring, and loss of anchoring ability of the lid membrane to the Kölliker’s organ, indicating that Prdm16 is a regulatory gene necessary for Kölliker’s organ-supporting cells’ proliferation (Ebeid et al., 2022). Cochlear duct development requires the proliferation of these cells for convergent extension and to achieve normal hair cells and supporting cell densities within the organ of Corti (Chen et al., 2002; Driver et al., 2017). In addition, gene expression analysis revealed that α-tectorin (TECTA) expression was downregulated and β-tectorin (TECTB) appeared upregulated in the cochlea of Prdm16cGT-deficient mice. α-TECTA and TECTB are essential proteins in the tectorial membrane (Richardson et al., 2008), and mutant mice with α-tectorin exhibit abnormal tectorial membrane and hearing loss (Legan et al., 2014; Kim et al., 2019), and the study hypothesized that deletion of the Prdm16cGT gene leads to dysregulation of tectorin subunit expression, resulting in abnormal tectorial membrane morphology.




KöLLIKER’S ORGAN-SUPPORTING CELLS SUBTYPES

Single-cell RNA transcriptome sequencing-based studies have revealed that Kölliker’s organ-supporting cells also have different cellular subtypes (Chen et al., 2021b). The study, based on clustering analysis of cells with similar gene expression patterns, revealed the existence of four different cell subtypes in Kölliker’s organ-supporting cells (Kolla et al., 2020; Chen et al., 2021b; Kubota et al., 2021). The Kubota et al. (2021) study of organoid development classified Kölliker’s organ-supporting cells into three different cell subtypes. Gene expression localization showed that specific overexpressed genes were displayed in different regions of the Kölliker’s organ and gradually degenerated and disappeared as the cochlea matured (Kubota et al., 2021). Chen et al. (2021b) identified four cell subsets from P1 to P14, of which the number of cells decreased gradually, while the other four cell subsets proliferated at P1 to P7 and completely disappeared at P14. These eight cell subpopulations were found to be closely linked on the t-SEN cell space map and had very similar gene expression patterns and biological properties (Kolla et al., 2020; Chen et al., 2021b; Kubota et al., 2021). Kamiya et al. (2001) also found that apoptosis and mitosis co-exist in Kölliker’s organ-supporting cells at P7 postnatally and that the cells not only degenerate but also regenerate before disappearing around P12, demonstrating that mitotic proliferation of Kölliker’s organ-supporting cells occurs not only in embryonic development but also in the development of the normal auditory system after birth.



MOLECULAR MECHANISMS OF KöLLIKER’S ORGAN-SUPPORTING CELL DEGENERATION

Impaired or delayed degeneration of the Kölliker’s organ can lead to structural deformities of the organ of Corti, especially the organ of Corti lid (Uziel, 1986). However, the molecular mechanisms of Kölliker’s organ-supporting cell degeneration are not clear.


Apoptosis induces programmed degeneration of Kölliker’s organ-supporting cell

He and Yang (2015b) found that the morphology of Kölliker’s organ-supporting cells in the neonatal P1, P3, P5, P10, P12, and P14 rat cochlea gradually changed from short columnar to tall columnar cell morphology from the basal turn to the apical turn and the number of cells also gradually decreased in addition to the change in cell morphology, presuming that apoptosis of Kölliker’s organ-supporting cells exists during the development of the neonatal rat cochlea (He and Yang, 2015b). He and Yang (2015a,b) showed that Kölliker’s organ-supporting cells exhibited a programmed apoptotic process from basal turn to the apical turn, but in vitro tests showed proliferation, suggesting that the initiating factor of apoptosis may come from outside the Kölliker’s organ-supporting cells rather than from intrinsic cellular factors. On this basis, Hou et al. (2019, 2020) further found that the expression levels of caspase-3, caspase-8, caspase-9, and BCL-gene mRNA and protein in the cochlear basement membrane of rats at different days of age after birth were significantly time-dependent, and the study concluded that in vivo Kölliker’s organ-supporting cells not only existed in apoptosis but also in proliferation. The number of proliferating cells is much less than the number of apoptotic cells, which eventually manifests in the tissue structure as the disappearance of Kölliker’s organ-supporting cells (Hou et al., 2019, 2020).

Liu et al. (2017) investigated the morphological changes of Kölliker’s organ-supporting cells and the expression of apoptosis-related factors during early postnatal development. It was found that on day P5, the Kölliker’s organ in the basal turn of the cochlea became significantly smaller, while the Kölliker’s organ in the middle and apical turn became smaller. On day P12 the cochlea showed the disappearance of the Kölliker’s organ in the basal turn and middle turn, and at this stage, the Kölliker’s organ in the apical turn was still present, but the number of cells was significantly reduced and its morphology changed from a high columnar to a short columnar shape. The results of immunohistochemistry and TUNEL staining showed the presence of necrotic cytomorphological changes in some TUNEL-positive Kölliker’s organ-supporting cells at day P7, showing chromatin condensation and vacuole-like changes (Liu et al., 2017).

It was concluded that exogenous and endogenous apoptotic pathways exist during the apoptosis of supporting cells as the rat cochlear Kölliker’s organ develops in vivo. After birth, the Kölliker’s organ in the cochlea degenerates in a time-dependent pattern in which cysteine proteases are involved in apoptotic cell death during postnatal development, suggesting the involvement of endogenous factors (Adrain and Martin, 2001).

Apoptosis and proliferation co-exist during the degeneration of the Kölliker’s organ, and the degenerative disappearance of the Kölliker’s organ is thought to be a disturbance of the balance between apoptosis and mitosis (Kamiya et al., 2001). It is still unclear why such cell proliferation exists in Kölliker’s organ-supporting cells at a later stage of their degenerative disappearance.



The regulatory role of thyroid hormone (T3) in the degeneration of the Kölliker’s organ-supporting cells

The thyroid hormone is a key factor in guiding the orderly degeneration of the Kölliker’s organ during cochlear development (Mustapha et al., 2009; Peeters et al., 2015; Sundaresan et al., 2016). Hypothyroidism and mutations in the thyroid hormone receptor beta gene cause delayed degeneration of the Kölliker’s organ, while ectopic treatment with T3 (3,5-triiodo-L-thyroxine) on days P0 and P1 leads to earlier degeneration of the Kölliker’s organ and hearing loss (Rusch et al., 2001; Peeters et al., 2015; Borse et al., 2021). Peeters et al. (2015) investigated the time course of apoptosis support by the Kölliker’s organ and the effect of ectopic T3 on apoptosis. Furthermore, in methimazole-treated hypothyroid rat cochlea studies showed that Kölliker’s organ-supporting cells lacked TUNEL-stained positive apoptotic cells at day P7. It has been reported that apoptosis in Kölliker’s organ-supporting cells may be regulated by some unknown mechanism regulating the expression of the thyroid hormone receptor β gene in Kölliker’s supporting cells and thus regulating this programmed apoptosis (Ng et al., 2013).

Studies have reported that immunoreactivity for the neurotrophin receptor p75NTR, a mediator of neuronal survival or differentiation, is detected in the Kölliker’s organ of P5 rats and that this immunoreactivity changes in response to thyroxine (T4; Knipper et al., 1999). It is unclear whether p75NTR contributes to Kölliker’s organ-supporting cell apoptosis (Sato et al., 2006). T3-induced Kölliker’s organ-supporting cells’ apoptosis is a unique cell- and time-specific form of apoptosis in the late mitotic phase of tissue maturation and may involve a series of pre-apoptotic events, including cellular reorganization and cellular translocation before the cell death phase, in addition to how this process is coordinated with other unknown signals together with other unknown signals, still need to be investigated in depth (Coen et al., 2007). Although it is not clear how premature remodeling leads to deafness, these studies suggest that cochlear development is a precisely ordered regulatory process and that T3 provides an important molecular signaling role in the orderly regulation of these remodeling events.



Autophagy regulates the programmed degeneration of Kölliker’s organ-supporting cells

Several studies have reported the relationship between autophagy and hearing loss, and activation of autophagy can reduce noisiness (Guo et al., 2021), drug resistance (He et al., 2017; Liu et al., 2021; Zhang et al., 2022), and the degree of inner ear damage and hearing loss in the elderly (He et al., 2020, 2021). It was found that autophagy is closely related to the occurrence and development of sensorineural deafness (Zhou et al., 2020) and that autophagy activators can effectively reduce the level of oxidative stress in hair cells and decrease hair cell death, thus attenuating high-intensity noise-induced damage to hair cells (Li et al., 2018). In addition, autophagy also plays an important regulatory role during inner ear development and is essential for maintaining the morphology and function of auditory hair cells (Zhou et al., 2020).

The existence of autophagy during Kölliker’s organ-supporting cell degeneration was investigated and a large number of autophagic vacuoles containing organelles was first detected by Hinojosa (Hinojosa, 1977). Autophagy markers, including LC3-II, SQSTM1/p62, and Beclin1, were detected in Kölliker’s organ-supporting cells by immunohistochemical staining. In addition, it showed that during early postnatal cochlear development, the expression of LC3-II gradually decreased and the expression of p62 increased, compared with that between P7 and P10. Compared to apoptotic markers that peak at P1, autophagic flux peaks earlier at P1, and activated autophagic flux gradually decreases with the degeneration of Kölliker’s organ-supporting cells from P1 until P14 (Hou et al., 2019).

Apoptosis and autophagy in Kölliker’s organ-supporting cells show different time-dependent and sophisticated expression patterns, with the peak of autophagic activity during postnatal maturation of cochlear hearing development located on postnatal day 1 (P1) or earlier, while the expression of apoptotic markers (Bcl-2, caspase-3, caspase-8, and caspase-9) follows a bell-shaped curve, with peak expression at P3 (Qu et al., 2007). Organelles are digested by autophagy before apoptosis, and autophagy can provide a source of energy for the removal of aggregated proteins and damaged organelles, both of which play different roles at different stages of cochlear development (Aburto et al., 2012; Liu et al., 2017). These results suggest that autophagy plays an important early role in the pre-apoptotic transformation and degeneration of the Kölliker’s organ during early postnatal development and that any disturbance in autophagy or apoptosis of Kölliker’s organ-supporting cells during development will lead to impaired cochlear development and eventually cause hearing loss (He et al., 2017). Therefore, the dynamic balance between autophagy and apoptosis regulates the normal differentiation and orderly organization of developing cochlear supporting cells, but the regulatory mechanism of the dynamic balance between autophagy and apoptosis is currently unknown (He et al., 2017; Zhou et al., 2020). Abnormal intracellular calcium signaling mediated by Gjb2 may be a key regulator of abnormal alterations in the autophagy-apoptosis signaling pathway and still requires in-depth study (Inoshita et al., 2014; Sun et al., 2022).



Molecular signaling pathways of Kölliker’s organ-supporting cells degeneration

Studies have confirmed that some important genes and signaling pathways play an important role in cochlear hearing development, such as Sox2 (Cheng et al., 2019), Pou4f3, and Atoh1 genes (Chen et al., 2021c); FGF (Tang et al., 2016), Notch (Ni et al., 2016; Waqas et al., 2016), FoxG1 (He et al., 2020, 2021), Strip1 (Zhang et al., 2021), mTOR (Fu et al., 2018, 2022) and Wnt signaling pathway (Chai et al., 2012; Liu et al., 2016). However, the molecular mechanisms of signaling pathways associated with the degenerative disappearance of Kölliker’s organ-supporting cells early in postnatal cochlear hearing development are not clear. It has been proposed that Hedgehog signaling inhibits the sensory differentiation ability of Kölliker’s organ-supporting cells, regulates the fate of Kölliker’s organ-supporting cells, and induces cochlear developmental maturation (Driver et al., 2008).

Chen et al. (2021b) performed KEGG signaling pathway analysis in different subtypes of Kölliker’s organ-supporting cells by scRNA-seq and found that genes in different subtypes of Kölliker’s organ-supporting cells were significantly enriched in the Ribosome signaling pathway; however, in the Cluster 3, a large number of genes were enriched in the Ribosome signaling pathway and Protein digestion and absorption signaling pathway. The Ribosome signaling pathway is an important signaling pathway that regulates cell proliferation and development (Pelletier et al., 2018). The results of scRNA-seq showed that from P1 to P7, there was a significant proliferation of cell numbers, but cell numbers showed a decrease throughout Kölliker’s organ-supporting cells development, presumably mainly associated with the PI3K-Akt signaling pathway, a negative regulatory pathway of gene expression in the Cluster 3. The PI3K-Akt signaling pathway is an important signaling pathway that regulates cell proliferation, differentiation, apoptosis, and migration (Jia et al., 2019; Bu et al., 2022). It has also been shown to regulate cochlear hair cell regeneration (Mullen et al., 2012; Xia W. et al., 2019). A large number of Col family genes on Cluster 3 are enriched in the PI3K-Akt signaling pathway, including Col4a1, Col4a2, Col6a1, Col6a2, and Col1a1, which are presumed to regulate the dynamic balance of proliferation and apoptosis in Kölliker’s organ-supporting cells. The Col family genes Col3a1, Col5a1, Col5a2, Col6a1, and Col1a1 in the Cluster 0 regulate the autophagy of these apoptotic proteins and cellular debris and provide the energy required to promote the apoptotic process through autophagic catabolism (Komatsu et al., 2005), which in turn directs the Kölliker’s organ-supporting cells under the sequential degeneration or trans-differentiation of Kölliker’s organ-supporting cells. The role of this signaling pathway and related genes in regulating Kölliker’s organ-supporting cell degeneration and auditory development needs to be further investigated. The proposed signal pathway diagram of the molecular mechanism of degeneration and trans-differentiation of Kölliker’s organ-supporting cells has been shown in Figure 2.


[image: image]

FIGURE 2. The proposed signal pathway diagram of the molecular mechanism of Kölliker’s organ-supporting cells degeneration and trans-differentiation. It is shown that Col family genes on KO 3 and the PI3K-Akt signaling pathway are presumed to regulate the dynamic balance of proliferation and apoptosis in Kölliker’s organ-supporting cells, and also the Col family genes in the KO 0 regulate the autophagy of these apoptotic proteins and cellular debris and provide the energy required to promote the apoptotic process. In addition, it has been proposed that the PI3K-Akt-mTOR signaling pathway may be one of the underlying mechanisms to induce the differentiation process of Kölliker’s organ-supporting cells to hair cells. IHC, inner hair cells; KO 0, Cluster 0 of Kölliker’s organ-supporting cells; KO 3, Cluster 3 of Kolliker’s organ-supporting cells.






KöLLIKER’S ORGAN-SUPPORTING CELLS HAVE THE POTENTIAL TO TRANS-DIFFERENTIATE INTO HAIR CELLS

Adult mammalian cochlear hair cells have no regenerative capacity, but studies have shown that newborn rodent cochlear basement membrane cells have a limited but transient regenerative potential, which is mainly derived from non-sensory cells in the cochlea (Chai et al., 2018). Under normal conditions, mitotic cells in the neonatal mouse cochlea are relatively quiescent, and early damage caused by various factors will indirectly activate these non-sensory cells to exert their limited regenerative potential to restore the damaged hair cell population and thus repair hearing (Gao et al., 2019; Liu W. et al., 2019; Chai et al., 2022). Kölliker’s organ-supporting cells normally exist in the late mid-embryonic and early postnatal stages as a transient neonatal cell population, and it was found that some cell populations located in the Kölliker’s organ region retain the properties of precursor cells, which can regenerate and transform and are the precursor cell pool for hair cell regeneration (Chai et al., 2011, 2012; Bramhall et al., 2014).


Math1 overexpression induces the trans-differentiation of Kölliker’s organ-supporting cells into hair cells

Math1 is a homolog of the Drosophila gene, the deletion of which leads to failure of inner ear hair cell differentiation (Chen et al., 2002). It was found that induction of Math1 overexpression in Kölliker’s organ-supporting cells led to the generation of a large number of ectopic hair cells, and these newborn ectopic hair cells were positive for myosin VIIa (a hair cell-specific marker) and could form keratin plates and stereocilia bundles (Zheng and Gao, 2000; Zhang et al., 2007).

Overexpression of Math1 resulted in the interdental cells of the organ of Corti and its adjacent organ of Corti, the internal sulcus, and the Hensen’s cells regions, and axonal extension from the auditory nerve bundle to some of the new hair cells regions, suggesting that the new hair cells attract the guided regeneration of auditory spiral neurons (Gubbels et al., 2008).

The Kölliker’s organ does not express the Math1 gene after birth and is normally expressed only in the embryonic sensory epithelium starting at E12.5, suggesting that the reason why Kölliker’s organ-supporting cells do not continue to differentiate into hair cells after birth but gradually transform into internal sulci, most likely because of the absence of Math1 expression (Bermingham et al., 1999). Math1 is expressed in differentiated hair cells in the early embryonic stage but is downregulated in supporting cells in the late embryonic stage and is absent in cells outside the sensory epithelium (Chen et al., 2002; Woods et al., 2004). In addition, it was found that when cochlear organ cultures overexpressing Math1 caused the production of ectopic hair cells within the large and small epithelial crest regions, while knockdown of Hes1 also resulted in the production of ectopic hair cells and these hair cells showed elevated levels of Math1 expression (Zheng and Gao, 2000). The Hes1 gene is normally expressed only in the Kölliker’s organ of P0–P3, suggesting that Hes1 may repress Math1 expression to some extent early in life, consistent with the idea that Hes5 is primarily involved in the precise regulation of ectopic hair cells (Zine et al., 2001; McGovern et al., 2018). Math1 is an essential gene for hair cell differentiation and plays a positive regulatory role, while Hes1 and Hes5 are negative regulators of hair cell differentiation (Zine et al., 2001; Su et al., 2015). Future attempts might be made to continue the differentiation of postnatal Kölliker’s organ-supporting cells to hair cells by upregulating the expression levels of Math1 and or downregulating Hes1 in Kölliker’s organ-supporting cells.



Atoh1 overexpression induced trans-differentiation of Kölliker’s organ-supporting cells into hair cells

It was found that after induction of Atoh1 overexpression, ectopic hair cell regeneration occurred in different subtypes of Corti organelle supporting cells (Liu et al., 2012; Richardson and Atkinson, 2015; Walters et al., 2017; Yamashita et al., 2018). Kelly et al. (2012) identified a large number of isolated ectopic hair cells in the non-sensory Kölliker’s organ region by constructing a triple allele TGATOH1 mouse model. These ectopic hair cells displayed a stereocilia structure similar to that of mature hair cells, but exhibited different maturation and were scattered within the Kölliker’s organ (Kelly et al., 2012). Ectopic hair cells regeneration occurs most vigorously in the Kölliker’s organ region, but the efficiency of induced transformed hair cells remains low, compared to ectopic expression of Atoh1 alone, and it was shown that co-activation of Atoh1 with other transcription factors, such as Pou4f3, Gfi1, Gata3, and Nymc, induces more stem cells to trans-differentiate into hair cell-like cells, and the newly generated cells are more mature in both neonatal and mature mouse cochlea (Liu et al., 2012; Walters et al., 2017; Chen et al., 2021c). Xu et al. (2021) induced Atoh1 in Sox2-overexpressing positive progenitor cells in Kölliker’s organ and found that ectopic expression of Atoh1 promoted the trans-differentiation of progenitor cells to hair cells regeneration while demonstrating the importance of the Isl1/Tub/Znf532 pathway in promoting Atoh1-mediated hair cells regeneration. All these studies suggest that the supporting cells in the lateral of the Kölliker’s organ can serve as a source of progenitor cells for hair cell regeneration in the early postnatal period.



Lgr5-positive progenitor cells in the Kölliker’s organ have the potential to generate cochlear hair cells

In the neonatal mouse cochlea, Wnt-responsive Lgr5-expressing cells are progenitors of regenerative hair cells, and upregulation of Wnt signaling stimulates the proliferation of Lgr5-positive progenitors (Chai et al., 2011, 2012). Lgr5 expression decreases gradually during cochlear development and maturation, mainly in IPs, and IPCs. In the adult cochlea, Lgr5 is only expressed in D3 s (Chai et al., 2012). Several studies have shown that Lgr5-labeled cochlear progenitor cells, following hair cell injury, can regenerate by mitosis and/or directly differentiate to generate new cochlear hair cells in the early postnatal period (Shi et al., 2012, 2013; Cox et al., 2014).

Recent studies have shown that multiple signaling pathways play an important role in hair cell regeneration by inducing proliferation and differentiation of Lg5 progenitor cells (Chen et al., 2021d). Activation of Wnt/β-linked protein signaling and inhibition of Notch signaling can induce Lgr5 progenitor cells to regenerate Myo7a-positive hair cells (Chai et al., 2012; Korrapati et al., 2013; Mizutari et al., 2013). Lgr5 progenitor cells can be regulated by many other factors and signaling pathways such as Shh, Foxg1, and Hippo (Gregorieff et al., 2015; Chen et al., 2017; Cheng et al., 2017; Zhang et al., 2020). The efficiency of regenerating hair cells from inner ear Lgr5 progenitor cells remains very limited, suggesting that hair cells regeneration involves other factors or signaling pathways (Wu et al., 2016; Lu et al., 2017; Fang et al., 2019; Xia L. et al., 2019). A previous study of hair cell regeneration and differentiation in the presence of SEC inhibitor flavopiridol showed that flavopiridol decreased the proliferative capacity of Lgr5 progenitor cells, but with no effect on the differentiation ability (Chen et al., 2021d). These results suggest that SEC plays an important role in regulating inner ear progenitor cells and thus influencing hair cells regeneration, and further in vivo studies are needed to elucidate the role of SEC in the inner ear, which will lay the experimental foundation for using cochlear progenitor cells to regenerate functional cochlea for the treatment of patients with sensorineural deafness.

Zhang et al. (2020) studied using Sox2CreER/Foxg1loxp/loxp mice and Lgr5EGFPCreER/Foxg1loxp/loxp mice to conditionally and specifically knock down Foxg1 in Sox2supporting cells and Lgr5 progenitor cells of neonatal mice, respectively and found that conditional knockdown of Foxg1 in both Sox2 supporting cells and Lgr5 progenitor cells at postnatal day 1 (P; cKD) resulted in the appearance of a large number of additional hair cells that In particular, more additional internal hair cells were generated at day P7, and these nascent hair cells with normal cilia bundles and synapses survived until at least P30. In addition, sphere formation assays showed that Foxg1 cKD in Lgr5 progenitor cells did not significantly alter their sphere formation capacity, and the findings suggest that Foxg1 cKD may directly trans-differentiate supporting cells and progenitor cells by inducing This study provides new evidence for the role of Foxg1 in regulating hair cell regeneration from supporting cells and progenitor cells in the neonatal mouse cochlea (Zhang et al., 2020).



BMI1 and cochlear hair cell regeneration

It was shown that Bmi1 regulates redox homeostasis and reactive oxygen species (ROS) levels and is expressed in hair cells and supporting cells in addition to spiral ligament and spiral ganglion cells, thus playing an important role in the survival of auditory hair cells (Chen et al., 2015). It was found that Bmi1 knockdown significantly reduced the sphere formation ability of neonatal mouse Corti organ-supporting cells and Lgr5-positive progenitor cells, suggesting that Bmi1 is required to initiate the proliferation of neonatal mouse supporting cells and progenitor cells (Lu et al., 2017). It was also found that in Bmi1 knockout neonatal mice, DKK1 expression was significantly upregulated, while β-linked protein and Lgr5 expression were significantly downregulated, suggesting that Bmi1 indirectly exercises its role as an activator of the Wnt signaling pathway by inhibiting the DKK family of Wnt inhibitors (Cho et al., 2013). Bmi1 plays an important role in regulating the proliferation of neonatal mouse cochlear supporting cells and Lgr5-positive progenitor cells through the Wnt signaling pathway, suggesting that Bmi1 may be a new therapeutic target for hair cell regeneration.



Downregulation of Ephrin-B2 signaling induced trans-differentiation of Kölliker’s organ-supporting cells into hair cells

Ephrins and their Eph receptors are the large Eph family genes that control tissue morphogenesis and are divided into two subclasses, EphB and EphA, based on their affinity for transmembrane EphB ligands or the glycosylphosphatidylinositol-anchored ephrin-A (Gale et al., 1996). EphB and EphA play an important role in the boundary formation between adjacent cell types by interacting with specific EphB or EphA4 receptors (Dahmann et al., 2011). The previous study found that EphA4 receptors interacting with Ephrin-B2 (EphBs at the end of EphA4), is the only receptor to be exclusively expressed in the inner and outer hair cells (Bianchi and Liu, 1999; Miko et al., 2008). While Ephrin-B2 specifically restricted expression in the Kölliker’s organ-supporting cells located medially to the inner hair cell layer from embryonic day (E) 16 and formed a gene-specific expression boundary. Such expression profile can distinguish adjacent supporting cells from hair cells and persists in the post-hearing onset (Defourny et al., 2015). Ephrin-B2 and EphA4 show complementary expression patterns in the developing organ of Corti, participate in sorting at the hair cell/support cell layer and play a key regulatory role in inducing the formation of different cell types in the organ of Corti. It has been hypothesized that cells migrating across non-lineage boundaries transfer their phenotype to fit the identity of their local neighbors, and thus manipulating these boundaries may be an unexpected strategy for generating additional hair cells (Defourny et al., 2011).

Defourny et al. (2015) showed that hair cells could arise directly from Kölliker’s organ-supporting cells located at the medial border with inner hair cell layers by inhibiting Ephrin-B2 signaling. Through using soluble inhibitors, short hairpin RNA (shRNA)-mediated gene silencing, and Ephrin-B2 conditional knockout mice, it was found that at late embryonic stages (the normal hair cell generation phase), downregulation of Ephrin-B2 signaling resulted in translocation of supporting cells to the hair cells layers and subsequent switch in cell identity from supporting cell to hair cell fate. This study demonstrates that manipulation of Ephrin-B2 gene expression in the Kölliker’s organ-supporting cells located at the medial border of the inner hair cell layer at the early stage can serve as a novel hair cell regeneration strategy to directly convert support cells to trans-differentiation hair cells.

Nevertheless, the exact mechanism of this cell fate change precisely occurs remains unclear. One possible explanation is that specific expression of the Sox2 transcription factor in supporting cells induces the differentiation process of supporting cells to hair cells (Millimaki et al., 2010). Furthermore, throughout cochlear development, ephrin-B2 and Notch have similar expression patterns in supporting cell types (Lanford et al., 1999), similar to the vascular regeneration model (Swift and Weinstein, 2009), and Ephrin-B2 may be a downstream target of Notch signaling involved in Notch signaling to couple cell separation and differentiation (Cheng et al., 2004; Tossell et al., 2011). Thus, the downregulation of Ephrin-B2 expression resulting in the absence of Notch signaling pathway components may weaken the fate of supporting cells and make them more susceptible to transition to the hair cell phenotype (Defourny et al., 2015). Further studies are still needed to reveal the underlying mechanisms of this trans-differentiation process.



Single-cell transcriptome sequencing reveals that Kölliker’s organ-supporting cells have the potential to trans-differentiate into hair cells

Kolla et al. (2020) based on scRNA sequencing technology in E14 and E16 day mouse cochlea found two types of precursor cells expressing Cdkn1b and Sox2 marker genes, which these two groups of cells are located in the medial and lateral regions of the Kölliker’ organ structure, respectively (Kolla et al., 2020). Furthermore, Kubota et al. (2021) used P2 day mice and similarly found that Kölliker’s organ-supporting cell subtypes located in the lateral and medial regions can regenerate into hair cells and supporting cells.

Chen et al. (2021b) also showed that four cell subtypes gradually developed into two different trajectory directions, with one part towards the outer hair cells subtype, and the other part eventually shifting toward the fate of the inner hair cells. The analysis of cell developmental trajectories suggests that these four cell subtypes have the potential to trans-differentiate into inner and outer hair cells, two of which may have the potential to trans-differentiate into outer hair cells, and the other two subtypes have the potential to trans-differentiate into inner hair cells (Chen et al., 2021b).




FUTURE RESEARCH PERSPECTIVES AND PROSPECTS

Differentiation of Kölliker’s organ-supporting cells to the hair cell phenotype can be induced by overexpression of Math1 and Atoh1 genes, such cells with differentiation potential are fewer and the cell transformation rate is lower (Zheng and Gao, 2000; Shou et al., 2003; Kelly et al., 2012). Therefore, future research should be devoted to improving the efficiency of Kölliker’s organ-supporting cell trans-differentiation into hair cells, and establishing an efficient and safe induction system. Meanwhile, how to induce the transformed neonatal hair cells to form functional mature cilia bundles and establish normal and durable synaptic connections with spiral ganglia (Chai et al., 2017; Li et al., 2019; Xia et al., 2020), to truly achieve functional recovery of neonatal hair cells, needs further study, and immortalized cell lines of hair cell progenitors need to be established.

In the future, there is still a need to optimize the conditions of mouse inner ear stem cell isolated culture and proliferation, to establish a safe and efficient technology system for differentiation of inner ear stem cells into mature hair cells (Wei et al., 2021; Guo et al., 2022; Hu et al., 2022; Tao et al., 2022), to screen mouse stem cell lines that can be used for stem cell therapy (Liu et al., 2018; Tang et al., 2019); discovering new molecular markers specific for inner ear hair cells and their precursor cells (Qi et al., 2019), thus providing conditions for the establishment of rapid and non-destructive cell identification and sorting techniques, and thus laying a solid theoretical foundation and providing technical support for stem cell therapy for sensorineural deafness technical support.
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The prevalence of hearing loss-related diseases caused by different factors is increasing worldwide year by year. Currently, however, the patient’s hearing loss has not been effectively improved. Therefore, there is an urgent need to adopt new treatment measures and treatment techniques to help improve the therapeutic effect of hearing loss. G protein-coupled receptors (GPCRs), as crucial cell surface receptors, can widely participate in different physiological and pathological processes, particularly play an essential role in many disease occurrences and be served as promising therapeutic targets. However, no specific drugs on the market have been found to target the GPCRs of the cochlea. Interestingly, many recent studies have demonstrated that GPCRs can participate in various pathogenic process related to hearing loss in the cochlea including heredity, noise, ototoxic drugs, cochlear structure, and so on. In this review, we comprehensively summarize the functions of 53 GPCRs known in the cochlea and their relationships with hearing loss, and highlight the recent advances of new techniques used in cochlear study including cryo-EM, AI, GPCR drug screening, gene therapy vectors, and CRISPR editing technology, as well as discuss in depth the future direction of novel GPCR-based drug development and gene therapy for cochlear hearing loss. Collectively, this review is to facilitate basic and (pre-) clinical research in this area, and provide beneficial help for emerging GPCR-based cochlear therapies.

KEYWORDS
hearing loss, G protein-coupled receptors, cochlea, drug therapy, gene therapy


Introduction

Hearing disease currently affects nearly 1.5 billion people worldwide.1 Most hearing loss is mainly occurred in the cochlea of the inner ear. The cochlea can be divided into five parts: Organ of Corti (OC), Stria Vascularis (SV), Reissner’s Membrane (RM), Mesenchymal Cell (MC), Bony Labyrinth (BL), and Spiral Ganglion Neurons (SGNs) (Figure 1A; van der Valk et al., 2021; Kelley, 2022). Among them, the OC is the main organ of sound perception in the cochlea, particularly the hair cells (HCs) and various supporting cells (SCs) of the OC are essential for hearing (Wagner and Shin, 2019; Driver and Kelley, 2020), but cell abnormalities in other areas of the cochlea can also cause hearing damage (Jang et al., 2022). Hearing damage can be caused by a variety of factors, including heredity, noise, ototoxic drugs, damage to the cochlear environment and structure. However, current treatment options (cochlear implants and hearing aids) mainly depend on the capacity of residual HCs and SGNs to improve the patient’s hearing level to a certain extent (Wolf et al., 2022).
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FIGURE 1
Structure of the cochlea and the GPCR related to human hearing disease. (A) Schematic of the mammalian mature cochlea (cross-section). The cochlea can be divided into five parts, including Organ of Corti (OC), Stria Vascularis (SV), Reissner’s Membrane (RM), Spiral Ganglion Neurons (SGNs), Bony Labyrinth (BL) (not shown), and Mesenchymal Cell (MC) (not shown). Among them, two kinds of hair cell (HC) and various kinds of supporting cell (SC) can be subdivided in OC. (B) The summary of five key GPCRs (V2R, EDNRB, S1PR, VLGR1, and mGluR7) in cochlea related to human hearing disease (USH2C, WS-IV, NIHL, ARHL, and MD).


G protein-coupled receptors (GPCRs) with seven transmembrane domains are the largest superfamily of mammalian cell surface receptors, which have more than 800 members (Foord et al., 2005; Wingler and Lefkowitz, 2020). GPCRs govern a wide range of physiological processes, such as hormone release, neurotransmitter transmission, and immune responses, mainly through the recognition and activation of heterotrimeric G proteins (Gα, Gβ, and Gγ) by binding to a variety of ligands (proteins, peptides, and lipids, etc.), as well as GPCRs phosphorylated by G protein-coupled receptor kinases (GRKs) to recruit β-arrestins and internalize and inactivate GPCRs (Wang et al., 2018; Insel et al., 2019). Based on structural similarity, GPCRs in humans are divided into five major families: Rhodopsin receptors (Class A), Secretin receptors (Class B1), Adhesion receptors (Class B2), Glutamate receptors (Class C), and Frizz/Taste 2 (Class F) (Kochman, 2014; Hauser et al., 2017). Currently, more than 100 GPCRs could be regarded as therapeutic targets, especially more than 30% of marketed drugs have been designed for GPCRs (Hauser et al., 2017).

Compared with extensive studies on GPCRs in mental illness (Pasquini et al., 2022) and cancer (Chaudhary and Kim, 2021), the function studies of GPCRs in the cochlea are very limited, scattered, and unsystematic. In particular, there are still no specific drugs on the market targeting the GPCR of the cochlea. With the in-depth study of GPCRs in the cochlea, we believe that more GPCR functions in the cochlea will be revealed, and more drugs and treatment programs targeting cochlear GPCRs will be discovered. In this review, we therefore characterized the distribution and function of 53 GPCRs expressed in the cochlea, as well as their relationships with hearing loss. Notably, five GPCRs (V2R, EDNRB, S1PR, VLGR1, and mGluR7) of them in the cochlea have been reported to be directly associated with human hearing disorders (Figure 1B). We also summarize the new advances in cochlear research techniques, and suggest the future direction of novel GPCR-based drug development and gene therapy for cochlear hearing loss.



Roles of class A G protein-coupled receptors in cochlea


Vasopressin and oxytocin receptors

Vasopressin type 2 receptor (V2R) is primarily expressed in the kidney and participates in controlling water homeostasis (Kim et al., 2021; Zhou et al., 2021). V2R is activated by arginine vasopressin (AVP), which in turn induces the buildup of downstream cAMP (Wang et al., 2021). Numerous V2R-related human diseases have been identified, including nephrotic syndrome of inappropriate diuresis (NSIAD), X-linked congenital nephrogenic diabetes insipidus (NDI), and hyponatremia (Makita et al., 2020). V2R-related antagonists have also been extensively studied, such as Tolvaptan (de la Nuez Veulens et al., 2022).

In the cochlea, V2R is mainly expressed in HCs, SGNs, and SVs (Takumida et al., 2012). V2R is thought to play a role in endolymphatic hydrops (EH). EH is caused by an imbalance in the volume of endolymph and is thought to be associated with the pathology of Menière’s disease (MD) that is a kind of hearing loss’s inner ear disease (Zou et al., 2019; Wang et al., 2022). EH can be also inhibited via reducing the expression of V2R. The degree of cochlear hydrops can be alleviated by applying the V2R antagonist (OPC-41061/Tolvaptan) (Egami et al., 2016). Additionally, the expression level of V2R in the cochlea can be significantly inhibited by vincamine, thereby reducing EH and regulating hearing (Li et al., 2018). However, studies found that EH is significantly attenuated by electroacupuncture (EA), but V2R is up-regulated (Jiang L. et al., 2019; Jiang L. Y. et al., 2019). Therefore, it is still needed to validate the function of V2R in the regulation of EH.



Endothelin receptors

Endothelin receptor B (EDNRB) is activated by endothelins (ETs), and three ETs (ET-1, ET-2, and ET-3) have equal affinity for EDNRB (Shihoya et al., 2016; Izume et al., 2020). EDNRB is widely expressed in circulatory organs including vascular endothelium, brain, and intestine, especially endothelin receptor antagonists have been used to treat circulatory system diseases (Bondurand et al., 2018; Shihoya et al., 2018). Heterozygous and homozygous mutations in EDNRB and ET-3 are found in patients of Waardenburg-Shah syndrome (WS-IV) that is one kind of syndromes with genetic hearing loss (GHL) (Huang et al., 2021). Homozygous mutations of the EDNRB gene can be also identified in Moroccan deaf patients (AitRaise et al., 2022).

EDNRB is expressed in SV’s melanocytes and the SGN of the cochlea, which is important for postnatal hearing development (Ida-Eto et al., 2011; Renauld et al., 2021). In mouse models, both EDNRB spontaneously mutated and EDNRB homozygous knockout (EDNRB–/–) mice developed severe congenital deafness (Gariepy et al., 1996; Matsushima et al., 2002). In the case of EDNRB–/–, melanocytes in the SV of the cochlea are defective and the SGN undergoes postnatal degeneration (Ida-Eto et al., 2011). The introduction of human DBH-EDNRB transgene can restore the SGN of EDNRB–/– mice to a certain extent and improve the hearing levels, but the defect of melanocytes does not change (Ida-Eto et al., 2011). Therefore, targeted modulation of EDNRB expression in SGN might be a new strategy to treat congenital hearing loss patients with WS-IV.



Glycoprotein hormone receptors

Thyrotropin receptor (TSHR) can be activated by thyrotropin (TSH), which then stimulates thyroid hormone production through the Gs and Gq signaling pathways (Tuncel, 2017; Vieira et al., 2022). Abnormalities in TSHR can lead to autoimmune diseases such as hypothyroidism and hyperthyroidism. Recent studies have elucidated the structures of the activated and inactivated states of TSHR with different types of antibodies, which provides a structural basis for subsequent antibody drug and small molecule drug discovery (Duan et al., 2022; Faust et al., 2022).

In a mouse model, TSHRhyt/hyt mutant mice express the gene encoding the TSHR with a point mutation in the highly conserved transmembrane structure, rendering TSHR unable to bind with TSH (Gu et al., 1995). The autosomal recessive TSHRhyt/hyt mutant mice develop severe hearing loss, and outer hair cells (OHCs) of the cochlea exhibit developmental defects and loss of functional integrity (O’Malley et al., 1995; Li et al., 1999; Song et al., 2006). Of note, the exact role of TSHR in the cochlea remains currently in a stagnant state.



Lysophospholipid (S1P) receptors

Sphingosine-1-phosphate receptors (S1PR1 to S1PR5) can be involved in the regulation of immune and vascular systems after activation by sphingosine-1-phosphate (S1P) (Cartier and Hla, 2019). Three inherited missense mutations (R108P, R108Q, and Y140C) in S1PR2 are found in patients with deaf (Santos-Cortez et al., 2016; Hofrichter et al., 2018). A recent protein structure study revealed that three mutation sites associated with human autosomal recessive hearing loss (ARHL) lead to changes of the protein structure of S1PR2 (Chen et al., 2022). These structural changes affect the binding of S1PR2 to the ligand S1P, to G13, suggesting that the S1PR2-G13 signaling complex plays a role in maintaining normal hearing function of the cochlea.

S1PR1-3 was also found to be expressed in the mouse cochlea (Nakayama et al., 2014). Among them, S1PR2 can be specifically expressed in HCs, SCs, SGNs, and SVs (Ingham et al., 2016). In mouse models, both mutation (S1PR2stdf/stdf) and knockout of S1PR2 (S1PR2–/–) result in progressive hearing loss, essentially starting at 2–4 weeks postnatally with varying degrees of hearing impairment to complete deafness, which is characterized by the defect of SV at the onset and followed by decreased intracochlear potential (EP) and subsequent loss of HCs and SGNs (Herr et al., 2007, 2016; Kono et al., 2007; Ingham et al., 2016). Remarkably, mice lacking the S1PR3 did not develop a hearing impairment phenotype (Kono et al., 2007). S1PR2 is also a potential target to protect hearing loss by preventing the ototoxic drugs induced apoptosis of HC and SGN. Administration of an S1PR2 antagonist (JTE013) resulted in the increase of gentamicin ototoxicity (Nakayama et al., 2014), whereas administration of an S1PR2 agonist (CYM-5478) reduced the cisplatin ototoxicity by reducing ROS accumulation (Wang et al., 2020). Of note, antagonists of S1PR1 and S1PR3 failed to increase gentamicin ototoxicity (Nakayama et al., 2014). Overall, S1PR2 plays a key role in maintaining hearing function and inhibiting damage caused by ototoxicity, particularly it is worthy of in-depth study as an ear protection therapeutic drug target.



P2Y receptors (purinergic receptors)

P2Y receptor (P2YR), as a GPCR subfamily of eight subunits (P2YR1, 2, 4, 6, 11–14) known, can respond to extracellular nucleotides (Cabou and Martinez, 2022). Among them, P2YR1, 11–13 are activated by ATP/ADP, P2YR4, 6, 14 are activated by UTP/UDP, and P2YR2 receptors are activated by ATP/UTP (Abbracchio et al., 2006; Koles et al., 2019). The expression of six P2YRs (P2YR1, 2, 4, 6, 12, 14) could be detected in the cochlea (Parker et al., 2003; Huang et al., 2010; O’Keeffe et al., 2010; Koles et al., 2019). Before hearing maturation (<P15), five P2YRs except P2YR1 could be detected in both sensory and non-sensory cells in the cochlea. After hearing maturation (>P15), only P2YR12 and P2YR14 could not be detected in HCs. The specific expressions of six P2YRs in the cochlea are shown in Table 1.


TABLE 1    Class A GPCRs relevant to cochlea.
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P2YR1, 2, 4 have been functionally studied to some extent in the cochlea. Among them, P2YR1 plays an important role in the burst firing before hearing onset. The maturation of emerging neural circuits is facilitated by spontaneous bursts of electrical activity in the developing nervous system (Blankenship and Feller, 2010). K+ release can be triggered when P2RY1 is activated in SCs, thereby activating inner hair cells (IHCs) and SGNs (Babola et al., 2020, 2021). Both pharmacological (MRS2500) inhibition of P2RY1 or P2RY1 deletion significantly reduced burst firing in SGNs (Babola et al., 2020, 2021). Moreover, P2YR4 mediated the inhibition of Na+ uptake in cochlear RMs, possibly in response to noise exposure (Kim et al., 2010). In particular, P2YR2 and P2YR4 in the cochlea can also induce the propagation of Ca2+ waves (Piazza et al., 2007).



Dopamine receptors

G protein-coupled dopamine receptors execute almost all the physiological functions of catecholaminergic neurotransmitter dopamine. This dopamine receptor family includes five GPCR subtypes, and can be divided into two categories: DRD1 (dopamine receptor D1) and DRD5 binding to G proteins and activating adenylyl cyclase; DRD2, DRD3, and DRD4 binding to G proteins and inhibiting adenylyl cyclase (Beaulieu and Gainetdinov, 2011). Transcriptome sequencing of whole cochlear samples from adult mice revealed the presence of DRD1, DRD2, DRD4, and DRD5 transcripts, but not DRD3 mRNA. DRD1, DRD5, and DRD2 receptors were expressed in OHCs and SGNs, but DRD4 receptors were expressed only in SGNs (Maison et al., 2012).

There is no consensus on which receptors can mediate the hearing (Meredith and Rennie, 2021), but it is widely accepted that activated dopamine receptors can decrease the excitotoxicity of IHC synapses through the effect of dopamine on afferents (Oestreicher et al., 1997). Current biochemical and pharmacological evidence suggests that dopamine release from lateral cochlear efferent neurons can inhibit the cochlear nerve fiber activity (Gaborjan et al., 1999; Ruel et al., 2001). Studies have also shown that the administration of dopamine and dopaminergic agonists may reduce the action potentials’ firing rate in frog semicircular canal afferents (Andrianov et al., 2009). In guinea pigs and rats, dopamine reduced the rate of action potential firing from cochlear auditory afferents (Oestreicher et al., 1997; Wu et al., 2020). Exposure to sound also raise dopamine in mouse efferent neurons, revealing that dopamine has very vital neuroprotective effect (Maison et al., 2012; Wu et al., 2020). When the DRD1, DRD2, DRD4, and DRD5 dopamine receptor knockout mice were respectively exposed to noise, all four mutants demonstrated increased vulnerability (Maison et al., 2012). These studies not also support the role of dopaminergic signaling in the HC system of different species, but reveal its potential application value in hearing protection.



Chemokine receptors

Chemokines regulate cell migration and proliferation, as well as immune and inflammatory responses. Twenty chemokine receptors have been identified, including four subfamilies (Sanchez et al., 2019). Chemokine receptors and chemokines can participate in various physiological and pathological processes, including cancer cell growth (Smith et al., 2004) and metastasis (Zlotnik et al., 2011), angiogenesis (Keeley et al., 2010; Lin et al., 2015), and immune responses of patient prognosis (He et al., 2022). Chemokine receptors reported in the cochlea include CXCR4, CX3CR1, CCR2, and CCR7.

CXCR4 and its ligand CXC chemokine ligand 12 (CXCL12, also called as stromal cell-derived factor-1) involve in regulating neural stem cell migration, differentiation and maturation (Zhang et al., 2015), vertebrate embryogenesis (Peyvandi et al., 2018b). In the cochlea, CXCR4 protein is mainly expressed in SGNs. CXCR4/CXCL12 participates in cochlear development in neonatal mice and rats (Zhang et al., 2015, 2016), and stem cell homing in noise-induced injury areas in adult rats (Zhang et al., 2014; Peyvandi et al., 2018a). CX3CR1, as a receptor for the chemokine Fractalkine, is found to express in NK cells, macrophages, monocytes, microglia, and partly T cells (Jung et al., 2000). CX3CR1 is also expressed in macrophages and monocytes of the mouse cochlea (Claussen et al., 2022). In response to the transformation of monocytes and migration of macrophages in hearing damage caused by noise stimulation (Shin et al., 2022a,b), CX3CR1 regulates the inflammatory response caused by cochlear injury (Zhang et al., 2021). CX3CR1-deficient cochlear macrophages can also aggravate the ototoxicity of kanamycin (Sato et al., 2010). Remarkably, CCR2 and CCR7 may be also involved in regulating inflammatory response in hearing impairment induced by noise and drugs (Sautter et al., 2006; Maeda et al., 2018; Hirose and Li, 2019). Therefore, chemokine receptors and chemokines play important roles in cochlear development, stem cell homing and immune response after hearing damage, suggesting them with a potential to repair hearing damage and protect nerves.



Cannabinoid receptors

Cannabinoid 2 receptors (CB2Rs), one type of cannabinoid receptor, are found in peripheral tissues of immunological origin (Munro et al., 1993; Brown et al., 2002) and are distributed in different brain regions (Ishiguro et al., 2022). CB2Rs are post-synaptically expressed and up-regulated in response to injury and inflammation (Ishiguro et al., 2022). CB2Rs are mainly distributed in OC, spiral ligament and SGN cells in the cochlea of rats and mice (Kim et al., 2014; Kaur et al., 2016; Ghosh et al., 2018). CB2Rs can protect the cochlea and reduce ototoxicity, inflammation and oxidative stress with cisplatin treatment in rats (Vlajkovic et al., 2006; Dhukhwa et al., 2021). The effect of CB2Rs on preventing cisplatin induced hearing loss was blocked by injection of the antagonist AM630, but HC loss was reduced by injection of JWH105 (one agonist of CB2R). Of note, after knock-down of CB2Rs by siRNA, the cochlea is more sensitive to cisplatin induced hearing loss (Ghosh et al., 2018). Therefore, CB2Rs may be an important therapeutic target against ototoxicity.



Apelin receptors

Apelin receptor (APJ) and its ligand Apelin are key participators involved in the regulation of oxidative stress. Among various subtypes of Apelin, Apelin-13 has the strongest biological activity (Niknazar et al., 2019). APJ/Apelin is widely expressed in the heart, brain, kidney, stomach and intestines (Fournel et al., 2017; Lv et al., 2017), and has antioxidant and apoptotic effects in distinct cell types (Bircan et al., 2016; Aminyavari et al., 2019). Apelin attenuates DNA damage caused by ROS accumulation in cisplatin-induced myocardial toxicity (Zhang P. et al., 2017). Apelin-13 protects cardiomyocytes by reducing oxidative damage in a rat model of myocardial infarction (Azizi et al., 2013).

Both APJ and Apelin are expressed in mouse cochlear HCs and HEI-OC1 cells, and the expression of APJ in OHCs is significantly higher than that in IHCs (Yin et al., 2020). Cisplatin can down-regulate the expression of Apelin in HCs and HEI-OC1 cells, and treatment with Apelin in advance can improve the survival rate of HEI-OC1 cells under cischloride ototoxicity and alleviate the damage of cochlear mitochondrial membrane potential by ROS (Yin et al., 2020). In addition, noise-induced oxidative stress and DPOAE response were significantly altered and inhibited by Apelin-13 pretreatment (Khoshsirat et al., 2021).



Adenosine receptors

This adenosine receptor family includes four GPCRs, designated as A1, A2A, A2B, and A3. Adenosine A1 receptor (AA1R) and adenosine A3 receptor (AA3R) coupled with Gi/o proteins to inhibit adenylate cyclase activity, whereas adenosine A2A receptor (AA2AR) and adenosine A2B receptor (AA2BR) coupled with Gs proteins to activate adenylate cyclase (Vlajkovic et al., 2007). Together, the adenosine receptor family and its signaling molecules regulate cellular activity in peripheral organs.

The distribution of four adenosine receptors in the cochlea is diverse (Vlajkovic et al., 2009; Manalo et al., 2020). AA1R is distributed in SGNs, and in SCs and IHCs of the OC, but AA2AR and AA2BR localize to SGNs, OC, and cochlear vessels. AA3R is mainly expressed in SCs and inner HCs of the OC. The balance between AA1R and AA2AR determines the cochlear response to oxidative stress. AA1R can protect the cochlea of mice from noise injury, cisplatin-induced ototoxicity and age-related hearing loss (Vlajkovic et al., 2011, 2017; Sheth et al., 2019). Similar results have been reported in rat, chinchilla and guinea pig (Ramkumar et al., 1994, 2004; Tabuchi et al., 2012). Administration of AA1R probiotics R-PIA and ADAC was more significant in inhibiting cisplatin-induced ototoxicity (Vlajkovic et al., 2010; Kaur et al., 2016), and the protective effect of R-PIA was inhibited by combined use of AA1R antagonist DPCPX (Whitworth et al., 2004). In contrast, AA2AR and AA2BR play a negative regulatory role in hearing loss, with cochlear protection achieved by the use of the inhibitor (istradefylline) (Han et al., 2019; Manalo et al., 2020; Shin et al., 2021).



Class A orphan receptors

GPR26, one class of orphan receptors for Class A, is mainly expressed in the brain and attracted attention due to its role in central nervous system diseases (Alavi et al., 2018; Watkins and Orlandi, 2020). GPR26 is deleted along with two other genes (CPMX2 and CHST15) in recessive mouse mutant mice (hb/hb) that exhibit severe hearing impairment (Buniello et al., 2013). Symptoms of anxiety and depression were presented in GPR26 knockout mice, but no hearing function was reported (Zhang et al., 2011). In the mouse cochlea, GPR26 expression was detected in spiral ligament fibrocytes (SLF) and SGNs (Buniello et al., 2013), but hb/hb mutant mice in the cochlea without GPR26 expression, indicating that it is worth using the GPR26–/– mice to examine the role of GPR26 in the cochlea.

Another class of orphan receptors for Class A is one member of the leucine-rich repeat-containing G-protein-coupled receptors (LGRs) family. LGR4, LGR5, and LGR6 could be expressed in the cochlea (Zak et al., 2016; Zhang Y. et al., 2018; Smith-Cortinez et al., 2021). LGR5 is considered as a marker of cochlear stem cells and participates in the development of auditory HCs (Smith-Cortinez et al., 2021). LGR5 regulates cochlear development by enhancing the Wnt/β-catenin signaling pathway (Cheng et al., 2017; McLean et al., 2017), especially LGR5-positive SCs have the potential to transdifferentiate into HCs, suggesting that it may be acted as a therapeutic target for hearing loss (Cox et al., 2014; Zhang S. et al., 2017; Smith-Cortinez et al., 2021; Ma et al., 2022). LGR5-deficient mice produce additional HCs, and LGR4-deficient mice show similar results (Zak et al., 2016). LGR6+ cells, a subtype of LGR5+ progenitor cells, also regulate progenitor cell proliferation and HC production (Zhang Y. et al., 2018).




Roles of class B1 G protein-coupled receptors in cochlea


Vasoactive intestinal peptide and pituitary adenylate cyclase-activating peptide receptors

Vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase-activating peptide (PACAP) receptors include VPAC1R, VPAC2R, and PAC1R, which are activated by VIP and PACAP (Hollenstein et al., 2014; Langer et al., 2022). Among them, unlike VPAC1R and VPAC2R, PAC1R can specifically binds to PACAP but has a lower affinity toward VIP (Vaudry et al., 2009). These two neuropeptides are widely distributed and involved in development, anti-apoptosis, and neuroprotection together with their receptors (Langer et al., 2022). In the cochlea, VIP and VIP receptors are mainly expressed in SGNs (Kitanishi et al., 1998). In addition, the levels of VIP and VPAC1R were down-regulated in the cochlea of chronic alcoholic rats, implying that they might act as neurotransmitters (Feng and Liu, 2015). However, there are still few studies on VIP and VIP receptors, and their specific mechanisms of action in the cochlea need to be further studied.

PACAP and PAC1R are expressed in HCs, SCs, SGNs, afferent, and efferent nerve fibers, and stria vascularis of the cochlea (Abu-Hamdan et al., 2006; Drescher et al., 2006; Ruel et al., 2021). Endogenous PACAP plays important roles in protection against noise-induced hearing loss (NIHL) (Ruel et al., 2021), maintenance of hearing during aging in mice (Fulop et al., 2019) and against oxidative stress-induced apoptosis (Racz et al., 2010). Current functional studies focused on the role of PACAP in the cochlea as well as the PAC1R in the protection of NIHL (Ruel et al., 2021). After noise injury, the PAC1R–/– knockout mice exhibited a significant increase in hearing threshold, but the humanized mice expressing human PAC1R (TgHPAC1R) showed a relatively small increase in hearing threshold. Taken together, with the establishment of a mouse model corresponding to the PAC1R, other roles of the PAC1R in the cochlea will be gradually uncovered.



Corticotropin-releasing factor receptors

Corticotropin-releasing factor receptors (CRFRs) in mammals only express CRFR1 and CRFR2, which are activated by corticotropin-releasing factor (CRF). As the main regulator of stress response, they participate in neuroendocrine, metabolism and response to stress (Vetter, 2015; Dedic et al., 2018). Among them, CRFR1 has a higher affinity for CRF than CRFR2 does.

CRFR1 is mainly localized in inner sulcus cells (ISCs), Hensen cells (HSCs), Deiters’ cells (DCs), and border cells (BCs) in the cochlea (Graham and Vetter, 2011), but no expression in HCs and SGNs. CRFR1 plays an important role in maintaining normal auditory function, IHC and HC innervation development. In CRFR1–/– mice, both ABR thresholds and DP thresholds were elevated, suggesting that elimination of CRFR1 might result in decreased cochlear sensitivity and impaired OHC motility (Graham and Vetter, 2011), as well as defects in IHC, afferent and efferent innervation (Graham and Vetter, 2011).

Likewise, the effects of CRFR2 on the cochlea are diverse. CRFR2 is mainly expressed in ISCs, DCs, inner border cells (IBCs), SGNs, Claudius cells (CCs), and Boettcher cells (BoCs) (Graham et al., 2010), but not in HCs. CRFR2 constitutively modulates hearing sensitivity under normal conditions and performs an important protective function in noise-induced hearing loss. Mice lacking CRFR2 exhibited significantly lower hearing thresholds under normal conditions, but more severe hearing impairment when exposed to noise (Graham et al., 2010). Interestingly, there was no loss of IHCs or OHCs in the cochlea of CRFR2–/– mice exposed to moderate ambient noise (Graham et al., 2010). CRFR2 affects cochlear hearing function by acting on glutamatergic transmission, purinergic signaling and activation of Akt/PKB signaling in the cochlea (Graham et al., 2010). Currently CRFR1 and CRFR2 have been considered as promising targets for the treatment of asthma and alcoholism drug therapy (Tantisira et al., 2004; Lowery and Thiele, 2010).



Calcitonin receptors

Calcitonin Gene-Related Peptide Receptor (CGRPR) is a heterodimeric membrane protein complex composed of receptor activity-modifying protein 1 (RAMP1) and calcitonin receptor-like receptor (CLR) with the ability to bind to CGRP (Liang et al., 2018). As an important sensory neuropeptide, CGRP is widely expressed in the nervous system and exists in two forms, i.e., α-CGRP and β-CGRP (Lv et al., 2022). CGRP plays important roles in migraine pathophysiology, inflammatory response, and blood pressure (Mehkri et al., 2022). At present, good progress has been made in the drug research of GCRP and CGRPR, and four related monoclonal antibodies have been developed (Deganutti et al., 2021). In addition, GCRP plays an important role in the cochlea. GCRP is expressed in the lateral olivocochlear (LOC), medial olivocochlear (MOC) efferent neurons and type II SGNs (SGN IIs) and up-regulates excitatory of auditory nerve (AN) activity (Schrott-Fischer et al., 2007; Vyas et al., 2019; Le Prell et al., 2021). In αCGRP knockout mice, ABR thresholds were reduced and hearing impairment was presented (Maison et al., 2003). Additionally, the CGRPR complex in the cochlea exhibits maturation during the first 3 months, which corresponds to an increase in cochlear nerve activity (Dickerson et al., 2016). However, research on CGRPR in the cochlea is relatively lagging, particularly the location and specific function of CGRPR in the cochlea are currently unknown.




Roles of class B2 G protein-coupled receptors in cochlea


Adhesion G protein-coupled receptor C

Cadherin EGF LAG Seven-pass G-type Receptor 1 (CELSR1), also named as Adhesion G-protein Receptor C1 (ADGRC1), is mainly distributed in the nervous system. In humans and mice, mutations in CELSR1 strongly affect neural tube development (Ravni et al., 2009; Allache et al., 2012).

CELSR1 is expressed in both inner ear HCs and SCs, and is considered as a key Planar cell polarity (PCP) protein in the cochlea to be involved in cellular communication and coordination between HCs and SCs (Shima et al., 2002; Curtin et al., 2003; Davies et al., 2005). In two CELSR1 mutant mice (Scy and Crsh), the OHCs were massively misoriented, most severely at the apex of the cochlea (Curtin et al., 2003). Interestingly, no significant auditory HC dislocation and hearing impairment were observed in CELSR1 knockout mice but not in mutant strains, which may be due to compensatory effects from other CELSR genes (e.g., CELSR2, 3) (Tissir and Goffinet, 2006; Duncan et al., 2017). In addition, there are some PCP proteins in cochlear HCs, but whether and how CELSR1 cooperates with other PCP proteins to effect on the plane polarity of HCs, which is largely unknown and needs to further study.



Adhesion G protein-coupled receptor V

Very large G protein-coupled receptor 1 (VLGR1), known as MASS1, Adhesion G-protein Receptor V1 (ADGRV1), Neurepin and G protein-coupled receptor 98 (GPR98), is to date the largest known protein in GPCR super-families including about 6,300 amino acid residues (Sun et al., 2013). Several VLGR1 mutations have been reported to cause Usher syndrome type IIC (USH2C) in humans, a genetically heterogeneous autosomal recessive disorder characterized by hearing impairment and epileptic seizures (Kimberling et al., 1995; Ebermann et al., 2007; Bonnet and El-Amraoui, 2012).

In the inner ear, VLGR1 is expressed in the ankle region of HCs stereocilia, which can form the ankle-link complex with Usherin, Vezatin, and Whirlin (Michalski et al., 2007). VLGR1 was identified to form a complex with Clarin-1, CDH23, and PCDH15 at the ribbon synapses of HCs (Zallocchi et al., 2012b), and can also interact with various proteins including Harmony (Verpy et al., 2000), PDZ7 (Colcombet-Cazenave et al., 2022), MyosinVIIa (Michalski et al., 2007), and SNAP25 (Zallocchi et al., 2012a). In various VLGR1 mutant or knockout mouse models, the stereociliary development of auditory HCs is impaired, the ankle-links are absent, and hearing impairment of varying degrees occurs (Skradski et al., 2001; McMillan and White, 2004; Yagi et al., 2005). Collectively, VLGR1 can carry out the stereociliary development and hearing function.



Adhesion G protein-coupled receptor A

G protein-coupled receptor 125 (GPR125) is also named as adhesion G protein-coupled receptor A3 (ADGRA3), and involve in regulating planar cell polarity signaling (Li et al., 2013). GPR125 is widely expressed in the cochlea, especially in OHCs, SGNs, and interdental cells (ICs) (Sun et al., 2021). However, in GP125-deficient mice, various types of cells developed normally, and hearing function was not impaired (Sun et al., 2021), implying that GPR125 may not regulate the planar cell polarity in the cochlea.




Roles of class C G protein-coupled receptors in cochlea


Metabotropic glutamate receptors

The metabotropic glutamate receptor (mGluR) family includes eight known subtypes (mGluR1∼8) that are subdivided into three groups (group I-III) (Niswender and Conn, 2010; Reiner and Levitz, 2018; Ge and Wang, 2022). In general, group I (mGluR1 and mGluR5) mainly positively regulate the activity of glutamatergic synapses. In contrast, both group II (mGluR2 and mGluR3) and III mGluR (mGluR4, mGluR6∼8) function in limiting the release of neurotransmitters. In addition, most mGluRs can be alternatively spliced at the intracellular C-terminus to generate isoforms such as mGluR7a and mGluR7b, and then form homo- and heterodimers for dynamic regulation (Seebahn et al., 2011; Habrian et al., 2019).

Among all mGluRs, mGluR1 is present both in the SGNs and HCs (Ye et al., 2017). mGluR4, mGluR7a, mGluR7b, and mGluR8b were found at the pre-synaptic ribbons of IHCs, while mGluR2 is localized at post-synaptic type I SGNs (SGN Is) and efferent lateral olivocochlear GABAergic fibers (Doleviczenyi et al., 2005; Klotz et al., 2019; Klotz and Enz, 2021). Moreover, mGluR7 and mGluR8 can be detected at the OHCs (Friedman et al., 2009; Girotto et al., 2014). Especially, mGluR1 can enhance efferent inhibition of developing IHCs and promote excitatory neurotransmission in SGN Is (Peng et al., 2004; Ye et al., 2017). In contrast, mGluR2 can protect cochlea from damage by inhibiting efferent dopamine release onto IHCs (Doleviczenyi et al., 2005). Interestingly, mGluR7 is also associated with ARHL and NIHL in humans (Friedman et al., 2009; Newman et al., 2012; Chang et al., 2018; Yu et al., 2018; Matyas et al., 2019), and mGluR7 knockout mice exhibited hearing deficits (Fisher et al., 2020). These studies suggest that mGluRs, especially group II and III mGluRs, can play a key role in preventing excitotoxicity induced by excessive glutamate release from IHCs. However, mGluR4 and mGluR8b, which co-localize with the mGluR7, warrant further investigation of their specific functions in IHCs. In addition, whether mGluR4, mGluR7a, mGluR7b, and mGluR8b can form different homologous and/or heterodimeric receptors to execute diverse roles in IHCs deserves further investigation.



γ-Aminobutyric acid B receptors

The γ-aminobutyric acid receptor type B (GABA B receptor), as a metabotropic receptor, can be activated by γ-aminobutyric acid (GABA) and mediate long-term, slow signaling responses mainly in the form of heterodimers (Mao et al., 2020; Fritzius et al., 2022; Vlachou, 2022). GABAB receptors are composed of two distinct subunits, GB1 and GB2. Due to the alternative splicing of GB1 subunit mRNA, 14 different GB1 isoforms can be generated, of which GB1a and GB1b are most widely studied (Bowery and Enna, 2000; Shaye et al., 2021; Shen et al., 2021). What’s more, GABA B receptors were found to be localized at all mature or nascent cochlear SGNs, including SGN I and SGN II, but not in HCs (Lin et al., 2000; Reijntjes and Pyott, 2016). GABA B receptors affect OHC function in the cochlea. In mice knocked out of GABA B1, hearing thresholds increased by about 10 dB (Maison et al., 2009). In addition, GABA B(1a,2) on the SGN modulates the strength of the SGN-HC synapse by inhibiting the release of acetylcholine (Ach) following GABA activation (Wedemeyer et al., 2013). In contrast to the few studies that work in the cochlea, research on GABA B receptors in the auditory domain is currently focused on the cochlear nuclear complex (CNC) of the brain (Kou et al., 2013; Qu et al., 2015). Whether there is a potential correlation between the GABA B receptors of the cochlea and CNC is worthy of follow-up study.



Calcium-sensing receptors

The calcium-sensing receptor (CaSR) works as a key regulator by sensing extracellular Ca2+ fluctuations to affect downstream intracellular signaling pathways (Tuffour et al., 2021). Thus, CaSR plays a key role in maintaining cellular Ca2+ homeostasis. In cochlea, Ca2+ homeostasis is also essential for acoustic transduction and proper development of cochlea, including synaptic transmission, mechanoelectrical transduction and the network of SCs (Ceriani and Mammano, 2012; Sirko et al., 2019). CaSR expression is detected in fibrocytes of the spiral ligament and spiral limbus, smooth muscle cells (SMCs) of the spiral modiolar arteries and epithelia of the osseous spiral lamina (Wonneberger et al., 2000; Minakata et al., 2019). Only one work has reported the role of CaSR in cochlear fibrocytes, where CaSR can regulate Ca2+ concentration (Minakata et al., 2019). When the CaSR inhibitor (NPS2143 and Calhex231) was used, the hearing threshold increased by 20–30 dB, indicating that the Ca2+ signal mediated by CaSR is required for hearing. Therefore, the study of the complete regulatory pathway of CaSR to maintain cochlear Ca2+ homeostasis will help to treat hearing loss.



Class C orphans receptors

GPR156, as an orphan GPCR of class C, has a significant sequence homology with GABA B receptor (Calver et al., 2003), and has a high Gi/o constitutive activity (Watkins and Orlandi, 2021). GPR156 is currently only reported as a key regulator of orientation in sensory HCs (Kindt et al., 2021). GPR156 is expressed in all HCs of the cochlea, and knockout of GPR156 causes hearing loss but not HC death (Kindt et al., 2021). GPR156 distribution can be polarized by the transcription factor EMX2, which is then signaled by Gαi to trigger a 180° reversal of HC orientation (Kindt et al., 2021). The EMX2 > GPR156 > Gαi signaling cascade is therefore required for HC orientation (especially OHC1 and OHC2) and hearing function. In this signaling cascade, how EMX2 affects GPR156 and whether there are agonists combined with GPR156 to participate in the reversal of HCs worth further research.




Roles of class F G protein-coupled receptors in cochlea


Frizzled receptors

Class F of GPCR or frizzled GPCR family includes ten Frizzleds (FZD1-10) and Smoothened (SMO), all of them have this cysteine-rich domain (CRD) in their extracellular region (Schulte and Wright, 2018; Zhang X. et al., 2018; Kozielewicz et al., 2020; Schulte and Kozielewicz, 2020). These receptors play key roles in embryonic development, cellular polarity, proliferation, differentiation, and maintenance of stem cells.

The 10 FZDs coordinate the Wnt signaling in two ways: through disheveled (DVL1-3)–dependent pathway (Clevers and Nusse, 2012; Grainger and Willert, 2018) and through heterotrimeric G-protein-mediated pathway (Dijksterhuis et al., 2014; Kilander et al., 2014). In addition to FZD5 and FZD8, the other eight FZDs have been reported to couple to various types of G proteins (Schulte and Wright, 2018). Most of these FZDs were detected by RT-PCR in the rat cochlea (Daudet et al., 2002) and RNA in situ hybridization in the chicken cochlea (Sienknecht and Fekete, 2008). In the mammalian cochlea, FZD1 and FZD2 were both expressed at lower levels in sensory HCs, but at higher levels in SCs (Yu et al., 2010). And the expression of FZD4 can be detected in auditory and vestibular HCs (Wang et al., 2001). Furthermore, both FZD3 and FZD6 are expressed in cochlear SCs (Ghimire and Deans, 2019) and the medial side of HCs (Montcouquiol et al., 2006; Chang et al., 2016), but FZD3 is expressed in SGNs (Duncan et al., 2019; Stoner et al., 2021). While the expression of FZD9 can be detected in early cochlear inner phalangeal cells (IPhCs), IBCs, and the third-row DCs (Zhang et al., 2019).

Among the 10 FZDs, FZD 2, 3, 4, 6, and 9 play different important roles in the cochlea. Knockout of FZD2 in the mouse cochlea results in defects in OHC number and orientation, which are most severe in the apical region. In addition, a recent study identified FZD2 as a signature gene in one of three distinct SGN I populations by using single-cell transcriptome (Grandi et al., 2020). In the mouse cochlea, planar polarity is guided by the PCP proteins FZD3 and FZD6. However, FZD3 and FZD6 are functionally redundant, and the orientation of HCs is severely affected only in FZD3/6 double knockout mice (Wang et al., 2006). Moreover, FZD3 and FZD6 play a key role in guiding SGN II peripheral axons turning (Ghimire and Deans, 2019). A recent study uncovered SPAG6 as a regulator of FZD6, because FZD6 lost its normal polarized distribution in SPAG6–/– mice (Li et al., 2021). Furthermore, a novel non-canonical Wnt pathway was identified in cochlear HCs that signals through PI3K, Rac1 and Gsk3β to regulate the PCP pathway by promoting the junctional localization of core PCP proteins such as FZD6 (Landin Malt et al., 2021). Compared with the above-mentioned FZDs, FZD4 does not affect HC survival but only affects HC function, so only the late onset hearing loss can be found in FZD4–/– mice (Wang et al., 2001). The main role of FZD9 in cochlea is HC regeneration, and FZD9+ cells have strong ability of proliferation, differentiation and HC generation. It still has HC-generating capacity at 6 days after treatment in vivo lineage tracing, especially it can act as an effective marker for HC progenitors (Zhang et al., 2019). Therefore, FZD9 has clinical translational value for the regeneration of HCs.

SMO mediates the Hedgehog (Hh) signaling pathway, activated SMO lead Gli to translocate into the nucleus to activate target genes, in which SMO can couple to Gi/o and G12/13 (Gorojankina, 2016; Qi et al., 2019; Okashah et al., 2020). In the auditory field, SMO is found to participate in cochlear development, HC differentiation and hearing function. In mouse embryos carried inner ear conditional knockout of Smoothened (SMOecko), the cochlea exhibited hypoplasia, in which the cochlear duct and saccule were completely absent in SMOecko embryos (Brown and Epstein, 2011; Muthu et al., 2019). What’s more, in SMOcko mouse (similar to SMOecko mouse) early cochlea, apex HCs preferentially accelerate differentiation (Tateya et al., 2013). Although SMOcko mice survive after birth, HCs in the apical region appear disorganized and reduced in number, causing hearing loss which predominantly at low frequencies. And SMOecko has also been used to identify key genes that are activated and repressed by Shh signaling in the cochlea during the initial stages of growth (Muthu et al., 2019). In addition, SMO may be associated with otosclerosis (Brown and Epstein, 2011) and cochlear neural stem cell (NSC) transplantation (Huang et al., 2018). The use of taurine during transplantation can up-regulate Hh pathway proteins such as SMO, thereby stimulating the cell proliferation and differentiation of NSCs into SGNs. These results suggest that SMO has potential applications in the treatment of hearing impairment and cochlear NSC transplantation.




Emerging G protein-coupled receptor-based treatment


G protein-coupled receptor-based drug development

G protein-coupled receptors are keeping great advantages as drug targets, thanks to the rapid development of single-particle cryo-electron microscopy (cryo-EM) technology and artificial intelligence (AI) technology in recent years. Since the first use of cryo-EM to resolve the complex structure of GPCR and G protein in 2017, the number of GPCR structures resolved every year has grown exponentially (Liang et al., 2017; Kooistra et al., 2021). Compared with previous X-ray crystallography studies required higher thermal stability, cryo-EM can obtain different conformations of stable GPCRs and structures of complexes with G proteins that are closer to the native state, which greatly improves the efficiency of ligand screening or drug design (Renaud et al., 2018). So far, the structures of 30 GPCRs functioning in the cochlea have been successfully resolved (Figures 2, 3; Supplementary Table 1). In recent years, the application of AI in structural biology has also greatly promoted the elucidation of GPCRs and the corresponding drug design. For example, AlphaFold2 and RosettaFold are the most typical applications at present (Baek et al., 2021; Jumper et al., 2021) with high accuracy, high speed, and convenience for GPCR structure-oriented drug design. In addition, according to statistics, GPCRs remain one of the most important drug targets (Hauser et al., 2017).
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FIGURE 2
The summary of reported 30 Class A GPCRs in cochlea. The blue circle indicates that GPCR are functional in the cochlea. Pink circle indicates GPCR associated with hearing loss. Red circle indicates GPCR associated with human hearing disorders. Green circle indicates GPCR involved in hearing protection. The orange circle indicates that the GPCR has resolved the protein structure. Open circles indicate conjectures or confirmed conclusions.
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FIGURE 3
The summary of reported Class B1/B2/C/F GPCRs in cochlea. (A) The summary of reported 5 Class B1 GPCRs in cochlea. (B) The summary of reported 3 Class B2 GPCRs in cochlea. (C) The summary of reported 8 Class C GPCRs in cochlea. (D) The summary of reported 7 Class F GPCRs in cochlea.


There are many types of GPCRs targeting drugs in clinical trials, including peptides, monoclonal antibodies, recombinant proteins, small molecules, and nanobodies (Saikia et al., 2019). According to the mode of action, it can be divided into agonists, antagonists, positive allosteric modulators (PAM), negative allosteric modulators (NAM) and so on (Hauser et al., 2017; Odoemelam et al., 2020). When a ligand binds to a GPCR, the receptor undergoes a conformational change in which agonists can activate and antagonists can inhibit signal transduction pathways. In contrast to orthosteric ligands such as agonists and antagonists, allosteric modulators (PAM or NAM) as promising therapeutic agents can infiltrate into a pocket that is different in space than the orthotopic site, and modulate signaling only in the presence of the natural ligand to prevent adverse side effects (Massink et al., 2020; Yang et al., 2022).

In cochlear research and treatment, GPCR-targeted drugs have also been used to some extent. For example, S1PR2 agonist (CYM-5478) (Wang et al., 2020), CaSR inhibitors (NPS2143 and Calhex231) (Minakata et al., 2019), V2R antagonist (OPC-41061/Tolvaptan) (Egami et al., 2016), CB2R agonist (JWH105) (Vlajkovic et al., 2006; Dhukhwa et al., 2021), AA1R agonists (R-PIA and ADAC) (Vlajkovic et al., 2010; Kaur et al., 2016), AA2AR antagonist (istradefylline) (Han et al., 2019; Manalo et al., 2020; Shin et al., 2021) all have a therapeutic and protective effect on the cochlea. Among these GPCR-targeted drugs, V2R antagonist (OPC-41061/Tolvaptan) and AA2AR antagonist (istradefylline) have been approved by the US Food and Drug Administration (FDA) (NDA022075, NDA022275). V2R antagonist (OPC-41061/Tolvaptan) is approved for the treatment of autosomal dominant polycystic kidney disease, fibrosis, hyponatremia, heart failure, and the syndrome of dysregulated antidiuretic hormone secretion in humans (Cao et al., 2022; Martin-Grace et al., 2022). AA2AR antagonist (istradefylline) is widely used to treat Parkinson’s disease in humans (Merighi et al., 2022). However, many GPCRs extensively developed in the cochlea, such as CRFR1 (Graham and Vetter, 2011), CRFR2 (Graham et al., 2010), and CGRPR (Maison et al., 2003) mentioned above, also have great potential in the future of cochlear therapy to treat or prevent of noise- and pharmaceutical-induced auditory toxicity (Lowery and Thiele, 2010; Hauser et al., 2017; Deganutti et al., 2021). Therefore, besides existing drugs targeting GPCRs that can be further tried to be applied to the treatment of the cochlea, more structures of potential GPCRs targets are helpful to design drugs in cochlear therapy.



G protein-coupled receptor-based gene therapy

The use of drugs generally only works when the target protein exists and expresses. Considering that one out of every 1,000 births in the world is hereditary deafness (Ajay et al., 2022), and mutations or deletions of 124 genes have been found to cause hearing loss,2 so these hereditary hearing impairments are difficult to treat with drugs. Therefore, gene therapy provides a therapeutic direction for hearing loss caused by gene mutation or deletion (Lee et al., 2020; Maguire and Corey, 2020). Briefly, the introducing a normal gene into the target cell through a delivery vector to replace or enhance the defective gene, can restore a normal level to avoid loss of function. In the field of cochlear therapy, gene therapy was first used to rescue hearing loss in the VGLUT3 knockout mouse, a model of congenital deafness, as early as 2012 (Akil et al., 2012). Subsequently, many deafness caused by gene mutation or deletion were studied by similar gene therapy approaches, including TMC1 (Nist-Lund et al., 2019), GJB2 (Iizuka et al., 2015), USH1C (Pan et al., 2017), and so on.

In recent years, the CRISPR (clustered regularly interspaced short palindromic repeats) based gene editing methods have opened up new avenues for gene therapy in the field of hearing (Zuris et al., 2015). It can target gene disruption or repair mutations to restore gene function, no need to consider how to produce adequate levels of exogenous transgene expression. At present, the exploration of gene editing methods for cochlear gene therapy is mainly based on CRISPR-Cas9 and CRISPR-Cas13 (Geleoc and El-Amraoui, 2020; Botto et al., 2021). The CRISPR-Cas9 system edits DNA, and the cure may be permanent after the correction of disease-causing mutation in vivo. It has been studied in a series of hearing treatments, for example, the dominant mutation of the TMC1 gene in a Beethoven mouse model of hearing loss has been successfully corrected. Hearing was significantly restored in the treated mice, and this effect was stable for up to a year (Gao et al., 2018; Gyorgy et al., 2019). Unlike the CRISPR-Cas9 system targeting DNA, CRISPR-Cas13 system edits disease-associated RNA transcripts, which is transient and potentially reversible, thus also offering improved safety. Two recent studies have revealed the potential of the CRISPR-Cas13 system in gene therapy for the repair of hearing loss caused by mutations, including CRISPR-Cas13X (Xiao et al., 2022) and CRISPR-CasRx (Guo et al., 2022).

The good news is that the first gene therapy for a disease caused by a specific genetic mutation has been approved by the FDA at 2017 (Maguire et al., 2021), supporting the huge clinical potential of gene therapy. In the field of GPCR-related gene therapy, considerable progress has been made in the study of rhodopsin (RHO) in the retina (Athanasiou et al., 2018). Multiple works rescue retinal degeneration in RHO mutant mice for up to 6–9 months by supplementing exogenous RHO (O’Reilly et al., 2007; Chadderton et al., 2009; Mao et al., 2011). In addition, there is some work to correct RHO mutations by CRISPR/Cas9 gene editing for the treatment of inherited retinal degeneration (Bakondi et al., 2016; Burnight et al., 2017). Among the nine genes with mutations or deletions of GPCR-encoding genes that cause hearing loss, including GABA B1 (Maison et al., 2009), GPR156 (Kindt et al., 2021), mGluR7 (Friedman et al., 2009), VLGR1 (Kimberling et al., 1995), PAC1R (Ruel et al., 2021), EDNRB (Huang et al., 2021), S1PR2 (Santos-Cortez et al., 2016), TSHR (Li et al., 1999), and CRFR1 (Graham and Vetter, 2011), five of them mGluR7 (Friedman et al., 2009), VLGR1 (Kimberling et al., 1995), EDNRB (Huang et al., 2021), V2R (Zou et al., 2019; Wang et al., 2022), and S1PR2 (Santos-Cortez et al., 2016) are directly related to human deafness, which are especially worth developing for gene therapy.




Conclusion

In this review, we mainly summarize the expression of five subfamilies of GPCRs in the cochlea, their functions, their relationship with hearing loss, and their potential therapeutic directions (Tables 1–5). A total of 53 GPCRs have been reported to be expressed in the cochlea, of which 38 have been shown to function in the cochlea (Figures 2, 3; Supplementary Table 1). Most importantly, 27 GPCRs were found to be associated with hearing loss, 5 of which were directly associated with human hearing disorders (VLGR1, mGluR7, V2R, EDNRB, and S1PR2). In addition, 13 GPCRs (CXCR4, CX3CR1, CCR2, CCR7, CB2R, APJ, AA1R, AA2AR, AA2BR, PAC1R, CRFR2, mGluR7, and S1PR2) were confirmed to play a hearing protective role in noise and ototoxicity. We also prospect the GPCR-targeted drug development and gene therapies in the future. In conclusion, GPCRs have great potential in the treatment of hearing loss, so more GPCR functions in the cochlea, more GPCRs related to hearing loss, and more GPCR-based treatment regimens remain to be further explored.


TABLE 2    Class B1 GPCRs relevant to cochlea.
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TABLE 3    Class B2 GPCRs relevant to cochlea.
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TABLE 4    Class C GPCRs relevant to cochlea.
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TABLE 5    Class F GPCRs relevant to cochlea.
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Adeno-associated virus (AAV)-mediated gene transfer is an efficient method of gene over-expression in the vestibular end organs. However, AAV has limited usefulness for delivering a large gene, or multiple genes, due to its small packaging capacity (< 5 kb). Co-transduction of dual-AAV vectors can be used to increase the packaging capacity for gene delivery to various organs and tissues. However, its usefulness has not been well validated in the vestibular sensory epithelium. In the present study, we characterized the co-transduction of dual-AAV vectors in mouse utricles following inoculation of two AAV-serotype inner ear (AAV-ie) vectors via canalostomy. Firstly, co-transduction efficiencies were compared between dual-AAV-ie vectors using two different promoters: cytomegalovirus (CMV) and CMV early enhancer/chicken β-actin (CAG). In the group of dual AAV-ie-CAG vectors, the co-transduction rates for striolar hair cells (HCs), extrastriolar HCs, striolar supporting cells (SCs), and extrastriolar SCs were 23.14 ± 2.25%, 27.05 ± 2.10%, 57.65 ± 7.21%, and 60.33 ± 5.69%, respectively. The co-transduction rates in the group of dual AAV-ie-CMV vectors were comparable to those in the dual AAV-ie-CAG group. Next, we examined the co-transduction of dual-AAV-ie-CAG vectors in the utricles of neonatal mice and damaged adult mice. In the neonatal mice, co-transduction rates were 52.88 ± 3.11% and 44.93 ± 2.06% in the striolar and extrastriolar HCs, respectively, which were significantly higher than those in adult mice. In the Pou4f3+/DTR mice, following diphtheria toxin administration, which eliminated most HCs and spared the SCs, the co-transduction rate of SCs was not significantly different to that of normal utricles. Transgene expression persisted for up to 3 months in the adult mice. Furthermore, sequential administration of two AAV-ie-CAG vectors at an interval of 1 week resulted in a higher co-transduction rate in HCs than concurrent delivery. The auditory brainstem responses and swim tests did not reveal any disruption of auditory or vestibular function after co-transduction with dual-AAV-ie vectors. In conclusion, dual-AAV-ie vectors allow efficient co-transduction in the vestibular sensory epithelium and facilitate the delivery of large or multiple genes for vestibular gene therapy.
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Introduction

Peripheral vestibular dysfunction is a significant cause of imbalance and dizziness. Lesions of the sensory epithelium of vestibular end organs, such as Meniere’s disease (Tsuji et al., 2000b), aminoglycoside ototoxicity (Tsuji et al., 2000a), and syndromic inherited diseases (Jones and Jones, 2014), are common causes of peripheral vestibular dysfunction. Currently, drugs and the vestibular rehabilitation are clinically available treatments for those patients; However, the functional recovery is largely insufficient in some cases, particularly in those of bilateral vestibular hypofunction (Chow et al., 2021).

Gene therapy is a promising strategy for functional recovery and repair of the inner ear sensory epithelium. Adeno-associated virus (AAV) is a commonly used gene transfer vector and proved safe and effective in clinical trials (Nathwani et al., 2011; Yla-Herttuala, 2012; MacLaren et al., 2014). AAV is lowly immunogenic, non-integrating, and efficient in transducing dividing and non-dividing cells (Kay, 2011). Furthermore, single local administration is suitable for long-term treatment (Kay, 2011). However, AAV has limited packaging capacity (<5 kb), which limits its clinical usefulness (Reisinger, 2020). Gene therapy for certain inner ear diseases requires delivery of target genes larger than 5 kb, such as Myo VIIa for Usher syndrome type 1B and Otof for DFNB9 (Jones and Jones, 2014). Recent studies have reported that the delivery of a single therapeutic gene is inadequate to induce functional HC regeneration. Manipulation of multiple transcription factors is required for HC regeneration and functional recovery of the inner ear (Costa et al., 2015; Wu et al., 2016; You et al., 2018; Menendez et al., 2020). Therefore, increasing the packaging capacity of AAV would enable the delivery of large or multiple genes, thereby increasing the clinical usefulness of the system.

Substantial efforts have been made to circumvent the packaging limit of AAV vectors (Reisinger, 2020). Several studies have attempted to express protein fragments using AAV vectors loaded with truncated cDNAs, to provide partial gene function (Liu et al., 2005; Ostedgaard et al., 2005). In the inner ear of zebrafish, C-terminal C2F domain of otoferlin, but not the N-terminal C2A domain, can restore hearing and balance (Chatterjee et al., 2015). However, AAV-mediated expression of otoferlin fragments in mammals failed to improve hearing in an otoferlin knockout (Otof-/-) model (Tertrais et al., 2019). Thus, protein fragments differ in terms of their capacity to induce functional recovery. This heterogeneity is a major barrier to the application of protein fragments.

Based on the intrinsic ability of AAV genomes to achieve intermolecular concatemerization (Duan et al., 1998), co-transduction of dual-AAVs in a single cell has been used. Different strategies are used to split a large gene expression cassette into halves, which are independently packaged in two AAV vectors (Trapani et al., 2014). Co-transduction by dual-AAV vectors partially rescued the auditory function in otoferlin knockout mice and Tmc1 mutant mice (Akil et al., 2019; Al-Moyed et al., 2019; Wu et al., 2021). This method rescued the vestibular function after co-injection of dual-AAV vectors into a neonatal mouse model of Usher syndrome type 1c (Pan et al., 2017). However, it is not clear whether co-transduction of dual-AAV vectors is effective for the vestibular end organs of normal or damaged adult mice. It is also unknown whether sequential administration of dual-AAV vectors leads to favorable co-transduction, which is necessary for the overexpression of multiple genes in a sequential manner. Furthermore, the long-term performance of dual-AAV vectors needs to be explored.

In this study, we evaluated the efficiency and safety of dual-AAV vectors for the vestibular end organs of mice. For this purpose, we used AAV-serotype inner ear (AAV-ie), which is an efficient vector for inner ear gene transfer (Tan et al., 2019). We assessed the co-transduction efficiency of dual-AAV-ie vectors after concurrent or sequential administration under different circumstances, including normal and damaged adult and neonatal mouse utricles, which has not yet been explored in detail. We found that dual-AAV-ie vectors provided satisfactory co-transduction efficiency with minimum damage to the inner ear.



Materials and methods


Adeno-associated virus vectors

We used purified AAV-ie viral vectors driven by the promoters of cytomegalovirus (CMV) or CMV early enhancer/chicken β-actin (CAG). AAV-ie with reporter genes of enhanced green fluorescent protein (EGFP) or mCherry were used for the experiments. The vectors were purchased from PackGene Biotech Co., Ltd. (Guangzhou, Guangdong, China) at a titer of 1 × 1013 vg/mL. The vectors were generated by triple plasmid transfection into HEK293T cells. The titers of the vectors were determined using Droplet Digital PCR. Vector aliquots were stored in phosphate-buffered saline (PBS) with 0.001% pluronic F-68 at -80°C.



Animals and diphtheria toxin treatments

The animal experiments were conducted according to the guidelines of the Animal Care and Use Committee of Capital Medical University of China. Wild-type C57BL/6J (6–8-week-old) and CD-1 (postnatal day 1, P1) mice were purchased from SPF Biotechnology Co., Ltd. (Beijing, China). Pou4f3+/DTR mice were purchased from the Jackson Laboratory (Bar Harbor, ME, US) and bred in the Laboratory Animal Department at Capital Medical University of China. Pou4f3+/DTR mice (8–10 weeks old) received two intramuscular injections of 100 ng/g DT (List Biological Laboratories, Campbell, CA, USA) 1 day apart. The surgeries were performed 10 days later.



Surgeries

Adult mice were anesthetized via intraperitoneal injection of xylazine (7 mg/kg; Sigma-Aldrich, St Louis, MO, USA) and ketamine (120 mg/kg; Gutian Pharmaceutical Co., Gutian, Fujian, China). Ketoprofen (10 mg/kg; Sigma-Aldrich) was subcutaneously injected immediately before the operation. Sedation was induced and maintained in neonatal mice using hypothermic anesthesia. The surgeries were performed only on the left ears. After shaving and sterilization of the overlying skin, an incision was made in the left post-auricular region. The posterior or lateral semicircular canal was exposed after separation of the overlying muscles. The surgeries were performed as previously described (Wang et al., 2014; Guo et al., 2017, 2018). For concurrent injection of dual-AAV-ie vectors, two AAV-ie vectors (1 μl for each) were mixed prior to the surgery. Mixed vector suspensions were inoculated via the posterior semicircular canal at a rate of 0.5 μl/min using a micro-injection pump. For the sequential administration of dual vectors, 1 μl of AAV-ie-CAG-EGFP vector was injected through the lateral semicircular canal, followed 1 week later by a second injection of 1 μl of AAV-ie-CAG-mCherry through the posterior semicircular canal. Animals were euthanized 2 weeks or 3 months after the surgery.



Auditory brainstem response and swim tests

ABR and swim tests were performed 2 weeks or 3 months after the surgery. For the ABR test, anesthetized animals were placed on a heating mat in an electrically and acoustically shielded chamber. Subdermal needle electrodes were placed at the vertex (active), and beneath the pinna of the test ear (reference) and contralateral ear (ground). Acoustic stimuli (5-ms tone bursts) were generated by the Tucker Davis Technologies (TDT) System III hardware and SigGenRZ software (TDT, Alachua, FL, USA). The responses evoked at octave frequencies of 4, 8, 16, and 32 kHz were recorded. A total of 1,024 responses were averaged for each stimulus level at 5-dB intervals. The threshold was defined as the lowest stimulus level at which ABR waves could be reliably detected. To evaluate vestibular function, the swim tests were performed as previously described (Hardisty-Hughes et al., 2010).



Immunofluorescence staining

Following deep anesthesia and euthanasia, the temporal bones of the mice were harvested and fixed in 4% paraformaldehyde and PBS overnight at 4°C. After rinsing with PBS, utricles were collected, permeabilized in 0.3% Triton X-100 (Sigma-Aldrich) for 20 min, and blocked with 5% normal goat serum (ZSGB-BIO, Beijing, China) for 1 h at room temperature. The samples were incubated overnight at 4°C with the following primary antibodies: rabbit anti-myosin VIIa antibody (1:300; Proteus BioSciences Inc., Ramona, CA, USA), mouse anti-GFP antibody tagged with Alexa Fluor 488 (1:100; Santa Cruz Biotechnology Inc., Dallas, TX, USA), and rat anti-mCherry antibody (1:100; Invitrogen, Carlsbad, CA, USA). After rinsing with PBS, samples were incubated with fluorescence-labeled secondary antibodies tagged with Alexa Fluor 594 or 647 (1:300; Invitrogen) for 1 h at room temperature. The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; 1:1,000; AppliChem, Darmstadt, Germany) for 5 min at room temperature. After rinsing with PBS, samples were mounted on glass slides with Fluoromount-G (Southern Biotech, Birmingham, AL, USA). Confocal images were obtained using a scanning confocal microscope (TCS SP8, Leica Camera AG, Wetzlar, Germany). Pictures were cropped, labeled, and spaced using WPS Office software (Kingsoft Office Software, Inc., Beijing, China).



Cell counts and co-transduction efficiency analysis

The cells were counted using confocal images obtained with a 63 × objective lens and an additional 2 × digital zoom. The images were processed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Three views of the striolar and extrastriolar regions each (∼90 × 90 μm per view) were randomly captured at the level of the cuticular plate of HCs for HC counting, and at the level of supporting cell (SC) nuclei for SC counting. At the level of the cuticular plate of HCs, the numbers of GFP-positive/mCherry-positive/myosin VIIa-positive cells (co-transduced HCs) and all myosin VIIa-positive cells (HCs) were recorded and divided to obtain the co-transduction rate of HCs. Similarly, at the level of SC nuclei, the numbers of GFP-positive/mCherry-positive cells (co-transduced SCs) and all DAPI-positive cells (SCs) were recorded and divided to obtain the co-transduction rate of SCs. Each group included 5–6 samples.



Statistical analyses

Data are presented as mean ± standard error of mean (SEM). Statistical analyses were performed using GraphPad Prism 9 software (GraphPad Software, Inc., San Diego, CA, USA). Statistical differences in co-transduction efficiency were determined using Student’s t-test. Differences were considered statistically significant when the P-value was < 0.05.




Results


Co-transduction of dual-adeno-associated virus-ie vectors was efficient in normal adult mouse utricle

The transduction profile of dual-AAV-ie was investigated using AAV-ie vectors driven by CAG or CMV promoters. Dual-AAV-ie vector mixtures, AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry, or AAV-ie-CMV-EGFP and AAV-ie-CMV-mCherry, were, respectively, inoculated into the adult mouse inner ear. The utricles were sampled 2 weeks after the surgery.

The whole mounts of utricles revealed robust GFP and mCherry expression throughout the utricles after dual-AAV-ie transduction in both groups (Figures 1A–F”’). Co-localization of GFP and mCherry was extensively found in the vestibular HCs and SCs of both dual-AAV-ie groups, indicating co-transduction by dual-AAV-ie vectors. The HCs stained by the myosin VIIa antibody exhibited minimal morphological damage after dual-AAV-ie transduction.
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FIGURE 1
Co-transduction of dual-AAV-ie vectors in the normal adult mouse utricle. Dual AAV-ie-CAG vectors (AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry) or dual AAV-ie-CMV vectors (AAV-ie-CMV-EGFP and AAV-ie-CMV-mCherry) were inoculated into the inner ear of adult mice. Utricles were harvested 2 weeks after the surgery. (A–C”’) Low- (A–A”’) and high- (B–C”’) magnification images show extensive co-expression of GFP and mCherry in both HCs (arrowheads in B–B”’; representative images of the extrastriolar region) and SCs (arrows in C–C”’; representative images of the striolar region) after transduction by dual AAV-ie-CAG vectors. (D–F”’) Abundant HCs (arrowheads in E–E”’; representative images of the extrastriolar region) and SCs (arrows in F–F”’; representative images of the extrastriolar region) express both GFP and mCherry after transduction by dual-AAV-ie-CMV vectors. Scale bars, 50 μm in A for (A–A”’) and (D–D”’); 20 μm in B for the remaining images. (G,H) Quantitative analysis showing that dual-AAV-ie-CAG and dual-AAV-ie-CMV vectors achieve comparable co-transduction rates in HCs (G) and SCs (H). Data are mean ± SEM. P-values were calculated by Student’s t-test. “ns”, not significant.


The co-transduction rates of HCs and SCs from the striolar and extrastriolar regions were quantitatively analyzed (Table 1). The co-transduction rates of HCs (Figure 1G) and SCs (Figure 1H) were not significantly different between the dual-AAV-ie-CAG and dual-AAV-ie-CMV groups (striolar HCs: 23.14 ± 2.25% vs. 31.14 ± 4.02%, P = 0.1206; extrastriolar HCs: 27.05 ± 2.10% vs. 27.31 ± 3.05%, P = 0.9454; striolar SCs: 57.65 ± 7.21% vs. 49.27 ± 10.05%, P = 0.5171; extrastriolar SCs: 60.33 ± 5.69% vs. 55.17 ± 8.29%, P = 0.6217, respectively). There was no significant difference in co-transduction rates of HCs or SCs between the striolar and the extrastriolar regions in each dual-AAV-ie group.


TABLE 1    Summary of the co-transduction rate of each group.
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Dual adeno-associated virus-ie vectors allowed co-transduction in the normal neonatal mouse utricle and damaged adult mouse utricle

The transduction profiles of dual-AAV-ie were assessed in normal neonatal mice. A mixture of AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry vectors was injected at P1. The co-transductions were evaluated 2 weeks later. Intense co-expression of GFP and mCherry was seen throughout the sensory epithelium (Figure 2) and transitional epithelium of the utricle (Supplementary Figure 1). The co-transduction rates were 52.88 ± 3.11%, 44.93 ± 2.06%, 71.92 ± 5.47%, and 72.11 ± 3.61% in striolar HCs, extrastriolar HCs, striolar SCs, and extrastriolar SCs, respectively (Table 1). Compared to the co-transduction rate of dual AAV-ie-CAG vectors in normal adult mice (Table 1), that of HCs in neonatal mice was significantly higher in both the striolar and extrastriolar regions (Figure 2D; striolar HCs: 52.88 ± 3.11% vs. 23.14 ± 2.25%, P < 0.01; extrastriolar HCs: 44.93 ± 2.06% vs. 27.05 ± 2.10%, P < 0.01, respectively), although the co-transduction rates of SCs were comparable (Figure 2E; striolar SCs: 71.92 ± 5.47% vs. 57.65 ± 7.21%, P = 0.1535; extrastriolar SCs: 72.11 ± 3.61% vs. 60.33 ± 5.69%, P = 0.1190, respectively).
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FIGURE 2
Co-transduction of dual AAV-ie vectors in the normal utricle of neonatal mice. AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry were injected into the neonatal mice at postnatal day 1 (P1). The utricles were sampled at P15. (A–A”’) Low-magnification images. (B–C”’) Numerous hair cells (HCs) (B–B”’; arrowheads; representative images of the extrastriolar region) and supporting cells (SCs) (C–C”’; arrows; representative images of the striolar region) express both GFP and mCherry. Scale bars, 50 μm in A for (A–A”’); 20 μm in B for (B–C”’). (D,E) Comparative analysis of the co-transduction rates of HCs (D) and SCs (F) between normal neonatal and adult mice. The co-transduction rates of HCs in neonatal mice are significantly higher than in adult mice in striolar and extrastriolar regions, whereas the co-transduction rates of SCs are comparable between the groups. Data are mean ± SEM. P-values were calculated using Student’s t-test. “ns”, not significant. **P < 0.01.


In the damaged group, most utricular HCs were experimentally ablated by two intramuscular injections of DT in adult Pou4f3+/DTR mice. The mixture of AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry vectors was injected 10 days after DT administration. Immunofluorescence staining of utricles was performed 2 weeks later. As indicated by the myosin VIIa staining, scattered HCs were present in the extrastriolar region of the utricle (Figures 3A–A”’). Intense over-expression of GFP and mCherry was present in HCs (Figures 3B–B”’) and SCs (Figures 3C–C”’). As shown in Table 1, the co-transduction rates of HCs in the striolar and extrastriolar regions were significantly higher than normal adult mice (Figure 3D; striolar HCs: 56.78 ± 8.15% vs. 23.14 ± 2.25%, P < 0.01; extrastriolar HCs: 59.28 ± 7.81% vs. 27.05 ± 2.10%, P < 0.01, respectively). No significant difference was observed in the co-transduction rate of SCs between the damaged and normal utricles in the striolar and extrastriolar regions (Figure 3E; striolar SCs: 66.18 ± 6.02% vs. 57.65 ± 7.21%, P = 0.3832; extrastriolar SCs: 65.11 ± 6.45% vs. 60.33 ± 5.69%, P = 0.6000, respectively). In addition, no significant difference was found in co-transduction rates of HCs or SCs between the striolar and the extrastriolar regions in neonatal or Pou4f3+/DTR mouse utricle.
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FIGURE 3
Co-transduction of dual-AAV-ie vectors in the damaged adult mouse utricle. AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry were injected into the inner ear of adult Pou4f3+/DTR mice 10 days following diphtheria toxin administration. Utricles were sampled 2 weeks after the surgery. (A–A”’) Low-magnification images show extensive expression of GFP and mCherry throughout the utricle, with the loss of most hair cells (HCs). (B–C”’) High-magnification images show co-transduction of dual-AAV-ie-CAG vectors in residual HCs (B–B”’; arrowheads; representative images of the extrastriolar region) and abundant supporting cells (SCs) (C–C”’; arrows; representative images of the extrastriolar region). Scale bars, 50 μm in A for (A–A”’); 20 μm in B for (B–C”’). (D,E) Comparative analysis of the co-transduction rates of HCs (D) and SCs (E) in damaged and normal adult mice. The co-transduction rates of HCs in damaged adult mice are significantly higher than those of normal mice in striolar and extrastriolar regions, whereas the co-transduction rates of SCs are comparable. Data are mean ± SEM. P-values were calculated using Student’s t-test. “ns,” not significant. **P < 0.01.




Co-transduction of dual-adeno-associated virus-ie vectors was maintained for up to 3 months in adult mice

To assess long-term transduction by dual-AAV-ie vectors, co-transduction efficiency was evaluated at 3 months after delivery of AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry to normal adult mice, normal neonatal mice, and damaged adult mice. Immunofluorescence staining revealed extensive and robust co-expression of GFP and mCherry in the utricular sensory epithelium of all three groups (Figures 4A–I”’). In normal adult mice, the co-transduction rate in striolar HCs showed no significant difference at 3 months and 2 weeks, but it was slightly increased in extrastriolar HCs at 3 months (striolar HCs: 27.96 ± 4.32% vs. 23.14 ± 2.25%, P = 0.3509; extrastriolar HCs: 33.11 ± 1.40% vs. 27.05 ± 2.10%, P <0.05, respectively). The co-transduction rates of SCs were comparable at 3 months and 2 weeks (striolar SCs: 64.96 ± 5.13% vs. 57.65 ± 7.21%, P = 0.4325; extrastriolar SCs: 74.71 ± 3.64% vs. 60.33 ± 5.69%, P = 0.0661, respectively).
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FIGURE 4
Long-term co-transduction of dual-AAV-ie vectors in the mouse utricle. Utricles were sampled 3 months after the injection of AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry. (A–C”’) Normal adult mice (B–B”’ representative images of the extrastriolar region; (C–C”’ representative images of the striolar region). (D–F”’) Normal neonatal mice (E–E”’ representative images of the extrastriolar region; F–F”’ representative images of the extrastriolar region). (G–I”’) Adult Pou4f3+/DTR mice following diphtheria toxin administration (H-H”’, representative images of the extrastriolar region; I–I”’ representative images of the extrastriolar region). Scale bars, 50 μm in A for A, D and G; 20 μm in B for the remaining images. (J,K) Comparative analysis of the co-transduction rates of hair cells (HCs) (J) and supporting cells (SCs) (K) at 2 weeks and 3 months after dual-AAV-ie injection. In the normal adult mice, the co-transduction rate of extrastriolar HCs slightly increases at 3 months, while the co-transduction rates of striolar HCs and both regions of SCs are not significantly different at 3 months than 2 weeks. In the normal neonatal mice, the co-transduction rates of HCs and SCs decreases at 3 months. In addition, the co-transduction rates of HCs and SCs in the damaged adult mice are not significantly different at 3 months than 2 weeks. Data are mean ± SEM. P-values were calculated using Student’s t-test. “ns,” not significant. *P < 0.05.


The co-transduction rates in the normal neonatal mice were lower at 3 months than 2 weeks in both HCs and SCs (Figures 4J,K; striolar HCs: 35.60 ± 5.60% vs. 52.88 ± 3.11%, P < 0.05; extrastriolar HCs: 31.43 ± 4.38% vs. 44.93 ± 2.06%, P < 0.05; striolar SCs: 44.41 ± 8.72% vs. 71.92 ± 5.47%, P < 0.05; extrastriolar SCs: 45.68 ± 9.32% vs. 72.11 ± 3.61%, P < 0.05, respectively).

The damaged adult mice exhibited no significant difference in co-transduction rates between 3 months and 2 weeks (striolar HCs: 36.13 ± 3.60% vs. 56.78 ± 8.15%, P = 0.0594; extrastriolar HCs: 39.15 ± 4.03% vs. 59.28 ± 7.81%, P = 0.0601; striolar SCs: 66.57 ± 4.52% vs. 66.18 ± 6.02%, P = 0.9620; extrastriolar SCs: 65.88 ± 4.36% vs. 65.11 ± 6.45%, P = 0.9267, respectively).



Sequential delivery of dual-adeno-associated virus-ie vectors resulted in a higher co-transduction rate in HCs than concurrent delivery

Sequential delivery of dual vectors is sometimes required for the sequential over-expression of target genes in the sensory epithelium (Yao et al., 2018). After sequential administration of dual-AAV-ie-CAG vectors with an interval of 1 week, extensive co-expression of GFP and mCherry was found throughout the sensory epithelium (Figures 5A–C”’). The co-transduction rates of HCs after sequential administration of dual AAV-ie-CAG vectors were significantly higher than those after the concurrent injection of dual AAV-ie-CAG vectors (Figure 5D and Table 1; striolar HCs: 38.87 ± 1.25% vs. 23.14 ± 2.25%, P < 0.01; extrastriolar HCs: 37.59 ± 0.55% vs. 27.05 ± 2.10%, P < 0.01, respectively). The co-transduction rate of striolar SCs was higher after sequential administration than concurrent injection (Figure 5E and Table 1; 75.46 ± 2.99% vs. 57.65 ± 7.21%, respectively, P < 0.05), whereas the co-transduction rate of extrastriolar SCs after sequential administration was comparable to that after concurrent delivery (Figure 5E and Table 1; 71.96 ± 3.51% vs. 60.33 ± 5.69%, respectively, P = 0.1048).
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FIGURE 5
Co-transduction of dual-AAV-ie vectors in the normal adult mouse utricle after sequential administration. AAV-ie-CAG-EGFP was injected through the lateral semicircular canal, and AAV-ie-CAG-mCherry was injected through the posterior semicircular canal after 1 week. Utricles were sampled 2 weeks after the second injection. (A–A”’) Low-magnification images show extensive GFP and mCherry expression throughout the utricle. (B–C”’) Co-localization of GFP and mCherry expression is determined at the level of the cuticular plate of hair cells (HCs) (B–B”’; arrowheads; representative images of the striolar region) and the layer of supporting cell (SC) nuclei (C–C”’; arrows; representative images of the striolar region). Scale bars, 50 μm in A for (A–A”’); 20 μm in B for (B–C”’). (D,E) Comparative analysis of the co-transduction rates of HCs (D) and SCs (E) after sequential and concurrent injections. The co-transduction rates of striolar and extrastriolar HCs in the sequential group are significantly higher than those of the concurrent injection group. The co-transduction rate of striolar SCs show higher than that of the concurrent injection group, whereas the co-transduction rates of extrastriolar SCs is comparable between the groups. Data are mean ± SEM. P-values were calculated using Student’s t-test. “ns,” not significant. *P < 0.05, **P < 0.01.




Concurrent delivery of dual-adeno-associated virus-ie vectors had minimal impact on the auditory and vestibular functions

ABR and swim tests were performed 2 weeks and 3 months after the concurrent delivery of AAV-ie-CAG-EGFP and AAV-ie-CAG-mCherry in normal adult mice. Age-matched mice of the same background served as normal controls. As shown in Figure 6, no significant difference was found between the groups in terms of the ABR thresholds at 4, 8, 16, and 32 kHz frequencies, or the swim test scores, demonstrating that co-transduction of dual-AAV-ie vectors had minimal impact on the auditory and vestibular functions.
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FIGURE 6
ABR thresholds and swim test scores 2 weeks and 3 months after co-transduction of dual-AAV-ie vectors in normal adult mice. (A) There is no significant difference in ABR thresholds between mice 2 weeks or 3 months after the injection of dual-AAV-ie vectors and control animals (i.e., age-matched mice without surgery) according to Student’s t-test at each frequency. (B) Swim test scores show no significant difference between the groups according to Student’s t-test. Data are mean ± SEM.





Discussion

Dual-AAV-ie vectors achieved efficient co-transduction in the normal and damaged vestibular sensory epithelium of mice. The transduction was maintained for up to 3 months after co-transduction in adult mice. Sequential administration of dual-AAV-ie vectors was associated with a higher co-transduction rate in HCs than after concurrent delivery. Moreover, ABR and swim tests showed that co-transduction by dual-AAV-ie vectors minimally affected the inner ear function of normal mice. Taken together, the results showed that co-transduction by dual-AAV-ie vectors served as an efficient and safe approach for gene delivery to the mouse vestibular end organs.

Co-transduction of AAV vectors has been used in vivo in various tissues, such as the retina and cochlea (Colella et al., 2014; Carvalho et al., 2017; Al-Moyed et al., 2019; Omichi et al., 2020; Wu et al., 2021). Dual-AAV6 vectors allowed otoferlin overexpression in 19–30% of inner HCs of deaf Otof-/- mice and improved the deafness (Al-Moyed et al., 2019). Perinatal injection of a mixture of AAV-Anc80L65-harmonin-a1 and AAV-Anc80L65-harmonin-b1 improved deafness and vestibular dysfunction in Ush1c mice (Pan et al., 2017), demonstrating a possible role of dual-AAV method for gene delivery to the vestibular system. In the current study, we explored the possible applications of dual-AAV for normal and damaged vestibular end organs of adult mice. We demonstrated that sequential administration of dual-AAV vectors allows efficient co-transduction. The performance of dual-AAV vectors persisted for up to 3 months. Our results should aid the future application of dual-AAV vectors in the vestibular system.

Co-transduction efficiency might be affected by several processes. First, cellular entry largely depends on the multi-step interaction of viral capsids with receptors on the targeted cells (Zengel and Carette, 2020). However, the expression of AAV receptors in the mouse utricle has not been explored. Our data revealed that the co-transduction of dual-AAV-ie was significantly lower than that of single-AAV-ie injection (Tan et al., 2019). It might be because different age of mice and injection approach were used in Tan’s study, or due to the receptor competition when dual AAV-ie vectors were injected. Second, the intracellular events underlying the endomembranous cross and nuclear translocation remain largely unknown (Zengel and Carette, 2020). Finally, interaction between the promoters and RNA polymerase II (Domenger and Grimm, 2019) is important for transcription initiation. In the present study, dual-AAV-ie-CAG vectors and dual-AAV-ie-CMV vectors had comparable efficiency. Nevertheless, the cellular process of dual-AAV vectors remains unknown.

The postnatal stage provides a significant opportunity for the treatment of certain inherited inner ear diseases (Al-Moyed et al., 2019; Guo J. et al., 2021). Otoferlin overexpression at the end of the first postnatal week in the cochlea of Otof-/- mice is too late to prevent synapse degeneration (Al-Moyed et al., 2019). The capability of programmed cell cycle reactivity of the mouse inner ear declines sharply after birth (White et al., 2006), implying that gene therapy based on cell cycle manipulation should target the perinatal period. The present study showed that dual-AAV-ie-CAG was capable of efficient co-transduction in the utricle of neonatal mice (Figure 2), suggesting its potential usefulness for the aforementioned purposes. The co-transduction efficiencies of HCs and SCs were reduced at 3 months compared to 2 weeks (Figure 4), which might be explained by the active mitosis and differentiation of the utricular sensory epithelium during the neonatal period (Burns et al., 2012).

Genetic manipulation is a promising technique for HC regeneration and functional recruitment of damaged vestibular sensory epithelium (Li et al., 2016; Zhang et al., 2020); therefore, it has received significant attention. However, the induced HCs are insufficient in number, and in terms of maturation, which leads to variable functional outcomes (Schlecker et al., 2011; Guo J. Y. et al., 2021). There is a consensus that a single factor might not lead to sufficient regeneration of mature HCs (Shibata et al., 2020). Certain strategies have been used to manipulate multiple transcription factors or signaling pathways, and have achieved superior HC regeneration in transgenic mouse models (Costa et al., 2015; Kuo et al., 2015; Menendez et al., 2020; Chen et al., 2021; Iyer and Groves, 2021). However, transgenic mice cannot be used for clinical treatments; as an alternative, dual-AAV vectors with multiple target genes may be used. Therefore, the tropism of dual-AAV-ie-CAG vectors was tested herein in the damaged utricles of mice with experimental depletion of most HCs. The results showed that the co-transduction had higher efficiency in residual HCs, while it remained equivalent to normal mice in SCs, implying that it would be an efficient way to simultaneously overexpress multiple genes for HC regeneration.

Sufficient HC regeneration in the lesioned vestibular sensory epithelium may be achieved using a two-step reprogramming method: proliferation of SCs is stimulated, followed by the manipulation of essential transcription factors in SCs. Therefore, sequential over-expression of two target genes may be required. Sequential administration of dual-AAV vectors with different genes has been used for retinal diseases and successfully restored the vision of mice with congenital blindness (Yao et al., 2018), suggesting that this strategy might induce regeneration of the inner ear. Our data showed that sequential administration of dual-AAV-ie vectors resulted in satisfactory co-transduction in the mouse utricle (Figure 5), suggesting its potential usefulness for HC regeneration of vestibular sensory epithelium.

In summary, we comprehensively evaluated the co-transduction efficiency of dual-AAV vectors in the vestibular sensory epithelium under various conditions. Although the present study did not include therapeutic genes, understanding the co-transduction characteristics and safety profile of dual-AAV vectors may aid the delivery of large or multiple genes for vestibular gene therapy in the future.
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Objective: Different semicircular canal surgery techniques have been used to treat patients with labyrinthine fistulas caused by middle ear cholesteatoma. This study evaluated postoperative hearing and vestibular function after various semicircular canal surgeries.

Materials and methods: In group 1, from January 2008 to December 2014, 29 patients with middle ear cholesteatoma complicated by labyrinthine fistulas were treated with surgery involving covering the fistulas with simple fascia. In group 2, from January 2015 to October 2021, 36 patients with middle ear cholesteatoma complicated by labyrinthine fistulas were included. Cholesteatomas on the surface of type I labyrinthine fistulas were cleaned using the “under water technique” and capped with a “sandwich” composed of fascia, bone meal, and fascia. Cholesteatomas on the surface of type II and III fistulas were cleaned using the “under water technique,” and the labyrinthine fistula was plugged with a “pie” composed of fascia, bone meal, and fascia, and then covered with bone wax.

Results: Some patients with labyrinthine fistulas in group 1 exhibited symptoms of vertigo after surgery. In group 2 Patients with type II labyrinthine fistulas experienced short-term vertigo after semicircular canal occlusion, but no cases of vertigo were reported during long-term follow-up. “sandwich.” In patients with type II labyrinthine fistulas, the semicircular canal occlusion influenced postoperative hearing improvement. However, postoperative patient hearing was still superior to preoperative hearing.

Conclusion: The surface of type I labyrinthine fistulas should be capped by a “sandwich” composed of fascia, bone meal, and fascia. Type II and III labyrinthine fistulas should be plugged with a “pie” composed of fascia, bone meal, and fascia, covered with bone wax.
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middle ear cholesteatoma, labyrinthine fistula, semicircular canal occlusion, analysis, hearing


Introduction

Labyrinthine fistulas, also known as localized labyrinthitis or perilabyrinthitis, are a complication of chronic suppurative otitis media that is usually caused by cholesteatoma invading the osseous labyrinth and account for 4.9–12.7% of middle ear cholesteatomas (Rosito et al., 2019). The classification and intraoperative management of labyrinthine fistulas vary, and a clear standard is lacking. Whether the effect on inner ear function in labyrinthine fistulas with serious clinical lesions can be reduced when the cholesteatoma epithelium is completely removed remains controversial (Geerse et al., 2017; Lim et al., 2017). This controversy is due to the intraoperative opening of the labyrinth, which may lead to neurological hearing loss and the risk of further development of the remaining fistula, leading to suppurative labyrinthitis or cholesteatoma recurrence.

Among the various proposed classification criteria for labyrinthine fistulas, the widely used Dornhofer method divides fistulas, which are considered to be an erosion of the bony labyrinth with an intact endosteum, into three types (Dornhoffer and Milewski, 1995). A type I fistula is defined as an erosion of the bony labyrinth with an intact endosteum. A type II fistula is a true fistula consisting of an open perilymphatic space. A type III fistula consists of an open perilymphatic space with concomitant involvement or destruction of the underlying membranous labyrinth. This system is schematically represented in Figures 1A, 2A, 3F.


[image: image]

FIGURE 1
(A,B) Shows the preoperative and postoperative pattern diagram of a patient with type I labyrinteric fistula. The red arrows (a–f) respectively, represent the bony labyrinth, endosteum, perilymphatic space, membranous labyrinth, bone meal, fascia. Pictures (C–F) are intraoperative of a patient with type I labyrinthine fistula. (C): Type I labyrinthine fistula with endosteum and cholesteatoma epithelium covered with surface (the black arrow). (D): Fascia placed on the surface of the fistula (the black arrow). (E): Surface of the fascia with clean bone meal (the black arrow). (F): Fascia placed on the surface of the bone meal (the black arrow).
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FIGURE 2
(A,B) Shows the preoperative and postoperative pattern diagram of a patient with type II labyrinteric fistula. The red arrows (a–f) respectively, represent the bony labyrinth, endosteum, perilymphatic space, membranous labyrinth, bone meal, fascia. Pictures (C–F) are intraoperative of a patient with type II labyrinthine fistula. (C): Labyrinthine type II fistula with superficial cholesteatoma epithelium showing deep invagination within the external semicircular canals (the black arrow). (D): Destruction of the endosteum is visible after “under water” cleaning of the cholesteatoma epithelium on the surface of the fistula (the black arrow). (E): Placement of clean bone meal inside the fascia with a “pie” filling of the external semicircular canal (the black arrow). (F): Filling the posterior surface of the semicircular canal by application of fascia is observed (the black arrow).
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FIGURE 3
Pictures (A–E) are intraoperative of a patient with type III labyrinthine fistula. (A): Type III labyrinth fistula with the superficial cholesteatoma epithelium located deep in the external semicircular canal (the black arrow). (B): Cholesteatoma epithelium on the surface of the fistula (the black arrow). After the cholesteatoma epithelium is cleaned “under water,” the membrane labyrinth is destroyed. (C): The fascia is placed on the surface of the fistula (the black arrow). (D): Clean bone powder is placed on the fascia and the external semicircular canal is filled with a “pie” shape (the black arrow). (E): The surface of the semicircular canal is covered with bone wax (the black arrow). (F,G) Show the preoperative and postoperative pattern diagram of a patient with type III labyrinteric fistula. The red arrows (a–f) respectively, represent the bony labyrinth, endosteum, perilymphatic space, membranous labyrinth, bone meal, fascia.


The latest classification, described by Quaranta et al. (2009), divides fistulas into six stages based on computed tomography and intraoperative findings. This staging system considers fistula size and depth.

Based on the convenience of the proposed analysis, we applied Dornhoffer and Milewski (1995) classification method in the present study.

According to the summary of surgical treatment techniques for superior semicircular canal dehiscence syndrome by previous scholars, the most commonly used surgical techniques for local bone defects in the superior semicircular canal involve application of various materials (such as bone, fascia, fat, and bone wax) (Mikulec et al., 2005; Ossen et al., 2017; Nguyen et al., 2018). The techniques were the plugging, resurfacing or capping. Studies showed that the success rate of occlusion was high (Mikulec et al., 2005). However, the occlusion technique is invasive and increases the risk of sensorineural hearing loss (Ziylan et al., 2017). Moreover, the type of reconstruction material may also affect the long-term results. Previous reports showed that autologous bone produced optimal results with less tissue inflammation. Conversely, fat, fascia, and muscle resulted in the lowest success rate (Kwok et al., 2019). In this study, we used some of the techniques described above to treat patients with labyrinthine fistulas caused by middle ear cholesteatoma. Our analysis included various combinations of autologous bone meal and fascia that were applied to repair bone defects in patients with different types of labyrinthine fistulas. In addition, postsurgical hearing and vestibular function were monitored.



Materials and methods

We retrospectively analyzed the clinical data of group 1 and group 2 patients with middle ear cholesteatoma complicated by a labyrinthine fistula (Table 1).


TABLE 1    Characteristics of participants in groups 1 and 2.
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Grouping

Group 1 included 29 patients with middle ear cholesteatoma complicated by labyrinthine fistulas that were treated between January 2008 and December 2014 (type I, n = 21; type II, n = 8; type III, n = 0).

Group 2 included 36 patients with middle ear cholesteatoma complicated by labyrinthine fistulas that were treated between January 2015 and October 2021 (type I, n = 23; type II, n = 12; and type III, n = 1).



Surgical methods

Open radical mastoidectomy was performed to remove the cholesteatoma and expose the external semicircular canal, facial nerve, and auditory ossicle for all patients. The cholesteatoma at the labyrinthine fistula was temporarily retained and the entire intraoperative cavity was repeatedly rinsed with 1% adrenaline and dexamethasone saline. Dexamethasone was then injected into the operative cavity and the cholesteatoma epithelium at the labyrinthine fistula was removed “under water.” “under water” technology is throughout this step, saline containing corticosteroids was continuously superfused on to the area of surgery, creating a complete protective cover over the fistula and avoiding leakage of the perilymph, so that the removal of matrix and perimatrix was performed “under water” (Thangavelu et al., 2022).


Group 1

Surgical methods included open mastoidectomy, tympanoplasty, and facial nerve exploration. Intraoperatively, the researchers covered the labyrinthine fistula with simple fascia only, administered a dexamethasone injection, and proceeded with the operation.



Group 2

Type I fistulas were treated using open mastoidectomy + tympanoplasty + facial nerve exploration. Cholesteatomas on the surface of the labyrinthine fistula were cleaned using the “under water technique” and capped with a “sandwich” composed of fascia, bone meal, and fascia. Type II and III fistulas were treated with open mastoidectomy + tympanoplasty + facial nerve decompression + semicircular canal occlusion. Cholesteatomas on the surface of the labyrinthine fistula were cleaned using the “under water technique” and the fistula was plugged with a “pie” composed of fascia, bone meal, and fascia and then covered with bone wax. Hearing reconstruction was subsequently performed.

In one patient with a type III labyrinthine fistula and extremely severe preoperative mixed hearing loss, auditory ossicular chain reconstruction was not performed simultaneously.

All labyrinthine fistulas were located in the external semicircular canal.




Images

Surgical images and pattern diagram of type I, II, and III labyrinthine fistulas in group 2 are shown in Figures 1–3.



Postoperative treatment (7 days)


Anti-inflammatory therapy

Third-generation cephalosporins were administered intravenously for 7 days.



Anti-vertigo therapy

Betahistine tablets (1–2 tablets three times daily) were administered to patients with postoperative vertigo symptoms.



Hormone therapy

Daily hormone use was prescribed.



Nutritional neurotherapy

Ginaton (intravenous infusion) and mecobalamin (intravenous injection) were prescribed.



Daily observation

General patient conditions were observed, and bedside examinations for nystagmus were performed.



Postoperative checks

The bandage, the auricular and the incision of postauricular were observed at 3 days postoperatively, and once patients were able to sit independently, vestibular rehabilitation training was initiated.




Statistical methods

Statistical analysis was performed using SPSS software (SPSS version 19.0; Wilcoxon signed-rank test). Differences were considered significant at P ≤ 0.05.




Results


Postoperative follow-up of middle-ear cholesteatoma patients with labyrinthine fistulas

A total of 65 patients with middle ear cholesteatoma and labyrinthine fistulas were followed up between January 2008 and October 2021, including 29 and 36 patients in groups 1 and 2, respectively. The patients were continuously followed up postoperatively. In group 1, middle ear cholesteatoma recurred in 2 of the 21 patients with type I labyrinthine fistulas.



Comparisons of pre- and postoperative examinations


Pre- and postoperative hearing comparisons


Preoperative hearing comparisons

Bone conduction (BC) and air conduction (AC) thresholds were measured at frequencies of 250, 500, 1000, 2000, 4000, and 8000 Hz in the pure tone audiogram.

The average preoperative BC in patients with type I labyrinthine fistulas in groups 1 and 2 were 32.33 ± 0.48dB and 33.25 ± 0.72dB (t = 0.419, P ≥ 0.05) (Table 2).


TABLE 2    The average preoperative BC in patients with type I labyrinthine fistulas in group 1 and 2.
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The average preoperative BC in patients with type II labyrinthine fistulas in groups 1 and 2 were 38.45 ± 0.35dB and 37.75 ± 0.35dB, (t = 0.207, P ≥ 0.05) (Table 3).


TABLE 3    The average preoperative BC in patients with type II labyrinthine fistulas in group 1 and 2.
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The average preoperative differences in air-bone (A-B) gap of patients with type I labyrinthine fistulas in groups 1 and 2 were 27.45 ± 0.72dB and 28.50 ± 0.45dB (t = 0.341, P ≥ 0.05) (Table 4).


TABLE 4    The average preoperative differences in A-B gap of patients with type I labyrinthine fistulas in groups 1 and 2.
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The average preoperative differences in A-B gap of patients with type II labyrinthine fistulas in groups 1 and 2 were 37.75 ± 0.24dB and 38.33 ± 0.35dB (t = 0.576, P ≥ 0.05) (Table 5).


TABLE 5    The average preoperative differences in A-B gap of patients with type II labyrinthine fistulas in groups 1 and 2.
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The average preoperative A-B gap of patients with type I and type II labyrinthine fistulas was not significantly different between groups 1 and 2.



Postoperative hearing comparison

In patients with type I labyrinthine fistulas, the average postoperative A-B gap of group 1 was not significantly different from that of group 2 (17.04 ± 0.65dB and 16.54 ± 0.38dB, t = 0.421, P ≥ 0.05) (Table 6).


TABLE 6    The average postoperative differences in A-B gap of patients with type I labyrinthine fistulas in group 1 and group 2.
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The average A-B gap of patients with type I labyrinthine fistulas was not significantly different between groups 1 and 2.

The average postoperative A-B gap of patients with type II labyrinthine fistulas was significantly different between groups 1 and 2 (22.25 ± 1.59dB and 28.33 ± 1.10dB, respectively, t = 3.772, P ≤ 0.05) (Table 7).


TABLE 7    The average postoperative differences in A-B gap of patients with type II labyrinthine fistulas in group 1 and group 2.
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The average A-B gap of patients with type II labyrinthine fistulas was significantly different between groups 1 and 2.

Patients with type III fistulas showed extremely severe sensorineural deafness on the affected side preoperatively that did not significantly improve postoperatively.





Pre- and postoperative vestibular function examinations (caloric test, video head impulse test)

Caloric testing (at 30°C and 44°C) was performed in a completely dark room. The video head impulse test (vHIT) was performed while the patient sat on a chair and focused their eyes on a dot 1.5 m away on the opposite wall. After calibration, the examiner performed fast angular head movements in the planes of the semicircular canals (right horizontal–left horizontal, right superior–left posterior, and left superior–right posterior). This yielded the mean vestibular-oculo reflex (VOR) gains of all semicircular canals, calculated by the vHIT system as the ratio of the area under the curve of eye velocity to head velocity (from 60 ms before peak head acceleration to the last value of 0°/s as the head returns to rest). The diagnostic criteria for normal vestibular function are as follows: (1) caloric test: normal summation of caloric summed maximum slow-phase eye velocity (sMSPV) (°/s) is higher than 12°/s; (2) vHIT test: gain is normal when the VOR gain is between 0.8 and 1.2.

In patients with occasional preoperative vertigo, vestibular function was examined preoperatively, and at 1 week and 3 months postoperatively, and symptoms were followed up simultaneously.


Type I labyrinthine fistula patients

Type I patients in groups 1 and 2 showed no preoperative symptoms of vertigo.



Type II and III labyrinthine fistula patients

Group 1: Five of eight patients reported vertigo with attractors during outpatient treatment, whereas, Two of the five patients reported experiencing sudden vertigo preoperatively without an obvious cause. Postoperatively, eight of erght patients experienced vertigo with an attractor during outpatient treatment. A vestibular function examination (caloric test) was performed preoperatively in two of eight patients and the vestibular predominance of one of two patients was partial to the healthy side, whereas the vestibular function of the affected side was weak. The vestibular function of the other patient was normal. In addition, the vestibular function of the two patients did not change significantly at 1 week or 3 months postoperatively (Table 8).


TABLE 8    Pre- and postoperative vestibular function examinations of type II labyrinthine fistula patients in group 1.
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Group 2: Eight of the twelve patients experienced preoperative episodes of sudden vertigo without obvious causes. Obvious symptoms of vertigo occurred during the first 1 weeks postoperatively. Symptoms resolved after drug treatment and vestibular rehabilitation training, even with attractors, during outpatient treatment. The patients’ daily activity levels returned to normal, and no episodes of vertigo occurred during long-term follow-up.

Preoperative vestibular function examinations (caloric test) revealed that the vestibular predominance of six of eight patients was partial to the healthy side, whereas the vestibular function of the affected side was weakened. The vHIT test on the affected side was positive, the gain was reduced, compensatory saccade waves appeared, and vestibular function was normal. Vestibular function examinations performed at 1 week and 3 months postoperatively revealed that the affected side was weakened in all eight patients (Figure 4 and Table 9).
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FIGURE 4
Caloric test results [summed maximum slow phase velocity of the eye, caloric sMSPV (°/s)] of the operated side of 8 patients with vertigo in group 2 before and after surgical plugging of external semicircular canal. Each patient is color coded. Vestibular function examinations performed at 1 week and 3 months postoperatively revealed that the affected side was weakened in all eight patients. The vestibular function of the patient was the worst one week after the operation, and gradually recovered in the later period, but it was not normal.



TABLE 9    Pre- and postoperative vestibular function examinations of type II labyrinthine fistula patients in group 2.
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One patient with a type III labyrinthine fistula experienced dizziness for 4 years. Six months preoperatively, the vertigo worsened with occasional gait instability. Preoperative vestibular function examination (caloric test) revealed weakened vestibular function of the affected side and horizontal semicircular canal paresis, caloric sMSPV (°/s): 2, vHIT: The test on the affected side was positive, ESCC VOR gine was 0.35. Although the unstable gait and vertigo persisted, they gradually disappeared after the vestibular rehabilitation training after surgery. The vestibular function (caloric test) of the affected side was eased at 3 months compared to one week after surgery, caloric sMSPV (°/s): 4,vHIT: The test on the affected side was positive, ESCC VOR gine was 0.59.




Imaging examinations: Pre- versus postoperative

Pre- and postoperative imaging examinations of patients with type I fistulas in the group 2 are shown in Figure 5.
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FIGURE 5
Computed tomography (CT) images acquired (A,B) preoperatively from a patient with type I labyrinthine fistula. Preoperative (A,B): The right cholesteatoma is adjacent to bone resorption, the boundary with the external semicircular canal is unclear, and the shape of the external semicircular canal is acceptable (the red arrows). Postoperative (C,D): The cholesteatoma has been removed, the shape of the lateral semicircular canal is acceptable, and intraoperative fillers are applied to fill the external semicircular canal (the red arrows).


Comparisons of preoperative and postoperative imaging examinations of patients in group 2 with type II fistulas are shown in Figure 6.


[image: image]

FIGURE 6
CT images acquired before and after surgery from a patient with type II labyrinthine fistula undergoing a second surgery. Preoperative (A,B): The left cholesteatoma is adjacent to the bone resorption with a normal external semicircular canal shape (the red arrows). Postoperative (C,D): The removal of cholesteatoma, the abnormal shape of the external semicircular canal, and the intraoperative fillers inside and adjacent to it (the red arrows).


Comparisons of preoperative and postoperative imaging findings in group 2 patients with type III fistulas are shown in Figure 7.
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FIGURE 7
Pre- and postoperative CT images acquired from a patient with a type III labyrinthine fistula. Preoperative (A,B): The left cholesteatoma is adjacent to the bone destruction (the red arrows). Postoperative (C,D): The removal of the cholesteatoma, the abnormal shape of the external semicircular canal, and intraoperative fillers inside and adjacent to it (the red arrows).





Discussion

Labyrinthine fistulas are a common complication of middle ear cholesteatoma. Typically, treatment is difficult and several related factors influence the postoperative effects. For example, the rate of preoperative vertigo, degree of damage to the external semicircular canal, preoperative hearing, and vestibular function affect repeat operations and recovery of postoperative ear symptoms. Management of labyrinthine fistulas secondary to middle ear cholesteatoma remains controversial. Two methods have been described in the literature. One method advocates leaving the cholesteatoma epithelium to temporarily cover the fistula to avoid inducing further damage to the labyrinthine structure, as the opening of the labyrinth might further damage cochlear function. Another technique advocates the complete removal of cholesteatoma in the fistula area and sealing through the bone or cartilage, as residual cholesteatoma can progress with further bone resorption and destruction, causing further hearing loss; however, there is also a risk of intracranial complications (Djalilian et al., 2021). This study applied Dornhoffer and Milewski (1995) fistula classification and reviewed follow-ups of patients previously treated for labyrinthine fistulas caused by middle ear cholesteatoma to determine the ideal surgical treatment.


Analysis of postoperative vertigo symptoms and vestibular function

Postoperative follow-up revealed that patients with type I or II labyrinthine fistulas in group 1 experienced vertigo after exposure to attractive stimulation. The researchers suspected that this was due to a lack of cortical bone protection for the labyrinthine fistulas after surgery. Patients with type I labyrinthine fistulas in group 2 had no symptoms of vertigo because the surface of the labyrinthine fistula had been capped intraoperatively with a “sandwich” of fascia, bone meal, and fascia.

In patients with type II labyrinthine fistulas that were plugged with fascia, bone meal, and bone wax, obvious vestibular symptoms occurred 1 week postoperatively due to intraoperative stimulation of the semicircular canal. In those cases, we observed a significant decrease in the patient’s vestibular functions 1 week after the operation due to provision of postoperative anti-vertigo drug therapy that was intended to effectively alleviate postoperative vestibular symptoms. Subsequently, no vertigo occurred during the long-term follow-up.

The follow-up of vestibular symptoms in type III patients showed that the vestibular symptoms persisted after the surgery, and they were relieved by drugs and vestibular rehabilitation training. No cases of vertigo occurred during the long-term follow-up.

Similar to results from previous studies, plugging of a semicircular canal could affect both vestibular function and hearing. After the initial deterioration, most patients recovered during the follow-up period. However, vestibular function loss can persist (Geerse et al., 2017; Misale et al., 2019).



Analysis of postoperative hearing changes

The preoperative BC did not differ significantly between groups 1 and 2.

The average A-B gap did not differ significantly between groups 1 and 2. Specifically, in patients with type I labyrinthine fistulas, the removal of cholesteatoma on the labyrinthine surface of the fistula and the “sandwich” capping of two layers of fascia and bone meal did not affect the postoperative hearing improvement.

We found a significant difference in the average A-B gap between groups 1 and 2 due to the destruction of the membrane labyrinth caused by plugging the semicircular canal with fascia and bone meal during the operation of type II labyrinthine fistulas. This approach influenced postoperative hearing improvement. However, postoperative patient hearing was still superior to preoperative hearing.

Patients with type III fistulas showed extremely severe sensorineural deafness preoperatively with no significant postoperative changes.

Similar to previous studies, we found that hearing loss could persist after surgery (Jiang et al., 2022; Kontorinis and Thachil, 2022; Stultiens et al., 2022).



Importance of complete intraoperative cholesteatoma removal

Complete cholesteatoma removal is the main purpose of surgery in patients with middle ear cholesteatomas. In particular, cholesteatoma scurf on the fistula surface requires complete removal to prevent postoperative recurrence or further spread of the inner ear infection. Previous studies (Wiatr et al., 2015; Bo et al., 2016; Rah et al., 2018) showed no significant effects on the preservation of BC hearing in the three types of labyrinthine fistulas; thus, removal of the cholesteatoma matrix had no significant effect on postoperative BC hearing in patients with middle ear cholesteatoma accompanied by labyrinthine fistulas. The follow-up of patients with labyrinthine fistulas in the present study showed that the use of appropriate surgical methods could preserve partial hearing in patients who underwent complete cholesteatoma removal. In patients with type I labyrinthine fistulas, the endosteum was not destroyed by the cholesteatoma; therefore, after removal of the epithelium of cholesteatoma on the surface of the labyrinthine fistula, the surface was capped by the “sandwich” method and the hearing was reconstructed simultaneously. In patients with type II labyrinthine fistulas, due to bone labyrinth destruction, we operated cautiously and simultaneously plugged the semicircular canal with a “pie” when removing the cholesteatoma epithelium. In this study, after the reconstruction, postoperative hearing was affected by operation of the semicircular canal. However, hearing examinations showed that postoperative patient hearing was still superior to preoperative hearing. Consequently, the researchers chose surgery involving complete cholesteatoma removal for middle ear cholesteatoma patients with labyrinthine fistulas.



Significance of pre- and postoperative hormone use

In this study, the surgeon used the “under water” surgical method after clearing the cholesteatoma (Yamauchi et al., 2014; Hassannia et al., 2019; Creighton et al., 2021; Thangavelu et al., 2022). Specifically, before operating on the labyrinthine fistula, the researchers injected dexamethasone into the operation area. The epithelium of the cholesteatoma on the surface of the labyrinthine fistula was cleaned, and the corresponding semicircular canal operation was performed according to the labyrinthine fistula classification. This approach provided the following two advantages: protecting the inner ear from accidental gas interference at the liquid level, and preventing accidental perilymph inhalation and membrane labyrinth destruction (Zhang et al., 2021; Kawamura et al., 2022). Postoperatively, intravenous corticosteroids were continued to stabilize inner ear function and relieve possible symptoms of vertigo.




Conclusion

Our analysis of the various management methods for semicircular canals in patients with different labyrinthine fistulas caused by middle ear cholesteatoma led to the following conclusions:

In patients with type I labyrinthine fistulas, the surface of the fistula should be capped with a “sandwich” composed of fascia, bone meal, and fascia. Our results showed that hearing improved postoperatively, and no vertigo occurred during the long-term follow-up.

In patients with type II and III labyrinthine fistulas, the fistulas should be plugged with a “pie” composed of fascia, bone meal, and fascia and then covered with bone wax. The semicircular canal occlusion influenced postoperative hearing improvement. However, postoperative patient hearing was still superior to preoperative hearing. No vertigo episodes occurred during long-term follow-up.
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Cochlear ribbon synapses formed between spiral ganglion neurons and inner hair cells in postnatal mice must undergo significant morphological and functional development to reach auditory maturation. However, the mechanisms underlying cochlear ribbon synapse remodeling remain unclear. This study found that cochlear resident macrophages are essential for cochlear ribbon synapse development and maturation in mice via the CX3CR1/CX3CL1 axis. CX3CR1 expression (a macrophage surface-specific receptor) and macrophage count in the cochlea were significantly increased from postnatal day 7 then decreased from days 14 to 28. Seven-day treatment with CX3CR1 inhibitors and artificial upregulation of CX3CL1 levels in the inner ear environment using the semicircular canal injection technique were initiated on day 7, and this resulted in a significant increase in hearing threshold on day 28. Additionally, abnormalities in the morphology and number of cochlear ribbon synapses were detected on day P14, which may be associated with hearing impairment. In conclusion, macrophage regulation of cochlear ribbon synapse remodeling via the CX3CR1/CX3CL1 axis is required during hearing development and offers a new perspective on immune-related hearing loss throughout auditory development. Importantly, it could be a new treatment target for sensorineural hearing loss.
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Introduction

The ribbon synapse of the inner hair cells is the first excitatory afferent synapse in the auditory pathway and is critical for sound encoding and transmission from the cochlea to the brain (Lu et al., 2016; Coate et al., 2019). The number of cochlear ribbon synapses continuously decreases after peaking at P7-P10. This process, known as synaptic pruning, involves axonal fine-tuning and contraction of immature spiral ganglion neurons terminals (Yu et al., 2021). We previously found that autophagy may be necessary for the remodeling of ribbon synapses in cochlear inner hair cells (IHCs) before the onset of hearing. Autophagy serves as one of the primary mechanisms of hearing development and maturation in the postnatal cochlea. In this study, autophagy in IHCs was regulated by rapamycin and 3-methyladenine, autophagy activators and inhibitors, respectively. We found that normal hearing function could not be established in treated mice, coupled with immature ribbon synapses in cochlear IHC (Xiong et al., 2020). However, the mechanism is yet to be fully elucidated owing to the complexity of the molecular mechanism of ribbon synapse pruning and maturation.

Current research indicates that microglia, the resident macrophages of the brain, play a direct role in synaptic pruning in the central nervous system (CNS) (Kempf and Schwab, 2013; Brites and Fernandes, 2015; Kim et al., 2017). The role of microglia in the CNS has been extensively studied. In the adult brain, microglia interact with the neurons and synapses. (Favuzzi et al., 2021; Basilico et al., 2022) Microglia engulf and eliminate dying cells as part of their well-known phagocytosis, but it has also been demonstrated that they eliminate weakly active synapses. Several chemokine signaling pathways, especially the fractalkine (CX3CL1) signaling system, regulate these interactions (Korbecki et al., 2020; Pawelec et al., 2020). CX3CR1 is a leukocyte surface protein that is most abundant in monocytes and macrophages in various organs (Leonardi et al., 2018). CX3CL1 is secreted mainly by endothelial cells and neurons, and CX3CR1 is its specific receptor (Cormican and Griffin, 2021).

Macrophages and mononuclear phagocytes are major players in the cochlear innate immune system and are responsible for mediating pathogen detection and elimination, tissue homeostasis, and injury response (Hu et al., 2018). The immune defense function of cochlear macrophages in the inflammatory environment following various pathological injuries have been extensively studied. These injuries include auditory damage, ototoxicity, immune attack, and mechanical damage caused by cochlear implantation, which all cause an inflammatory response in the cochlea. The development of new genetic and functional analysis tools has revealed the presence of cochlear-resident immune cells. It was found that approximately 62% of cochlear resident macrophages are located in the neural tissue and approximately 36% are located at the edges of the spiral ligament and bone spiral plate. Macrophages are evenly distributed along a gradient from the apex to the base of the cochlea, with few aggregates or gaps in macrophage distribution. This spatial configuration ensures that each cell has an immune examination area and that all cochlear regions are under immune surveillance (Okano et al., 2008). However, the function of cochlea resident macrophages has not yet been clarified.

This study hypothesized that macrophages are involved in synaptic pruning via the CX3CL1-CX3CR1 axis. Phagocytosis of macrophages during synaptogenesis may be necessary for IHC synaptic remodeling in the cochlea before the onset of hearing. We found that the increasing and decreasing trends in the number of macrophages residing in the cochlea matched with the trends in synaptic pruning, with macrophages residing in the cochlea mainly clustered near the auditory nerve and ribbon synapses during the peak abundance of synapses. To control macrophage pruning in cochlear synapses, CX3CR1 receptor inhibitors were injected, and CX3CL1 levels were artificially increased in the inner ear environment. CX3CR1 inhibitor treatment increased the number of synapses remaining after cochlear synaptic pruning. In contrast, CX3CL1 upregulation reduced the number of synapses in the cochlea. Neither treatment resulted in normal hearing.



Materials and method


Animals

C57BL/6J pregnant mice were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd. 87 postnatal mice were included in this experiment. All animal experiments were approved by the Animal Ethics Committee of Capital Medical University and were performed strictly by the standards of the Animal Ethics Committee.



Drug administration

AZD8797 (MCE, KAND567), an inhibitor of CX3CR1, was dissolved in DMSO as a stock solution (10 mM/ml) and stored at-20°C. Before use, AZD8797 was diluted with Corn oil. Animals in each group received intraperitoneal injections of AZD8797 at a dose of 1 mM/kg daily from P7 to P14 consecutively, the controls were administered with the same amount of DMSO with Corn oil.CX3CL1 (peprotech, 300-31) was dissolved in pure water as a stock solution (1 mg/ml) and stored at −20°C. For P7 mice, 0.6ul of concentrated storage solution was diluted with water to 2 μl of working solution before injecting the drug into the semicircular canal.



Auditory brainstem response

Intraperitoneal injection of ketamine and xylazine (100 mg/kg of ketamine and 10 mg/kg of xylazine) was used to anesthetize the animals. A warming blanket was used to keep the body temperature at 37.5°C. Subdermally applied stainless steel needle electrodes were positioned posterior to the animal’s stimulated and unstimulated ears (inverting input and ground) and above the vertex (noninverting input). The amplitude was detected at 90 dB SPL for each stimulus frequency during an ABR test using System 3 hardware and SigGen/BioSig software (TDT, United States). The threshold was determined by the lowest stimulus intensity that produced a repeatable ABR wave.



Immunofluorescence

The cochleae were extracted and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 h before the audiological examinations. After that, the basilar membranes were meticulously cut apart. Samples were cleaned with PBS before being incubated at room temperature with 0.3% TritonX-100 for 30 min and 10% goat serum (ZSGB-BIO) for 1 h. The preparation were incubated overnight at 4°Cwith primary antibodies including: rat anti-F480 (1:50, Abcam, MAB386), rabbit anti-CX3CR1 (1:50, Santa, sc-377227),mouse anti-GluA2 (1:400, Millipore, MAB397), mouse anti-CtBP2 (1:500, Abcam, ab204663). The next day, samples were carefully washed three times with PBS for 10 min each and incubated with Alexa FluorTM 488, 568, or 647 (1:300) conjugated secondary antibodies for 2 h at room temperature, followed by three washes with PBS for 10 min each and mounted on a glass coverslip with DAPI (ZSGB-BIO, ZLI-9557).



Laser confocal microscopy

Images were scanned with a × 60 oil-immersion confocal microscope (TCS SP8 II; Leica, Wetzlar, Germany). All Scanning was performed from top to bottom with an interval of 0.5 μm/layer, and a series of z-stack images were acquired.



Quantification of the immunofluorescence signals

In order to calculate the average number of ribbon synapses for each IHC, the total numbers of GluA2- and CtBP2-stained puncta were added together and divided by the total number of IHC nuclei.



Quantitative analysis of macrophage morphology and distribution

The size and morphology of macrophages are determined by distinctive F4-80 expressions. Greater in size than other types of leukocytes and having uncommon shapes like dendritic, amoeboid-curved, or aberrant morphologies with protrusions. We employed a well-known specialized surface stain called F4-80 to positively stain the critical cells in order to determine their distribution. A subset of cochlear macrophages includes macrophages in the neural tissue, basement membrane macrophages (BM-macrophages), and extravascular lateral wall macrophages. Using bright-field illumination and a fluorescence microscope, each macrophage was distinguished as a subset of the cochlear macrophage population. The osseous spiral layer, the basal membrane, and the lateral wall of the vasculature can all be distinguished visually as parts of the cochlea. By counting the number of cells present in a sample of 0.1 mm2 in each of the three anatomical cochlear turns (apical, middle, and basal) per specimen, distribution analyses for macrophages at neural tissue, basement membrane macrophages (BM-macrophages), and extravascular lateral wall were carried out. After computing the mean for these counts, an average value per unit area in each cochlea was generated. Cell counts per unit area across specimens for each group were averaged to obtain group means.



Western blot analysis

Hank’s balanced salt solution was used to newly dissect the cochlea after it was quickly removed (Gibco, 1491037). The cochlea was homogenized in ice-cold RIPA lysis solution (G2002, Servicebio) with phosphatase inhibitor cocktails and RIPA lysis buffer base (G2007, Servicebio), After 30 min on ice, tissue fragments were separated by centrifugation at 12,000 g for 10 min at 4°C, with the supernatants being kept as the total protein fractions. The BCA Protein Assay Kit was used to measure the protein concentrations (G2026, Servicebio). For every sample, two cochleas from the same mouse were combined. Primary antibody concentrations were anti-CX3CR1 (1:500; Abcam, ab8020) and anti-GAPDH (1:1000; AF5009, Beyotime). Protein samples (10 ll) were separated using SDS-PAGE (G2003, Servicebio). The proteins were then transferred onto nitrocellulose after electrophoresis. The membrane that was blocked using a 5% nonfat dry milk solution in 0.5% TBST. The membranes were exposed to primary antibodies against CX3CR1 (1:500) or anti-GAPDH (1:1000) for overnight incubation at 4°C, followed by three TBST washes lasting 10 min each. Secondary antibodies were applied to the membranes and incubated for 1 h at a concentration of 1:6000. The membrane was thoroughly washed before the immunoreactive bands could be seen using ECL. Using AlphaEase FC software, X-ray films of Western blots were scanned and examined. Using the optical density ratio of the CX3CR1 band within the GAPDH bands, the relative expression rates of several samples were examined.




Result


Inner hair cells undergo synaptic pruning before auditory maturation

To determine the trends in the number of cochlear ribbons during synaptic pruning, presynaptic proteins were labeled with an anti-RIBEYE/CtBP2 antibody and postsynaptic proteins with an anti-GluA2 antibody. In the initial state (p1-p7) of ribbon synapse formation in the cochlea, the presynaptic dots were in the vicinity of the subnuclear or perinuclear region then gradually decreased to the basal level of the IHC cytoplasm at P14. Fewer presynaptic ribbons appeared at P1, and a higher number of presynaptic ribbons appeared around P7. The number of presynaptic ribbons gradually decreased from P14, after which the number remained stable (Figures 1A,B). Additionally, postsynaptic proteins were expressed at P14.
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FIGURE 1
 The number of synapses during postnatal mouse cochlear development is detected from P1 to P28. (A): ctbp2 dots (red) and glua2 dots (green) on immunofluorescence staining show the dynamic changes in presynaptic and postsynaptic proteins on P1, P7, P14, and p28. Scale bar = 5 μm, n = 3. The image at the bottom is an enlarged image of macrophages. (B) The number of synapses per IHCs is increased from birth to P7 until P14, after which the number of synapses are stabilized. **p < 0.01, ***p < 0.001, ****p < 0.0001.




Synaptic pruning is accompanied by a high degree of macrophage activation

To confirm the timing of the presence of cochlear resident macrophages, they were labeled with an anti-F4-80 antibody. The number of cochlear macrophages peaked at P7, were distributed near the cochlear basilar membrane and auditory nerve, and were clustered near the cochlear ribbon synapses of the inner hair cells. Macrophages were usually circular and amoeboid in shape at the newborn stage, which was associated with phagocytosis. As the cochlear ribbon synapse and auditory nerve developed and matured, the number of macrophages decreased from P14, and the distribution migrated from the basilar membrane to the lateral wall of the blood vessels and auditory nerve. The number of macrophages stabilized within a certain range (Figures 2A,B).
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FIGURE 2
 The number of macrophages during cochlear development in postnatal mice is detected from P1 to P28. (A) Immunofluorescence staining (green) is used to detect the dynamic changes in the number of macrophages on P1, P7, P14, and p28. Scale bar = 50 μ m, n = 3. At P7, macrophages have a round shape, while they have a dendritic shape after P14. (B) The number of macrophages is increased from birth to P7 and then decreased until P14. **p < 0.01, ***p < 0.001, ****p < 0.0001.




CX3CR1 plays a key role in the activation and recruitment of macrophages during the development

To investigate the key role of CX3CR1 in cochlear macrophage activation, migration, and phagocytosis, cochlear macrophages were labeled with anti-CX3CR1 and anti-F4-80 antibodies. The results showed that macrophages almost completely expressed CX3CR1 receptors at P7. Quantification of the double-positive cells showed that the number of CX3CR1+ and F4-80+ double-positive cells was markedly higher at P7 than that at other periods before hearing maturation (Figures 3A–G). This indicated that the trend of CX3CR1-positive macrophages was consistent with the trend of the number of synapses. Correspondingly, when whole cochlear tissue was used for quantitative western blotting analysis, CX3CR1 expression was also observed to be much higher at P7 than that at other periods before hearing development (Figures 4A,B). This suggested that CX3CR1 was highly expressed in activated and migratory active macrophages and was involved in the critical process of synaptic pruning.
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FIGURE 3
 Detection of the number of CX3CR1 + macrophages during cochlear development from P1 to P28 in postnatal mice. (A) Immunofluorescence staining is used to detect the number of CX3CR1 + macrophages and identify the dynamic changes in the number of macrophages in P1. CX3CR1 (grey) colocalized with f4-80 (green). The nuclei are stained with DAPI. (B) Immunofluorescence staining is used to detect the number of CX3CR1 + macrophages and identify the dynamic changes in the number of macrophages at P7. (C) Immunofluorescence staining is used to detect the number of CX3CR1 + macrophages and identify the dynamic changes in the number of macrophages at P14. (D) Immunofluorescence staining is used to detect the number of CX3CR1 + macrophages and identify the dynamic changes in the number of macrophages at P28. Scale bar = 50 μm, n = 3. The image on the right is an enlarged image on the left. (E–G) Quantitative analysis of the number of CX3CR1 + macrophages from P1 to P28 showing that the number of CX3CR1 + macrophages from the apical to the middle to the basal turn of the cochlea is significantly higher on P7 than on P1, P14, and P28. **p < 0.01, ***p < 0.001, ****p < 0.0001.


[image: Figure 4]

FIGURE 4
 (A) CX3CR1 expression in the cochlea of postnatal mice is determined by western blotting. A significantly stronger band is identified around P7 than in P1, P14, and P28 (n = 3). (B) Quantitative analysis of CX3CR1 expression from P1 to P28 showing that the ratio of CX3CR1 to GAPDH is significantly higher in P7 than in P1, P14, and P28. ****p < 0.0001,**p = 0.0019, ***p = 0.0003. GAPDH is used as the loading control (n = 3).




Absence of CX3CR1 blocks synaptic pruning and increases the number of synapses

To determine whether CX3CR1 receptors play a key role in synaptic pruning before the maturation of cochlear IHC hearing function. The CX3CR1 inhibitor was injected continuously for 7 days since P7 (Figure 5A). At P14, mice injected with the CX3CR1 inhibitor showed decreased expression of CX3CR1 protein (Supplementary Figure 1). In addition, the treatment group showed a significant increase in pre-synaptic and post-synaptic signals in the apical, middle, and basal turns (Figure 5B). These results showed that in resident macrophages in the cochlea, injection of the CX3CR1 receptor inhibitor led to a large amount of synaptic signal accumulation (Figure 5C). These findings showed that ribbon synaptic pruning and remodeling of cochlear IHC were impaired after deletion of CX3CR1 expression. Next, we investigated whether the inhibition of CX3CR1 expression could significantly affect the development and maturation of hearing. Auditory brainstem response (ABR) tests were performed in treated mice and control mice at 28 days postnatally. It was found that the ABR thresholds were significantly higher, the ABR I-wave amplitude was decreased, and the ABR I-wave latency period was extended in the treatment group (Figures 5D–F). This suggested that the inhibition of CX3CR1 expression before hearing onset may severely affect the development of hearing and lead to hearing loss.
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FIGURE 5
 Inhibition of CX3CR1 activation in postnatal mice significantly impairs the morphological features of the ribbon synapses in cochlear IHC. (A) Mice were intraperitoneally injected with CX3CR1 inhibitor or normal saline daily starting from 7 days after birth. (B) Immunofluorescence staining of IHC ribbon synapses at P14 in each group. Presynaptic and postsynaptic proteins are co-stained; the nucleus is stained with DAPI. A magnified view of the synaptic sites is shown on the right. (C) Quantitative analysis showing that the number of synapses in the apex to the middle and bottom synapses in the cochlea is significantly higher in the CX3CR1 inhibitor-treated group than in the control group (*p < 0.05, **p < 0.01). Scale bar = 10 μm, n = 3. (D–F) Quantification of ABR threshold, amplitude, and latency of ABR wave I on P14 in control mice and CX3CR1 inhibitor mice. Significant increases in ABR thresholds at 4 and 32 kHz and click frequencies are detected in treated mice and controls. The latency of ABR wave I across frequencies (32 kHz) at P14 is longer in the treated mice than in controls. The amplitude of ABR wave I across frequencies (4 and 16 kHz) at P14 is lower in treated mice than in control mice (treatment group: n = 4, control group: n = 4; *p < 0.05, **p < 0.01).




CX3CL1 upregulation promotes synaptic pruning

We investigated whether CX3CL1 upregulation in mice at 7 days postnatal interferes with the synaptic pruning function of cochlear resident macrophages. CX3CL1 is secreted by neurons and has an association with spiral neurons and macrophages. Macrophages were labeled in frozen sections, and on P28, macrophages were mainly distributed near the spiral ganglion and the lateral wall of the blood vessels in the cochlear sections of mice (Supplementary Figure 2). Thus, with respect to spatial effects, CX3CL1 secreted by spiral neurons is more likely to bind to receptors on the surface of cochlear-resident macrophages. We exogenously administered CX3CL1 to P7 mice by posterior semicircular canal surgery (Figure 6A). At P14, the number of sub-IHC band synapses was significantly lower in CX3CL1-treated mice than in control mice (Figures 6B,C). There was also no difference in the number of cochlear synapses at P14 between the treatment and control groups when pure water was introduced through the semicircular canal (Supplementary Figure 3). Overall, our results suggest that CX3CL1 upregulation enhanced synaptic pruning, resulting in a significant reduction in the number of synapses.

[image: Figure 6]

FIGURE 6
 CX3CL1 overexpression in postnatal mice significantly impairs the morphological features of ribbon synapses in cochlear IHC. (A) CX3CL1 is injected into the semicircular canal of mice 7 days after birth (B). IHC ribbon synapses in each group are subjected to immunofluorescence staining at P14. Presynaptic protein and postsynaptic protein are co-stained; the nucleus is stained with DAPI. The right side is the enlarged image of the synaptic point. (C) Quantitative analysis of synapse numbers showing that the number of synapses in the apex to the middle and bottom synapses in the cochlea is significantly higher in the CX3CL1 treatment group than in the control group (*p < 0.05, **p < 0.01). Scale bar = 10 μm, n = 3. (D–F) Quantification of ABR threshold, amplitude, and latency of ABR wave I in control mice and CX3CL1 mice on P14. Significant increases in ABR thresholds at 8 and 16 kHz and click frequencies are detected in both treated mice and control mice. The latency of ABR wave I across frequencies (16 and 32 kHz) at P14 is longer in treated mice than in control mice. The amplitude of ABR wave I across frequencies (4, 8, 16, and 32 kHz) at P14 is lower in treated mice than in control mice (treatment group: n = 4, control group: n = 4; *p < 0.05, **p < 0.01).


Next, it was investigated whether the exogenous administration of CX3CL1 could significantly affect the development and maturation of hearing. At P28, the ABR threshold was significantly higher, the ABR I-wave amplitude was decreased, and the ABR I-wave latency period was extended in the treatment group (Figures 6D–F). This suggested that CX3CL1 upregulation before hearing onset may severely affect hearing development and maturation, leading to hearing loss. The first week after birth is a critical period for auditory development in mice, and the most important feature of this period is synaptic remodeling, which occurs as synaptic pruning and refinement of redundant synapses, as demonstrated in our study. Within a month of birth, the modification of cochlear ribbon synapses is completed. In adult mice, synaptic pruning activity is reduced or absent, as shown by the maintenance of synaptic quantity at a steady level, which denotes the completion of auditory development.




Discussion

Wong et al. reported that in the initial state of ribbon synapse formation in the cochlea, the presynaptic dots around the subnuclear or perinuclear region are also replaced by a “floating” ribbon. By the second week of life, these presynaptic dots gradually descend to the basal level of the IHC cytoplasm, providing a plausible explanation for the majority of synaptic signals in the basal region of the IHC. Furthermore, the number of presynaptic signals peak 1 week postnatally and then decrease until they stabilize (Wong et al., 2014). Our study also confirmed the changes in cochlear ribbon synapse morphology and number before hearing maturation. Macrophages are one of the key elements of the intrinsic immune system in mature organs, and they primarily function as an immunological defense to keep the internal environment at homeostasis (Wynn and Vannella, 2016; Duan, 2018), and macrophages are resident immune cells in the cochlea (Liu et al., 2018; He et al., 2020). They play a continuous monitoring role in the homeostatic environment, thus helping maintain tissue homeostasis under pathological and physiological conditions (Ito et al., 2022).

Cochlear resident macrophages exhibit remarkable plasticity, allowing them to rapidly switch between active phenotypes and adapt to changing neuronal and environmental conditions. (Hough et al., 2022) In the CNS, microglia protruding as resident macrophages appear near presynaptic neurons, where they remain for about 5 min and then retract (Wake et al., 2009). A recent study (Tremblay et al., 2010) found specific attachments of microglia protrusions to presynaptic and postsynaptic regions in the visual cortex of young mice. In the current study, cochlear resident macrophages were heavily activated and highly migratory 1 week after birth, and they clustered near the inner hair cell ribbon synapses, making frequent but transient contacts with the synapses. The resident macrophages in the cochlea moved back to the region around the ganglion and spiral ligament once the ribbon synapse pruning activity was completed and the ribbon synapses and hearing matured. Additionally, the form changed from amoeboid-like to dendritic. This may be related to the potency of macrophage phagocytosis.

To our best knowledge, this study is the first to verify the role of the CX3CL1/CX3CR1 axis in regulating cochlear resident macrophages in synaptic remodeling and hearing maturation. Our findings are consistent with previous research that CX3CL1 is almost completely produced by neurons (Harry, 2013; Madrigal et al., 2017) and that the CX3CR1 receptor is almost completely expressed on the surface of resident macrophages (Parkhurst et al., 2013). In general, it is thought that the binding of soluble CX3CL1 to its receptor CX3CR1 maintains microglia in a “quiescent” or “off” state (Boche et al., 2013), thus pruning and refining cochlear banded synapses at different stages of auditory development. In the CNS, fractalkine receptor-driven EGFP expression has emerged as a reliable marker for microglial recognition during development (Hsu et al., 2006; Meghraoui-Kheddar et al., 2020).

The synaptic density increases during development in animals lacking this receptor, indicating a deficiency in synaptic pruning. In addition to the chemokine receptor route, the classical activation pathway of complement cascade receptors also contributes to synaptic clearance by microglia (Hong et al., 2016). c1q is thought to be important in the developing nervous system by controlling synaptic pruning (Werneburg et al., 2020). These signals not only control synaptic remodeling in early neurodevelopment, but also play a crucial role in several neurological diseases. Thus, our findings confirm that mice lacking CX3CR1-expressing cochlear macrophages have an increased number of synapses with reduced synaptic pruning during development. CX3CL1, which is locally secreted, may be essential for synapse identification by macrophages and may play a role in macrophage migration to the brain or proliferation during development. The findings demonstrated that CX3CL1 upregulation promoted synaptic pruning and reduced synaptic density and can result in irreversible hearing loss in mice.



Conclusion

In conclusion, inhibition of CX3CR1 expression on the surface receptors of resident macrophages in the cochlea leads to impaired pruning and refinement of cochlear ribbon synapses, resulting in severe hearing loss, as confirmed in mice in the CX3CR1 inhibition group. Abnormal ABR test results were still observed at P28, providing further evidence that this hearing loss was long-lasting. CX3CL1 neuronal secretion similarly affected cochlear ribbon synapses and hearing function in adult mice. These findings provide evidence that prior to the start of hearing in postnatal mice, macrophages are involved in ribbon synapse remodeling via the CX3CL1/CX3CR1 axis, which is necessary for the development of hearing (Figure 7). Collectively, these findings demonstrate that macrophages play a key role in auditory development and maturation. This study suggests that developing ribbon synapses may be potential therapeutic targets for hearing protection in some forms of hearing impairment linked to cochlear macrophages (Bhuskute and Page, 2021; Noulaheu, 2021).
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FIGURE 7
 In the cochlea, inner hair cells convert mechanical vibrations into electrical signals via ribbon synapses at the base of cells to the auditory nerve, thereby allowing sound information to travel up the auditory pathway to the brain for processing. Cochlear spiral neurons secrete CX3CL1, which binds to CX3CR1, a specific receptor on the surface of macrophages, to phagocytose the excess weak ribbon synapses around inner hair cells during hearing development, participating in ribbon synaptic pruning.
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Hearing loss has become a common sensory defect in humans. Because of the limited regenerative ability of mammalian cochlear hair cells (HCs), HC damage (caused by ototoxic drugs, aging, and noise) is the main risk factor of hearing loss. However, how HCs can be protected from these risk factors remains to be investigated. Autophagy is a process by which damaged cytoplasmic components are sequestered into lysosomes for degradation. Ferroptosis is a novel form of non-apoptotic regulated cell death involving intracellular iron overloading and iron-dependent lipid peroxide accumulation. Recent studies have confirmed that autophagy is associated with ferroptosis, and their crosstalk may be the potential therapeutic target for hearing loss. In this review, we provide an overview of the mechanisms of ferroptosis and autophagy as well as their relationship with HC damage, which may provide insights for a new future in the protection of HCs.
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Introduction

As a common sensory disorder in humans, hearing loss affects 1.5 billion people around the world (WHO, 2021). Sensorineural hearing loss (SNHL), an important type of hearing loss, refers to pathological changes in the cochlear hair cells (HCs), auditory nerves, or central auditory system. Ototoxic drugs, aging, and noise are common pathogenic factors of hearing loss that can cause damage or loss of HCs (Mills and Going, 1982). Unfortunately, adult mammalian cochlear HCs are not capable of regeneration; consequently, irreversible damage to HCs can result in permanent deafness (Zine et al., 2021). Protecting HCs is, therefore, a key focus of auditory research. However, the detailed mechanism underlying cochlear HC damage remains largely unknown.

In recent years, autophagy and ferroptosis have attracted much attention, and the modulation of autophagy and ferroptosis is a very attractive potential approach for the future treatment of SNHL. Autophagy is a highly conserved degradation system in eukaryotic cells that can remove damaged organelles and macromolecular proteins and be induced by reactive oxygen species (ROS) accumulation (Boya et al., 2018). In the auditory system, especially in HCs, previous studies reported the relationship between autophagy and hearing loss (Guo et al., 2021; Zhao et al., 2021), specifically, that moderately activating autophagy can reduce HC damage in both cochlear HCs and HEI-OC1 cells (a mouse auditory cell line) after neomycin or gentamicin injury (He et al., 2017). Ferroptosis is a non-apoptotic mechanism of cell death that mainly relies on the iron-mediated production of ROS and follows plasma membrane damage (Dixon and Stockwell, 2014). Generally, ferroptosis accompanies lipid peroxidase, impaired antioxidant capacity, and increased intracellular iron accumulation (Tang et al., 2021). New research has found that the development and progression of many diseases are related to ferroptosis (Lin et al., 2022; Wang K. et al., 2022). Recently, several studies have revealed the link between ferroptosis and hearing loss and proved that the inhibition of ferroptosis may alleviate HC damage (Hu et al., 2020; Zheng et al., 2020; Jian et al., 2021).

In this paper, we review recent studies about the role of autophagy and ferroptosis in HC damage. We also focus on the molecular regulatory mechanism of autophagy and ferroptosis in vitro and in vivo. Additionally, in this review, we discuss the regulatory impact of autophagy on ferroptosis and further discuss whether regulating ferroptosis through autophagy could be a potential measure for the protection of HCs.



The role of autophagy in hair cell damage

Autophagy is not only a physiological process of degradation for long-lived proteins and damaged organelles in eukaryotic cells but also an important adaptive mechanism in the response to cellular stress (e.g., infection, poisoning, and hypoxia) (Chen et al., 2017). Under normal physiological conditions, autophagy is essential for the maintenance of cell homeostasis, while under some stress conditions, autophagy will be activated and promoted. Autophagy is divided into macroautophagy, microautophagy, and chaperone-mediated autophagy (Morel et al., 2017). Generally speaking, macroautophagy, as the main process for cells to remove damaged organelles and other related fragments, is referred to as “autophagy” (Feng et al., 2014). Autophagy takes place throughout the dynamic development of cells and plays the function of a “double-edged sword” (Wei et al., 2012). In other words, while autophagy confers a pro-survival effect, allowing cells to fight against cellular stressors such as excess ROS (Chen et al., 2017), under certain circumstances, excessive autophagy can also cause autophagic cell death (Clarke and Puyal, 2012).


The role of autophagy in age-related hearing loss

Age-related hearing loss (ARHL) is the most common form of aging in the auditory system and clinically manifests as progressive bilateral symmetrical hearing loss (Bowl and Dawson, 2019). As a major cause of sensory disturbances, ARHL limits social interaction among older individuals and thus leads to cognitive function decline, depression, anxiety, and loneliness (Jafari et al., 2021). Oxidative stress theory is the most common hypothesis regarding aging (Martin et al., 1996). With increasing age, the production of ROS increases, while body antioxidant capacity gradually decreases (Fu et al., 2018). The level of autophagy decreases with age (Youn et al., 2020), and moderate upregulation of autophagy can promote the survival of aging HCs by scavenging damaged mitochondria, which may suggest that autophagy impairment is a key factor in ARHL (Dong et al., 2021; Gumeni et al., 2021). Moderately promoting autophagic activity may, therefore, advance the viability of aging HCs.

Recently, some molecules have been reported to regulate the level of autophagy in ARHL. MicroRNAs (miRNAs) are a kind of short, endogenous, and highly evolutionarily conserved single-stranded RNAs. miRNAs can regulate the expression of target genes by inducing the degradation and inhibiting the translation of target mRNA. miR-34a blocks autophagy flux by inhibiting the expression of the autophagy-related gene 9A (ATG9A) and promotes the death of senescent HEI-OC1 cells (Pang et al., 2017). Additionally, miR-34a mediates autophagy through more than one target. In HEI-OC1 cells, siRNA was used to downregulate the expression of Sirtuin 1 (SIRT1), which can impair autophagy by significantly decreasing the conversion of microtubule- associated protein 1 light chain 3 (LC3) I to LC3 II and influencing the deacetylation of ATG9A, inducing the accumulation of p62 and HEI-OC1 cell death (Pang et al., 2019). One study suggested that miR-34a targeted SIRT1, protected cochlear HCs, and delayed ARHL by regulating mitochondria-specific autophagy (mitophagy) (Xiong et al., 2019). In addition, Forkhead box G1(FOXG1) protects HCs from oxidative damage by activating autophagy during cell senescence (He et al., 2021).

As a selective kind of autophagy, mitophagy plays an important role in ARHL pathological changes. Mitophagy refers to the process of selectively degrading damaged mitochondria and maintaining mitochondrial homeostasis. Since mitochondria are the “energy factories” and free radical metabolic centers in cells, dysfunction caused by mitochondrial damage leads to metabolic disorders of ROS. Excessive ROS can cause oxidative damage to mitochondrial lipids, DNA, and proteins, making mitochondria produce more ROS and eventually triggering apoptosis (Ashrafi and Schwarz, 2013). However, to prevent cellular damage, mitophagy will be activated to preserve a population of healthy mitochondria. Researchers found that mitophagy is involved in aging HCs. Prohibitin 2 (PHB2), a protein receptor on the intima of mitochondria, is exposed when the mitochondrial outer membrane is ruptured and then interacts with the autophagy protein LC3 II to activate mitophagy. Yu et al. (2021) found that PHB2 expression was increased along with mitophagy activation in mice with ARHL, indicating that PHB2 may be involved in mitophagy. However, the exact mechanism underlying the role of PHB2 in ARHL is unclear and thus needs to be explored further (Yu et al., 2021). BCL2 interacting protein 3 like/Nip3-like protein X (BNIP3L/NIX) is a protein located in the outer mitochondrial membrane that participates in mitophagy by promoting the formation of autophagosomes to engulf target mitochondria (Li et al., 2021). BNIP3L/NIX was significantly downregulated in both in vivo and in vitro models of aging, while overexpression of BNIP3L/NIX alleviated HC senescence by promoting mitophagy (Kim et al., 2021).



The role of autophagy in drug-induced hearing loss

Chemotherapeutic agents (e.g., cisplatin) and aminoglycosides (e.g., neomycin and gentamicin) are two major classes of ototoxic drugs. These drugs can cause bilateral and irreversible SNHL. Because of their side effects, the application of ototoxic drugs is limited, and hearing loss prevention following ototoxic drug treatment has long attracted researchers’ attention. ROS have been identified as one of the classical causes of SNHL mediated by cisplatin and aminoglycosides (Gentilin et al., 2019; Fang et al., 2022) and can be generated after ototoxic drug treatment (Liu et al., 2016; Li et al., 2018). If ROS are generated in excess, they will damage the antioxidant defense capacity of HCs and induce cell apoptosis (Gentilin et al., 2019).

Autophagy is a common cellular response when cells are exposed to stress stimuli such as ototoxic drugs. Previous studies showed that ROS can induce autophagy in auditory cells after cisplatin and aminoglycoside injury (Hirose et al., 1997; Liu et al., 2021). Autophagic activity increases significantly in HCs following treatment with neomycin or cisplatin (Levano and Bodmer, 2015; He et al., 2017). The activation of autophagy has been observed to promote HC survival after neomycin treatment, and blocking the activation of autophagy can increase ROS levels and induce HC apoptosis (He et al., 2017). Therefore, exploring the effect of autophagy on HC protection along with the underlying mechanism may have therapeutic implications for the prevention and treatment of ototoxic drug-induced hearing loss.

Autophagy is regulated by many factors during ototoxic drug damage. The overexpression of YTHDF1 (the YT521-B homology N6-methyladenosine RNA binding protein) could enhance the activation of autophagy by promoting the translation of the autophagy-related gene ATG14 (autophagy-related gene 14), while a deficiency thereof suppressed autophagy and increased the loss of HCs after cisplatin damage (Huang et al., 2022). Overexpression of TFEB (transcription factor EB), a transcription factor, activated autophagy in cochlear HCs and HEI-OC1 cells and subsequently alleviated cisplatin-induced apoptosis (Li et al., 2022). Upregulation of autophagy by phosphorylation of the Ser9 site of GSK-3β(glycogen synthase kinase-3β), a multifunctional serine/threonine protein kinase, could attenuate cisplatin-induced ototoxicity, which may be related to the activation of the WNT/β-catenin signaling pathway (Liu et al., 2019). PINK1 (phosphatase and tensin homolog induced putative kinase 1)/Parkin-mediated mitophagy can inhibit mitochondrial proteotoxicity and maintain mitochondrial protein homeostasis. Research reported that in HEI-OC1 cells, neomycin attenuated PINK1/Parkin-mediated mitophagy by promoting ATF3 (activating transcription factor 3) expression, and damaged cochlear HCs could be partially rescued when mitophagy was induced (Zhang et al., 2022). After cisplatin treatment, ROS aggravates the damage and promotes the activation of PINK1/Parkin-related mitophagy to clear dysfunctional mitochondria and inhibit the activation of JNK (c-Jun N-terminal kinase)-related apoptotic pathways to protect HEI-OC1 cells against cisplatin-induced damage (Yang et al., 2018).



The role of autophagy in noise-induced hearing loss

Noise is one of the main causes of SNHL. Following noise exposure, the accumulation of ROS contributing to the pathogenesis of noise-induced loss of sensory HCs is well accepted. Noise-induced stress increases the level of ROS in outer HCs and then leads to HC damage, which is the key to metabolic injury (Hill et al., 2016). In addition, ROS induce inflammation by producing cytokines and damage cochlear HCs (Wakabayashi et al., 2010). However, ROS can also induce autophagy to perform cellular defense functions (Vernon and Tang, 2013).

Following noise exposure, autophagy is triggered to limit pathological changes to HCs. Miao et al. (2021) found that two autophagy metabolites, phosphatidylethanolamine (PE) and phosphatidylcholine, were significantly decreased in the plasma samples of patients suffering from noise-induced hearing loss (NIHL). They confirmed that PI3K (phosphatidylinositide 3-kinase), AKT (protein kinase B), and ATG5 (autophagy-related gene 5) were significantly downregulated in NIHL patients by using real-time quantitative PCR (Miao et al., 2021). Yuan et al. (2015) found that increasing autophagy activity by using rapamycin can inhibit ROS accumulation and reduce noise-induced HC loss (Yuan et al., 2015). In contrast, treatment with either the autophagy inhibitor 3-methyladenine or LC3 II siRNA can exacerbate noise-induced HC loss and NIHL (Fang et al., 2022). Recently, pejvakin has been reported to regulate autophagy in NIHL. Pejvakin is a peroxisome-associated protein from the gasdermin family that helps to maintain the normal three-dimensional ciliated ladder structure and mechanical transduction of HCs (Kazmierczak et al., 2017). In response to sound overstimulation, pejvakin promotes pexophagy (the autophagic degradation of peroxisomes) by recruiting LC3 II directly and protects the auditory HCs against oxidative stress (Defourny et al., 2019). Based on the above studies, the importance of autophagy in NIHL is worthy of further exploration.




The role of ferroptosis in hair cell damage

Dixon et al. (2012) identified a novel form of regulated cell death, denoted “ferroptosis.” The morphology and biochemistry of ferroptosis differ from other forms of cell death. Morphologically, mitochondrial cristae loss and outer membrane rupture are characteristic signatures of ferroptotic cells (Xie et al., 2016). Biochemically, ferroptosis is characterized by its association with the accumulation of iron and the subsequent production of ROS, as well as lipid peroxidation (Xie et al., 2016). Once the ability of the antioxidant system to scavenge overexpressed ROS is exceeded, oxidative stress will occur, resulting in lipid peroxidation, which damages cellular structures and leads to cell death. The labile iron pool, moreover, can facilitate a Fenton reaction and peroxidize polyunsaturated fatty acids (PUFAs) to generate lipid peroxides, resulting in plasma membrane rupture and eventually, cell death (Stockwell, 2022). In brief, iron-dependent ROS production results in lipid peroxidation and ultimately leads to membrane damage, which is the core mechanism of ferroptosis. ROS produced by the Fenton reaction, PUFAs, and lipid peroxidation can promote ferroptosis, but the system Xc–/glutathione(GSH)/glutathione peroxidase 4(GPX4) axis can inhibit ferroptosis by influencing the redox status of cells (Liang et al., 2022).

Since ferroptosis was discovered, some evidence has shown the close relationship between ferroptosis and many pathologies. For example, ferroptosis is widely believed to function as a tumor-suppression mechanism. Phosphoglycerol dehydrogenase, by binding and regulating PCBP2 [Poly(rC) binding protein 2] protein expression to promote the mRNA stability of SLC7A11 (the catalytic subunit of system Xc–), can inhibit cell ferroptosis and ultimately promote the malignant progression of bladder cancer (Shen et al., 2022). The ferroptosis inducer dihydroartemisinin intensively strengthens the cytotoxicity of cisplatin for pancreatic ductal adenocarcinoma cells, which may act as a promising therapeutic strategy for drug-resistant tumors (Du et al., 2021).

Similarly, ferroptosis also plays an important role in HC injury. Neomycin induced intracellular Fe2+ increases and lipid peroxidation in the HEI-OC1 cell line and cochlear HCs (Zheng et al., 2020). After cisplatin treatment, the mitochondria in HEI-OC1 cells showed mitochondrial shrinkage and loss of mitochondrial crests—typical characteristics of ferroptotic cells (Hu et al., 2020). Moreover, ferroptosis may be a cause of auditory cortex degeneration, leading to central presbycusis. Levels of acyl-CoA synthetase long-chain family member 4 (ACSL4) and transferrin receptor 1 were increased in the auditory cortex of rat models that mimic aging induced by D-galactose, and removing excess iron from cells by deferoxamine treatment inhibited ferroptosis and delayed cellular senescence (Chen et al., 2020). However, the role of ferroptosis in aging HCs has not been reported.

As mentioned above, ferroptosis occurs when lipid ROS production exceeds the antioxidant capability. Glutathione peroxidase 4 (GPX4) can convert lipid hydroperoxides to lipid alcohols by using reduced GSH as a cofactor, reducing ROS-induced damage to cells (Loscalzo, 2008). GPX4 is regarded as the robust central regulator and lethal signal of ferroptotic cell death, and the inactivation or absence of GPX4 can cause the accumulation of lipid peroxides. Inhibiting GPX4 will lead to a redox homeostasis imbalance, eventually resulting in ferroptotic cell death. Neomycin significantly decreased the expression of GPX4 in cochlear HCs (Zheng et al., 2020). Hu et al. (2020) found that the expression of GPX4 was inhibited by cisplatin, and ROS accumulated in HEI-OC1 cells. These findings may suggest that the balance of redox homeostasis in ototoxic drug-damaged HCs is disrupted, which could promote ferroptotic cell death. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key transcription factor in the antioxidant response. When the organism is under oxidative stress, Nrf2 dissociates from Keap1 (Kelch-like ECH-associated protein 1) and binds to the antioxidant response elements of target genes such as GPX4, activating the transcription of antioxidant genes. Positively regulating the Nrf2-GPX4 axis can prevent ferroptosis in carbon tetrachloride-induced acute liver injury in mice (Zhao et al., 2022). Knockdown of Nrf2 facilitated erastin-induced cell destruction in HepG2 cells, implying a pivotal role of Nrf2 against ferroptosis (Dai et al., 2021). However, knockout of Nrf2 substantially inhibited cisplatin-induced HEI-OC1 cell death by decreasing transferrin receptor 1 protein levels and increasing GPX4 protein levels (Wang W. et al., 2022). These results suggest that the role of Nrf2 in ferroptosis regulation may be tissue-specific.

Excessive lipid peroxidation can induce ferroptosis in cells. How lipid peroxidation is generated during ferroptosis depends on the enzyme system that promotes phospholipid peroxidation. For example, ACSL4 catalyzes PUFAs in the membrane structure to produce corresponding coenzyme A, which then forms lipid peroxides through a series of downstream reactions and eventually leads to cell disintegration (Doll et al., 2017). ACSL4 was a key enzyme in arachidonic acid-induced ferroptosis. He et al. (2022) found that cisplatin-treated HCs showed significant enrichment in the arachidonic acid metabolic pathway by metabolomics assays. Researchers found that inhibiting the expression of ACSL4 could reduce the content of lipid peroxides and protect HCs (He et al., 2022). These findings indicate that HCs treated with cisplatin experience lipid metabolism disorders, which, if prevented by intervention, can resist ferroptosis and reduce the destructive effect of cisplatin on HCs. Thus, ACSL4 may be a key factor contributing to cisplatin sensitivity in HCs and a potential therapeutic target for SNHL.

Several ferroptosis inhibitors may allow for potent and selective therapeutic measures for preventing HC damage. Liproxstatin-1 and ferrostatin-1, which are aromatic amine antioxidants, inhibit lipid peroxidation directly by free radical capture (Zilka et al., 2017). A study demonstrated that liproxstatin-1 protected HCs from aminoglycoside-induced ototoxicity by inhibiting ferroptosis in HEI-OC1 cells and neonatal mouse cochlear HCs (Zheng et al., 2020). Similar effects were also observed for ferrostatin-1 in damaged HCs (Hu et al., 2020). Regarding their mitigating effect on ototoxicity, ferroptosis inhibitors may be expected to be used to protect HCs from ototoxic drugs. In addition, from the perspective of HCs damage, ferroptosis has only been reported in ototoxic drug-induced hearing loss, and whether this pathway is involved in ARHL and NIHL needs to be further explored.



The relationship between autophagy and ferroptosis

The relationship between autophagy and ferroptosis has attracted much attention. As universally acknowledged, autophagy is often involved in ferroptosis. Increasing evidence indicates that ferroptosis requires autophagy machinery for its execution. For example, erastin, a ferroptosis inducer, can activate autophagy, while knockout of some autophagy-related genes significantly inhibited ferroptosis induced by erastin (Hou et al., 2016). Autophagy can lead to the accumulation of iron ions and lipid peroxidation, eventually promoting ferroptosis.

Ferritinophagy refers to a selective autophagy process that manifests as the movement of ferritin to lysosomes and its degradation, releasing free iron. Through quantitative proteomics pair analysis of all the proteins in autophagosomes, Mancias et al. (2015) discovered a specific protein, the nuclear receptor coactivator 4 (NCOA4), that is closely related to ferritin and so were the first to discover and name the process of ferritinophagy. Highly enriched in autolysosomes, NCOA4 mediates the targeted recognition of ferritin by autophagosomes by binding to ferritin (Gao et al., 2016). Ferritinophagy plays an important regulatory role in organism pathology. When ferritinophagy is over-induced, Fe2+ overload in the cytoplasmic matrix promotes lipid peroxidation, resulting in cell membrane damage and ferroptosis (Ajoolabady et al., 2021). However, blocking autophagy or knocking out NCOA4 can inhibit the accumulation of lipid ROS, so preventing the eventual occurrence of ferroptosis (Gao et al., 2016).

Therefore, studying the mechanism of NCOA4-mediated ferritinophagy and its pathophysiological role in different diseases may provide avenues for treatment. Ito et al. (2021) established a mouse model of heart failure by using the method of transverse aortic constriction. Their results showed that, compared with the control group, the accumulation of free iron and lipid peroxidation were inhibited in the hearts of mice with knockout of NCOA4. Further, the degree of left ventricular dilatation was reduced and cardiac function was improved, indicating that activating ferritinophagy can lead to the development of heart failure. Compound 9a was used to block the interaction between NCOA4 and ferritin heavy chain 1 to inhibit ferritinophagy and block ferroptosis, thus significantly improving the brain damage of rats with ischemic stroke (Fang et al., 2021). Similarly, cisplatin treatment promoted ROS-induced lipid peroxidation and caused iron accumulation by activating NCOA4-medicated ferritinophagy (Jian et al., 2021). In summary, most studies have shown that the upregulation of ferritinophagy can promote the occurrence of ferroptosis, while the downregulation of ferritinophagy can inhibit ferroptosis (Figure 1). Currently, ferritinophagy is less studied in the field of auditory diseases, and targeting ferritinophagy may be a promising therapeutic strategy for the treatment of SNHL. In addition, selective autophagy processes such as lipophagy (Bai et al., 2019), clockophagy (Yang et al., 2019), and chaperone-mediated autophagy (Wu et al., 2019) also cause lipid peroxidation and subsequent ferroptotic cell death and may be potential targets of SNHL.
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FIGURE 1
The roles of autophagy and ferroptosis in hair cell injury.


The relationship between autophagy and ferroptosis, however, is controversial. Subjecting cells to oxidative stress and injury can activate their self-protection mechanism. Autophagy may protect cells against ferroptotic cell death. Sorafenib could induce both apoptosis and ferroptosis in Desmoid-type fibromatosis cells. Furthermore, using the autophagy inhibitor hydroxychloroquine could enhance sorafenib-induced cytotoxicity. These results show that autophagy may have a pro-survival function through the inhibition of ferroptosis and apoptosis (Schut et al., 2022). Similarly, Zhao et al. (2020) reported that 15-lipoxygenase binds to PE to produce an oxidation product, 15-hydroperoxyeicosatetraenoic acid, which can lead to pro-ferroptotic cell damage and activate the pro-survival autophagy pathway to limit cell damage. Therefore, it seems to be a closely regulated mechanism between autophagy and ferroptosis. More research is needed to reveal the molecular mechanism between autophagy and ferroptosis and provide new potential therapeutic targets for hearing loss.



Conclusion

Generally, autophagy plays a dual role in HC damage. Moderately increased autophagy can help maintain intracellular homeostasis by reducing oxidative stress, while autophagic cell death can occur under other conditions. Although many molecules that can regulate autophagy have been reported, research has been limited to external and animal experiments, and few clinical trials have examined the impact of autophagy on HCs.

Ferroptosis is widely investigated in both physiologic and pathogenic processes but has not been extensively studied in the auditory field. At present, it is reported that ototoxic drugs (e.g., neomycin and cisplatin) can induce ferroptosis in HCs, but it remains unclear whether ferroptosis engages in aging and noise-induced HC damage. Regulating ferroptosis may, therefore, be a promising strategy in SNHL therapy. However, additional studies on ferroptosis and its involvement in SNHL are needed to identify the corresponding therapeutic targets.

Increasingly, the relationship between autophagy and ferroptosis has appealed to researchers. An increasing number of studies have revealed that ferritinophagy-mediated ferroptosis is involved in the occurrence and development of neurodegenerative disease, reperfusion injury, and cancers (Santana-Codina and Mancias, 2018). While ferritinophagy is a worthy target for the treatment of SNHL, its complete molecular mechanism and pathophysiological process in SNHL still call for further study. Clarification of the crosstalk between autophagy and ferroptosis would not only favor a comprehensive understanding of cell death pathways but also provide us with new ideas for the future treatment of SNHL.



Author contributions

XC and ZH conceived and designed the study and reviewed and edited the manuscript. YS and SZ wrote the manuscript. All authors have read and approved the submitted version of the manuscript.



Funding

This study was supported by grants from the National Natural Science Foundation of China (No. 81800915), the Fundamental Research Funds for the Central Universities (2042022kf0059), and the Key Research and Development Program of Hubei Province (2022BCA046).



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Ajoolabady, A., Aslkhodapasandhokmabad, H., Libby, P., Tuomilehto, J., Lip, G. Y. H., Penninger, J. M., et al. (2021). Ferritinophagy and ferroptosis in the management of metabolic diseases. Trends Endocrinol. Metab. 32, 444–462. doi: 10.1016/j.tem.2021.04.010

Ashrafi, G., and Schwarz, T. L. (2013). The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 20, 31–42. doi: 10.1038/cdd.2012.81

Bai, Y., Meng, L., Han, L., Jia, Y., Zhao, Y., Gao, H., et al. (2019). Lipid storage and lipophagy regulates ferroptosis. Biochem. Biophys. Res. Commun. 508, 997–1003. doi: 10.1016/j.bbrc.2018.12.039

Bowl, M. R., and Dawson, S. J. (2019). Age-related hearing loss. Cold Spring Harb. Perspect. Med. 9:a033217. doi: 10.1101/cshperspect.a033217

Boya, P., Codogno, P., and Rodriguez-Muela, N. (2018). Autophagy in stem cells: repair, remodelling and metabolic reprogramming. Development 145:dev146506. doi: 10.1242/dev.146506

Chen, X., Li, D., Sun, H., Wang, W., Wu, H., Kong, W., et al. (2020). Relieving ferroptosis may partially reverse neurodegeneration of the auditory cortex. FEBS J. 287, 4747–4766. doi: 10.1111/febs.15266

Chen, Y. F., Liu, H., Luo, X. J., Zhao, Z., Zou, Z. Y., Li, J., et al. (2017). The roles of reactive oxygen species (ROS) and autophagy in the survival and death of leukemia cells. Crit. Rev. Oncol. Hematol. 112, 21–30. doi: 10.1016/j.critrevonc.2017.02.004

Clarke, P. G., and Puyal, J. (2012). Autophagic cell death exists. Autophagy 8, 867–869. doi: 10.4161/auto.20380

Dai, C., Li, H., Wang, Y., Tang, S., Velkov, T., and Shen, J. (2021). Inhibition of oxidative stress and ALOX12 and NF-κB pathways contribute to the protective effect of baicalein on carbon tetrachloride-induced acute liver injury. Antioxidants 10:976. doi: 10.3390/antiox10060976

Defourny, J., Aghaie, A., Perfettini, I., Avan, P., Delmaghani, S., and Petit, C. (2019). Pejvakin-mediated pexophagy protects auditory hair cells against noise-induced damage. Proc. Natl. Acad. Sci. U.S.A. 116, 8010–8017. doi: 10.1073/pnas.1821844116

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell 149, 1060–1072. doi: 10.1016/j.cell.2012.03.042

Dixon, S. J., and Stockwell, B. R. (2014). The role of iron and reactive oxygen species in cell death. Nat. Chem. Biol. 10, 9–17. doi: 10.1038/nchembio.1416

Doll, S., Proneth, B., Tyurina, Y. Y., Panzilius, E., Kobayashi, S., Ingold, I., et al. (2017). ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem. Biol. 13, 91–98. doi: 10.1038/nchembio.2239

Dong, J., Zhang, K. J., Li, G. C., Chen, X. R., Lin, J. J., Li, J. W., et al. (2021). CDDO-Im ameliorates osteoarthritis and inhibits chondrocyte apoptosis in mice via enhancing Nrf2-dependent autophagy. Acta Pharmacol. Sin. 43, 1793–1802. doi: 10.1038/s41401-021-00782-6

Du, J., Wang, X., Li, Y., Ren, X., Zhou, Y., Hu, W., et al. (2021). DHA exhibits synergistic therapeutic efficacy with cisplatin to induce ferroptosis in pancreatic ductal adenocarcinoma via modulation of iron metabolism. Cell Death Dis. 12:705. doi: 10.1038/s41419-021-03996-y

Fang, J., Wu, H., Zhang, J., Mao, S., Shi, H., Yu, D., et al. (2022). A reduced form of nicotinamide riboside protects the cochlea against aminoglycoside-induced ototoxicity by SIRT1 activation. Biomed. Pharmacother. 150:113071. doi: 10.1016/j.biopha.2022.113071

Fang, Y., Chen, X., Tan, Q., Zhou, H., Xu, J., and Gu, Q. (2021). Inhibiting ferroptosis through disrupting the NCOA4-FTH1 interaction: a new mechanism of action. ACS Central Sci. 7, 980–989. doi: 10.1021/acscentsci.0c01592

Feng, Y., He, D., Yao, Z., and Klionsky, D. J. (2014). The machinery of macroautophagy. Cell Res. 24, 24–41. doi: 10.1038/cr.2013.168

Fu, X., Sun, X., Zhang, L., Jin, Y., Chai, R., Yang, L., et al. (2018). Tuberous sclerosis complex-mediated mTORC1 overactivation promotes age-related hearing loss. J. Clin. Investig. 128, 4938–4955. doi: 10.1172/jci98058

Gao, M., Monian, P., Pan, Q., Zhang, W., Xiang, J., and Jiang, X. (2016). Ferroptosis is an autophagic cell death process. Cell Res. 26, 1021–1032. doi: 10.1038/cr.2016.95

Gentilin, E., Simoni, E., Candito, M., Cazzador, D., and Astolfi, L. (2019). Cisplatin-induced ototoxicity: updates on molecular targets. Trends Mol. Med. 25, 1123–1132. doi: 10.1016/j.molmed.2019.08.002

Gumeni, S., Papanagnou, E. D., Manola, M. S., and Trougakos, I. P. (2021). Nrf2 activation induces mitophagy and reverses Parkin/Pink1 knock down-mediated neuronal and muscle degeneration phenotypes. Cell Death Dis. 12:671. doi: 10.1038/s41419-021-03952-w

Guo, L., Cao, W., Niu, Y., He, S., Chai, R., and Yang, J. (2021). Autophagy regulates the survival of hair cells and spiral ganglion neurons in cases of noise, ototoxic drug, and age-induced sensorineural hearing loss. Front. Cell Neurosci. 15:760422. doi: 10.3389/fncel.2021.760422

He, F., Huang, X., Wei, G., Lin, X., Zhang, W., Zhuang, W., et al. (2022). Regulation of ACSL4-catalyzed lipid peroxidation process resists cisplatin ototoxicity. Oxid. Med. Cell Longev. 2022:3080263. doi: 10.1155/2022/3080263

He, Z., Guo, L., Shu, Y., Fang, Q., Zhou, H., Liu, Y., et al. (2017). Autophagy protects auditory hair cells against neomycin-induced damage. Autophagy 13, 1884–1904. doi: 10.1080/15548627.2017.1359449

He, Z. H., Li, M., Fang, Q. J., Liao, F. L., Zou, S. Y., Wu, X., et al. (2021). FOXG1 promotes aging inner ear hair cell survival through activation of the autophagy pathway. Autophagy 17, 4341–4362. doi: 10.1080/15548627.2021.1916194

Hill, K., Yuan, H., Wang, X., and Sha, S. H. (2016). Noise-induced loss of hair cells and cochlear synaptopathy are mediated by the activation of AMPK. J. Neurosci. 36, 7497–7510. doi: 10.1523/jneurosci.0782-16.2016

Hirose, K., Hockenbery, D. M., and Rubel, E. W. (1997). Reactive oxygen species in chick hair cells after gentamicin exposure in vitro. Hear. Res. 104, 1–14. doi: 10.1016/s0378-5955(96)00169-4

Hou, W., Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J., et al. (2016). Autophagy promotes ferroptosis by degradation of ferritin. Autophagy 12, 1425–1428. doi: 10.1080/15548627.2016.1187366

Hu, B., Liu, Y., Chen, X., Zhao, J., Han, J., Dong, H., et al. (2020). Ferrostatin-1 protects auditory hair cells from cisplatin-induced ototoxicity in vitro and in vivo. Biochem. Biophys. Res. Commun. 533, 1442–1448. doi: 10.1016/j.bbrc.2020.10.019

Huang, Y., Gao, D., Wu, Y., Sun, L., Chen, J., Chen, J., et al. (2022). YTHDF1 protects auditory hair cells from cisplatin-induced damage by activating autophagy via the promotion of ATG14 Translation. Mol. Neurobiol. 59, 7134–7151. doi: 10.1007/s12035-022-03021-z

Ito, J., Omiya, S., Rusu, M. C., Ueda, H., Murakawa, T., Tanada, Y., et al. (2021). Iron derived from autophagy-mediated ferritin degradation induces cardiomyocyte death and heart failure in mice. eLife 10:e62174. doi: 10.7554/eLife.62174

Jafari, Z., Kolb, B. E., and Mohajerani, M. H. (2021). Age-related hearing loss and cognitive decline: MRI and cellular evidence. Ann. N. Y. Acad. Sci. 1500, 17–33. doi: 10.1111/nyas.14617

Jian, B., Pang, J., Xiong, H., Zhang, W., Zhan, T., Su, Z., et al. (2021). Autophagy-dependent ferroptosis contributes to cisplatin-induced hearing loss. Toxicol. Lett. 350, 249–260. doi: 10.1016/j.toxlet.2021.07.010

Kazmierczak, M., Kazmierczak, P., Peng, A. W., Harris, S. L., Shah, P., Puel, J. L., et al. (2017). Pejvakin, a candidate stereociliary rootlet protein, regulates hair cell function in a cell-autonomous manner. J. Neurosci. 37, 3447–3464. doi: 10.1523/jneurosci.2711-16.2017

Kim, Y. J., Choo, O. S., Lee, J. S., Jang, J. H., Woo, H. G., Choung, Y. H., et al. (2021). BCL2 Interacting Protein 3-like/NIX-mediated mitophagy plays an important role in the process of age-related hearing loss. Neuroscience 455, 39–51. doi: 10.1016/j.neuroscience.2020.12.005

Levano, S., and Bodmer, D. (2015). Loss of STAT1 protects hair cells from ototoxicity through modulation of STAT3, c-Jun, Akt, and autophagy factors. Cell Death Dis. 6:e2019. doi: 10.1038/cddis.2015.362

Li, H., Song, Y., He, Z., Chen, X., Wu, X., Li, X., et al. (2018). Meclofenamic acid reduces reactive oxygen species accumulation and apoptosis, inhibits excessive autophagy, and protects hair cell-like HEI-OC1 cells from cisplatin-induced damage. Front. Cell. Neurosci. 12:139. doi: 10.3389/fncel.2018.00139

Li, Y., Zheng, W., Lu, Y., Zheng, Y., Pan, L., Wu, X., et al. (2021). BNIP3L/NIX-mediated mitophagy: molecular mechanisms and implications for human disease. Cell Death Dis. 13:14. doi: 10.1038/s41419-021-04469-y

Li, Z., Yao, Q., Tian, Y., Jiang, Y., Xu, M., Wang, H., et al. (2022). Trehalose protects against cisplatin-induced cochlear hair cell damage by activating TFEB-mediated autophagy. Biochem. Pharmacol. 197:114904. doi: 10.1016/j.bcp.2021.114904

Liang, D., Minikes, A. M., and Jiang, X. (2022). Ferroptosis at the intersection of lipid metabolism and cellular signaling. Mol. Cell 82, 2215–2227. doi: 10.1016/j.molcel.2022.03.022

Lin, Y., Xu, W., Hou, Y., Wang, S., Zhang, H., Ran, M., et al. (2022). The multifaceted role of ferroptosis in kidney diseases. Chemicobiol. Interact. 365:110107. doi: 10.1016/j.cbi.2022.110107

Liu, L., Chen, Y., Qi, J., Zhang, Y., He, Y., Ni, W., et al. (2016). Wnt activation protects against neomycin-induced hair cell damage in the mouse cochlea. Cell Death Dis. 7:e2136. doi: 10.1038/cddis.2016.35

Liu, T., Zong, S., Luo, P., Qu, Y., Wen, Y., Du, P., et al. (2019). Enhancing autophagy by down-regulating GSK-3β alleviates cisplatin-induced ototoxicity in vivo and in vitro. Toxicol. Lett. 313, 11–18. doi: 10.1016/j.toxlet.2019.05.025

Liu, W., Xu, L., Wang, X., Zhang, D., Sun, G., Wang, M., et al. (2021). PRDX1 activates autophagy via the PTEN-AKT signaling pathway to protect against cisplatin-induced spiral ganglion neuron damage. Autophagy 17, 4159–4181. doi: 10.1080/15548627.2021.1905466

Loscalzo, J. (2008). Membrane redox state and apoptosis: death by peroxide. Cell Metab. 8, 182–183. doi: 10.1016/j.cmet.2008.08.004

Mancias, J. D., Pontano Vaites, L., Nissim, S., Biancur, D. E., Kim, A. J., Wang, X., et al. (2015). Ferritinophagy via NCOA4 is required for erythropoiesis and is regulated by iron dependent HERC2-mediated proteolysis. eLife 4:e10308. doi: 10.7554/eLife.10308

Martin, G. M., Austad, S. N., and Johnson, T. E. (1996). Genetic analysis of ageing: role of oxidative damage and environmental stresses. Nat. Genet. 13, 25–34. doi: 10.1038/ng0596-25

Miao, L., Wang, B., Zhang, J., Yin, L., and Pu, Y. (2021). Plasma metabolomic profiling in workers with noise-induced hearing loss: a pilot study. Environ. Sci. Pollut. Res. Int. 28, 68539–68550. doi: 10.1007/s11356-021-15468-z

Mills, J. H., and Going, J. A. (1982). Review of environmental factors affecting hearing. Environ. Health Perspect. 44, 119–127. doi: 10.1289/ehp.8244119

Morel, E., Mehrpour, M., Botti, J., Dupont, N., Hamaï, A., Nascimbeni, A. C., et al. (2017). Autophagy: a Druggable Process. Annu. Rev. Pharmacol. Toxicol. 57, 375–398. doi: 10.1146/annurev-pharmtox-010716-104936

Pang, J., Xiong, H., Lin, P., Lai, L., Yang, H., Liu, Y., et al. (2017). Activation of miR-34a impairs autophagic flux and promotes cochlear cell death via repressing ATG9A: implications for age-related hearing loss. Cell Death Dis. 8:e3079. doi: 10.1038/cddis.2017.462

Pang, J., Xiong, H., Ou, Y., Yang, H., Xu, Y., Chen, S., et al. (2019). SIRT1 protects cochlear hair cell and delays age-related hearing loss via autophagy. Neurobiol. Aging 80, 127–137. doi: 10.1016/j.neurobiolaging.2019.04.003

Santana-Codina, N., and Mancias, J. D. (2018). The Role of NCOA4-Mediated Ferritinophagy in Health and Disease. Pharmaceuticals 11:114. doi: 10.3390/ph11040114

Schut, A. W., Vriends, A. L. M., Sacchetti, A., Timbergen, M. J. M., Alman, B. A., Al-Jazrawe, M., et al. (2022). In desmoid-type fibromatosis cells sorafenib induces ferroptosis and apoptosis, which are enhanced by autophagy inhibition. Eur. J. Surg. Oncol. 48, 1527–1535. doi: 10.1016/j.ejso.2022.02.020

Shen, L., Zhang, J., Zheng, Z., Yang, F., Liu, S., Wu, Y., et al. (2022). PHGDH inhibits ferroptosis and promotes malignant progression by upregulating SLC7A11 in bladder cancer. Int. J. Biol. Sci. 18, 5459–5474. doi: 10.7150/ijbs.74546

Stockwell, B. R. (2022). Ferroptosis turns 10: emerging mechanisms, physiological functions, and therapeutic applications. Cell 185, 2401–2421. doi: 10.1016/j.cell.2022.06.003

Tang, D., Chen, X., Kang, R., and Kroemer, G. (2021). Ferroptosis: molecular mechanisms and health implications. Cell Res. 31, 107–125. doi: 10.1038/s41422-020-00441-1

Vernon, P. J., and Tang, D. (2013). Eat-me: autophagy, phagocytosis, and reactive oxygen species signaling. Antioxid. Redox Signal. 18, 677–691. doi: 10.1089/ars.2012.4810

Wakabayashi, K., Fujioka, M., Kanzaki, S., Okano, H. J., Shibata, S., Yamashita, D., et al. (2010). Blockade of interleukin-6 signaling suppressed cochlear inflammatory response and improved hearing impairment in noise-damaged mice cochlea. Neurosci. Res. 66, 345–352. doi: 10.1016/j.neures.2009.12.008

Wang, K., Chen, X. Z., Wang, Y. H., Cheng, X. L., Zhao, Y., Zhou, L. Y., et al. (2022). Emerging roles of ferroptosis in cardiovascular diseases. Cell Death Discov. 8:394. doi: 10.1038/s41420-022-01183-2

Wang, W., Ma, P., Gao, W., Lu, P., Ding, X., Chen, J., et al. (2022). Nrf2 knockout affected the ferroptosis signaling pathway against cisplatin-induced hair cell-like HEI-OC1 cell death. Oxid. Med. Cell Longev. 2022:2210733. doi: 10.1155/2022/2210733

Wei, K., Wang, P., and Miao, C. Y. (2012). A double-edged sword with therapeutic potential: an updated role of autophagy in ischemic cerebral injury. CNS Neurosci. Therap. 18, 879–886. doi: 10.1111/cns.12005

WHO (2021). Deafness and Hearing Loss. Geneva: WHO.

Wu, Z., Geng, Y., Lu, X., Shi, Y., Wu, G., Zhang, M., et al. (2019). Chaperone-mediated autophagy is involved in the execution of ferroptosis. Proc. Natl. Acad. Sci. U.S.A. 116, 2996–3005. doi: 10.1073/pnas.1819728116

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis: process and function. Cell Death Differ. 23, 369–379. doi: 10.1038/cdd.2015.158

Xiong, H., Chen, S., Lai, L., Yang, H., Xu, Y., Pang, J., et al. (2019). Modulation of miR-34a/SIRT1 signaling protects cochlear hair cells against oxidative stress and delays age-related hearing loss through coordinated regulation of mitophagy and mitochondrial biogenesis. Neurobiol. Aging 79, 30–42. doi: 10.1016/j.neurobiolaging.2019.03.013

Yang, M., Chen, P., Liu, J., Zhu, S., Kroemer, G., Klionsky, D. J., et al. (2019). Clockophagy is a novel selective autophagy process favoring ferroptosis. Sci. Adv. 5:eaaw2238. doi: 10.1126/sciadv.aaw2238

Yang, Q., Sun, G., Yin, H., Li, H., Cao, Z., Wang, J., et al. (2018). PINK1 Protects Auditory Hair Cells and Spiral Ganglion Neurons from Cisplatin-induced Ototoxicity via Inducing Autophagy and Inhibiting JNK Signaling Pathway. Free Rad. Biol. Med. 120, 342–355. doi: 10.1016/j.freeradbiomed.2018.02.025

Youn, C. K., Jun, Y., Jo, E. R., and Cho, S. I. (2020). Age-Related Hearing Loss in C57BL/6J Mice Is Associated with Mitophagy Impairment in the Central Auditory System. Int. J. Mol. Sci. 21:7202. doi: 10.3390/ijms21197202

Yu, X., Guan, M., Shang, H., Teng, Y., Teng, Y., Wang, B., et al. (2021). The expression of PHB2 in the cochlea: Possible relation to age-related hearing loss. Cell Biol. Int. 45, 2490–2498. doi: 10.1002/cbin.11693

Yuan, H., Wang, X., Hill, K., Chen, J., Lemasters, J., Yang, S. M., et al. (2015). Autophagy attenuates noise-induced hearing loss by reducing oxidative stress. Antioxid. Redox Signal. 22, 1308–1324. doi: 10.1089/ars.2014.6004

Zhang, Y., Fang, Q., Wang, H., Qi, J., Sun, S., Liao, M., et al. (2022). Increased mitophagy protects cochlear hair cells from aminoglycoside-induced damage. Autophagy [Epub ahead of print]. doi: 10.1080/15548627.2022.2062872

Zhao, J., Dar, H. H., Deng, Y., St Croix, C. M., Li, Z., Minami, Y., et al. (2020). PEBP1 acts as a rheostat between prosurvival autophagy and ferroptotic death in asthmatic epithelial cells. Proc. Natl. Acad. Sci. U.S.A. 117, 14376–14385. doi: 10.1073/pnas.1921618117

Zhao, T., Yu, Z., Zhou, L., Wang, X., Hui, Y., Mao, L., et al. (2022). Regulating Nrf2-GPx4 axis by bicyclol can prevent ferroptosis in carbon tetrachloride-induced acute liver injury in mice. Cell Death Discov. 8:380. doi: 10.1038/s41420-022-01173-4

Zhao, T., Zheng, T., Yu, H., Hu, B. H., Hu, B., Ma, P., et al. (2021). Autophagy impairment as a key feature for acetaminophen-induced ototoxicity. Cell Death Dis. 12:3. doi: 10.1038/s41419-020-03328-6

Zheng, Z., Tang, D., Zhao, L., Li, W., Han, J., Hu, B., et al. (2020). Liproxstatin-1 Protects Hair Cell-Like HEI-OC1 Cells and Cochlear Hair Cells against Neomycin Ototoxicity. Oxid. Med. Cell. Long. 2020:1782659. doi: 10.1155/2020/1782659

Zilka, O., Shah, R., Li, B., Friedmann Angeli, J. P., Griesser, M., Conrad, M., et al. (2017). On the Mechanism of Cytoprotection by Ferrostatin-1 and Liproxstatin-1 and the Role of Lipid Peroxidation in Ferroptotic Cell Death. ACS Central Sci. 3, 232–243. doi: 10.1021/acscentsci.7b00028

Zine, A., Messat, Y., and Fritzsch, B. (2021). A human induced pluripotent stem cell-based modular platform to challenge sensorineural hearing loss. Stem Cells 39, 697–706. doi: 10.1002/stem.3346












	
	TYPE Original Research
PUBLISHED 26 April 2023
DOI 10.3389/fnmol.2023.1064579






Role and mechanism of FOXG1-related epigenetic modifications in cisplatin-induced hair cell damage

Yu-rong Mu1†, Sheng-yu Zou2†, Ming Li1, Yan-yan Ding1, Xiang Huang1, Zu-hong He2* and Wei-jia Kong1*


1Department of Otorhinolaryngology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

2Department of Otorhinolaryngology-Head and Neck Surgery, Zhongnan Hospital of Wuhan University, Wuhan, China

[image: image2]

OPEN ACCESS

EDITED BY
Stefan Liebau, University of Tübingen, Germany

REVIEWED BY
Francoise Helmbacher, UMR7288 Institut de Biologie du Développement de Marseille (IBDM), France
 Hongzhe Li, United States Department of Veterans Affairs, United States

*CORRESPONDENCE
 Zu-hong He, hezuhong@163.com
 Wei-jia Kong, entwjkong@hust.edu.cn

†These authors have contributed equally to this work

RECEIVED 08 October 2022
 ACCEPTED 11 April 2023
 PUBLISHED 26 April 2023

CITATION
 Mu Y-r, Zou S-y, Li M, Ding Y-y, Huang X, He Z-h and Kong W-j (2023) Role and mechanism of FOXG1-related epigenetic modifications in cisplatin-induced hair cell damage. Front. Mol. Neurosci. 16:1064579. doi: 10.3389/fnmol.2023.1064579

COPYRIGHT
 © 2023 Mu, Zou, Li, Ding, Huang, He and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Cisplatin is widely used in clinical tumor chemotherapy but has severe ototoxic side effects, including tinnitus and hearing damage. This study aimed to determine the molecular mechanism underlying cisplatin-induced ototoxicity. In this study, we used CBA/CaJ mice to establish an ototoxicity model of cisplatin-induced hair cell loss, and our results showed that cisplatin treatment could reduce FOXG1 expression and autophagy levels. Additionally, H3K9me2 levels increased in cochlear hair cells after cisplatin administration. Reduced FOXG1 expression caused decreased microRNA (miRNA) expression and autophagy levels, leading to reactive oxygen species (ROS) accumulation and cochlear hair cell death. Inhibiting miRNA expression decreased the autophagy levels of OC-1 cells and significantly increased cellular ROS levels and the apoptosis ratio in vitro. In vitro, overexpression of FOXG1 and its target miRNAs could rescue the cisplatin-induced decrease in autophagy, thereby reducing apoptosis. BIX01294 is an inhibitor of G9a, the enzyme in charge of H3K9me2, and can reduce hair cell damage and rescue the hearing loss caused by cisplatin in vivo. This study demonstrates that FOXG1-related epigenetics plays a role in cisplatin-induced ototoxicity through the autophagy pathway, providing new ideas and intervention targets for treating ototoxicity.

KEYWORDS
cisplatin, ototoxicity, hair cells, FOXG1, epigenetics, autophagy


Introduction

Cisplatin is widely used to treat tumors but frequently causes ototoxicity, including tinnitus and hearing loss (Lanvers-Kaminsky et al., 2017). Cisplatin-related ototoxicity is cumulative with dose and time (Keilty et al., 2021) and may be related to various factors, such as DNA damage, oxidative stress, and cellular inflammatory factors (Wu et al., 2021). Cisplatin is widely used in clinical practice despite the risk of ototoxicity (Kros and Steyger, 2019). While numerous studies have been conducted, the mechanism underlying cisplatin-induced ototoxicity remains elusive.

Forkhead box G1 (FOXG1) plays an important role in the development of hair cells (HCs) and supporting cells and the innervation of cochlear and vestibular neuron (Pauley et al., 2006; Zhang et al., 2020). However, the exact role of FOXG1 in cisplatin-induced ototoxic injury remains unclear. In this study, we use a cisplatin-induced HC damage model to determine the underlying mechanism of FOXG1 in ototoxicity.

Autophagy is an essential intracellular process that transports cytoplasmic substances to lysosomes for degradation (Klionsky et al., 2021). Previous studies have shown that FOXG1 plays an important role in the process of hearing degradation by regulating autophagy (He et al., 2021). BIX01294 is an inhibitor of G9a, the enzyme in charge of Histone H3 lysine 9 dimethylation (H3K9me2), and can induce autophagy in various cell types, including neuroblastoma (Ke et al., 2014), glioma stem-like (Ciechomska et al., 2016), oral squamous cell carcinoma (Ren et al., 2015), breast and colon cancer (Kim et al., 2013), and osteosarcoma (Fan et al., 2015) cells. Many microRNAs (miRNAs) regulate the autophagy pathway and influence body processes (Mao et al., 2018; Yuan et al., 2018; Chen et al., 2019; Xie et al., 2019; Khodakarimi et al., 2021). In addition, BIX01294 can reduce HCs loss in organ of Corti explant under cisplatin treatment (Yu et al., 2013). The roles of FOXG1, autophagy, and H3K9me2 in mammalian hair cells and their interrelationships in cisplatin ototoxicity require further exploration.

H3K9me2 modifications and miRNA activities are epigenetic processes. Epigenetics is the regulation of gene expression programs in conjunction with DNA templates including DNA modification, histone modification, and noncoding RNA regulation (Han and He, 2016). H3K9me2 levels increase after neomycin and cisplatin is applied to the cochlea; however, this increase disappears after prolonged neomycin action, indicating that changes in H3K9me2 levels after HC injuries are dynamic (Yu et al., 2013). Epigenetic modifications play an important role in development, protection, and regeneration of inner ear (Layman and Zuo, 2014).

In the present study, we analyzed the roles and mechanisms of FoxG1 and epigenetics in cisplatin-induced hair cell loss in CBA/CaJ mouse model. Our data show that FOXG1 regulates autophagy levels under cisplatin-induced HC injury and that FOXG1 overexpression activates autophagy after cisplatin treatment. We also evaluated H3K9me2 levels in OC-1 cells and cochlea after cisplatin treatment and found that H3K9me2 affects autophagy through FOXG1, affecting the ability of autophagy-related miRNAs to regulate autophagy. Inhibition of H3K9me2 helps reduce hearing and hair cell loss induced by cisplatin in vivo. This study demonstrates the important roles of FOXG1 and epigenetics in cisplatin-induced ototoxicity through the autophagy pathway, providing a new target for investigating cisplatin-associated ototoxicity.



Results


Construction of a cisplatin-induced ototoxicity animal model

Furosemide transiently decreases the red blood cell count in the stria vascularis on the cochlear lateral wall, allowing cisplatin to easily pass through the blood–ear barrier into the cochlea (Li et al., 2011). We administered furosemide at 200 mg/kg (intraperitoneal) and cisplatin at different concentrations (0.5, 1, 1.5, and 2 mg/kg, subcutaneous) daily for three consecutive days to CBA/CaJ mice to create the model, followed by 3 days of post-treatment recovery. Mouse hearing was evaluated based on the auditory brainstem response (ABR). The threshold of click ABR in the treatment groups (mice treated with different cisplatin concentrations) was higher than that in the control group to different degrees (Figure 1A, p < 0.05). In the treatment groups, the tone burst ABR showed varying degrees of loss at 8, 16, 24, 32, and 40 kHz, and the tone burst ABR loss increased as cisplatin concentrations increased (Figure 1B, p < 0.05). After modeling, the cochlea was dissected, and cochlear HC loss was assessed via immunofluorescence staining with phalloidin and DAPI. Outer HCs loss in the cochlea worsened with increasing cisplatin concentrations (Figures 1C, D, p < 0.05, n = 3). The loss of outer HCs began from the base turn and spread toward the apex of the sensory epithelium of Corti as the cisplatin concentration increased.
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FIGURE 1
 Results of the hearing loss model treated with different cisplatin concentrations. (A) Statistical scatter plot of the click ABR. (B) Statistical line chart of the tone burst ABR. (C) Immunofluorescence staining with phalloidin and DAPI in the cochlea. (D) Quantification of the immunofluorescence staining in the cochlea. *p <0.05, **p <0.01, ***p< 0.001.




OC-1 cell viability decreases with increasing cisplatin concentrations and treatment times

HEI-OC1 is one of the most commonly used mouse auditory cell lines suitable for exploring ototoxic drug models (Kalinec et al., 2016). We treated OC-1 cells with cisplatin at different concentrations and times to construct the cisplatin-induced OC-1 cell cytotoxicity model. First, we treated OC-1 cells with 5, 10, 30, 50, and 100 μM cisplatin for 24 h and detected their viability with CCK-8. Viable OC-1 cell numbers gradually decreased with increasing cisplatin concentrations. Approximately 50% of the OC-1 cells were viable 24 h after 30 μM cisplatin treatment (Figure 2A, p < 0.001, n = 6).
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FIGURE 2
 Cell viability and apoptosis flow cytometry results for the OC-1 cells treated with different concentrations of cisplatin. (A) CCK-8 cell viability changes after different concentrations of cisplatin treatment for 24 h. (B) CCK-8 cell viability changes after 5 μM cisplatin treatment for different times. (C) CCK-8 cell viability changes after 30 μM cisplatin treatment for different times. (D) Flow cytometry of apoptosis in cells treated with different cisplatin concentrations for 24 h. (E) Quantification of the apoptosis ratio in (D). (F) Quantification of the cell death ratio in (D). (G) Flow cytometry of cells treated with 5 or 30 μM cisplatin for different times. (H) Quantification of the apoptosis ratio in (G). (I) Quantification of the cell death in (G). (J) Quantification of the apoptosis ratio in (G). (K) Quantification of the cell death ratio in (G). *p < 0.05, **p < 0.01, ***p < 0.001.


Then, we treated OC-1 cells with 5 μM cisplatin for 12, 24, 48, and 72 h and assessed cell viability with CCK-8. Viable OC-1 cell numbers gradually decreased as the treatment time increased, significantly decreasing at 72 h (Figure 2B, p < 0.05, n = 3). Subsequently, we treated OC-1 cells with 30 μM cisplatin for 12, 24, 48, and 72 h and assessed cell viability with CCK-8. Viable OC-1 cell numbers decreased significantly over time with this higher cisplatin concentration (Figure 2C, p < 0.05, n = 3).

Next, we treated OC-1 cells with 5, 10, 30, 50, and 100 μM cisplatin for 24 h and labeled apoptotic cells with annexin V and dead cells with propidium iodide (PI) to assess the apoptotic and dead cell ratio by flow cytometry. The apoptotic and dead cell ratios of OC-1 cells gradually increased as the cisplatin concentration increased (Figures 2D–F, p < 0.01, n = 3). Additionally, OC-1 cells were treated with low (5 μM) or high (30 μM) cisplatin concentrations for 12, 24, 48, and 72 h before flow cytometry. The apoptotic and dead cell ratios of OC-1 cells gradually increased as the cisplatin treatment time increased (Figures 2G–K, p < 0.05, n = 3).

The accumulation of mitochondrial superoxide in cells can induce DNA damage and ultimately lead to cell damage (Srinivas et al., 2019). We detected the level of oxidative stress in OC-1 cells by Mito-SOX flow cytometry. After treatment with 5, 10, 30, 50, and 100 μM cisplatin for 24 h, the flow cytometry results showed that ROS levels in OC-1 cells gradually increased as the cisplatin concentration increased (Figures 3A, B, p < 0.01, n = 3). Next, OC-1 cells were treated with low (5 μM) or high (30 μM) cisplatin concentrations for 12, 24, 48, and 72 h before Mito-SOX flow cytometry. The low cisplatin concentration (5 μM) slightly increased ROS levels in OC-1 cells over time, becoming significant after a longer period (Figures 3C, D, p < 0.05, n = 3). The high cisplatin concentration (30 μM) significantly increased ROS levels in OC-1 cells over time (Figures 3C, E, p < 0.05, n = 3). After cisplatin treatment, the level of ROS in OC-1 cells increased, indicating that ROS accumulates in OC-1 cells as cisplatin concentrations and treatment times increase.
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FIGURE 3
 Mito-SOX flow cytometry of OC-1 cells treated with different cisplatin concentrations and times. (A) ROS levels in cells treated with different cisplatin concentrations for 24 h. (B) Quantification of the data in A. (C) ROS levels in cells treated with 5 or 30 μM cisplatin for different times. (D) Quantification of the data in (C). (E) Quantification of the data in (C). *p < 0.05, **p < 0.01.




FOXG1 expression and autophagy level are altered by cisplatin treatment

FOXG1 is a nuclear transcription factor that participates in morphogenesis, cell fate determination, and proliferation and is required for mammalian inner ear morphogenesis (Zhang et al., 2020). FOXG1 is related to the survival of HCs; however, the specific downstream pathways and mechanisms are unclear. FOXG1 is related to mitochondrial function and metabolism, as is autophagy (He et al., 2020). Autophagy is an essential intracellular process that transports cytoplasmic substances to lysosomes for degradation (Klionsky et al., 2021). It plays a crucial role in adaptive responses to starvation and other forms of stress (Jiang and Mizushima, 2014). Autophagy is involved in multiple signaling pathways and contributes to HC development and protection. With autophagy pathway activation, autophagosomes can envelop the damaged mitochondria and fuse with lysosomes to form autolysosomes, degrading the damaged mitochondria and promoting HC survival (He et al., 2017).

To investigate changes in FOXG1 and autophagy levels after cisplatin treatment in a mouse model, we administered furosemide and different cisplatin concentrations. We dissected the cochlea 3 days post-cisplatin treatment and extracted proteins for western blotting. FOXG1 and LC3B levels in the cochlea increased relative to the control after treatment with low cisplatin concentrations but decreased with high cisplatin concentrations (Figures 4A–C, p < 0.05, n = 3). Immunofluorescence staining showed similar LC3B levels in the cochlea after cisplatin treatment to those observed by western blotting. LC3B fluorescence intensity increased after treatment with 0.5 mg/kg cisplatin but decreased with 1.5 mg/kg cisplatin (Figure 4D, p < 0.05, n = 3).
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FIGURE 4
 Changes in FOXG1 and autophagy levels in the cochlea and OC-1 cells after cisplatin treatment. (A) Western blotting of changes in FOXG1 and LC3B levels in the cochlea after treatment with different cisplatin concentrations. (B, C) Quantification of the western blotting in (A). (D) Immunofluorescence staining for LC3B and phalloidin in the cochlea after cisplatin treatment. (E) TEM of changes in autophagic vacuoles and autolysosomes after treatment with 5 or 30 μM cisplatin for 24 h. (F) Quantification of the autophagic vacuoles changes in (E). (G) Quantification of the autolysosomes changes in (E). (H) Western blotting of changes in FOXG1 and LC3B levels after treatment with different cisplatin concentrations for 24 h. (I, J) Quantification of the western blotting in (H). (K) Western blotting of changes in FOXG1 and LC3B levels after treatment with 5 μM cisplatin for different times. (L, M) Quantification of the western blotting in (K). (N) Western blotting of changes in FOXG1 and LC3B levels after treatment with 30 μM cisplatin for different times. (O, P) Quantification of the western blotting in (N). *p < 0.05, **p < 0.01, ***p < 0.001.


We next treated in OC-1 cells with 5 and 30 μM cisplatin for 24 h and performed transmission electron microscopy (TEM) to confirm the changes in autophagy after cisplatin treatment. The 5 μM cisplatin group demonstrated a significantly higher number of autophagic vacuoles and autolysosomes than the control group. In contrast, the 30 μM cisplatin treatment group showed a significantly lower number of autophagic vacuoles and autolysosomes than the control group (Figures 4E–G, p < 0.05, n = 3).

Next, we treated OC-1 cells with 5, 10, 30, 50, and 100 μM cisplatin for 24 h and detected changes in FOXG1 and LC3B levels. Western blotting showed that FOXG1 levels increased with 5 μM cisplatin relative to the control but decreased when the cisplatin concentrations exceeded 30 μM. Similarly, LC3B levels increased with 5 and 10 μM cisplatin treatment before gradually decreasing when the cisplatin concentrations exceeded 30 μM. These findings indicate that autophagy levels initially increase and then decrease as cisplatin concentration increases (Figures 4H–J, p < 0.05, n = 3).

Then, we treated OC-1 cells with 5 μM cisplatin for 12, 24, 48, and 72 h and detected changes in FOXG1 and LC3B levels. Western blotting showed that FOXG1 and LC3B levels were increased relative to the control in the treatment group at 48 h; however, no significant differences were observed between the treatment and control groups at 72 h (Figures 4K–M, p < 0.05, n = 3). Finally, we repeated this experiment with 30 μM cisplatin. Western blotting showed that FOXG1 and LC3B levels gradually decreased after cisplatin treatment (Figures 4N–P, p < 0.05, n = 3). These results suggest that FOXG1 plays an important protective role against cisplatin-induced ototoxic damage in OC-1 cells. However, FOXG1 and autophagy levels are significantly reduced after the cell damage exceeds its repair capacity.

We found that cisplatin treatment could affect FOXG1 expression and autophagy pathway. Our previous study showed that FOXG1 could regulate the autophagy pathway in presbycusis (He et al., 2021). Here, low cisplatin doses activated FOXG1 expression and the autophagy pathway. As the cisplatin concentration gradually increased, FOXG1 and LC3B expression levels decreased. Therefore, we speculate that low concentrations of cisplatin activate the cells' self-defense mechanism, increasing FOXG1 expression and activating the autophagy pathway to eliminate ROS in OC-1 cells. With high concentrations of cisplatin, cells gradually lose their self-defense ability, significantly reducing FOXG1 expression and autophagy levels.



H3K9me2 changes in HCs after cisplatin treatment

Epigenetic modifications have recently been found to contribute to inner ear development and HC regeneration (Taiber et al., 2022). Histone methylation and demethylation are implicated in transcriptional regulation, genome integrity, and epigenetics (Klose and Zhang, 2007). H3K9 methylation is critical for early embryogenesis and is involved in the transcriptional repression of developmental genes (Tachibana et al., 2002).

We treated the mouse model with different cisplatin concentrations. At 3 days post-cisplatin treatment, we detected changes in H3K9me2 levels in the cochlea, which were decreased relative to the control at low cisplatin concentrations (0.5 and 1 mg/kg) but increased at high cisplatin concentrations (1.5 and 2 mg/kg; Figures 5A, B, p < 0.05, n = 3). Immunofluorescence staining showed similar H3K9me2 levels in the cochlea after cisplatin treatment to those observed by western blotting. H3K9me2 fluorescence intensity was decreased with 0.5 mg/kg cisplatin but increased with 1.5 mg/kg cisplatin (Figure 5C, p < 0.05, n = 3). We then treated OC-1 cells with 5, 10, 30, 50, and 100 μM cisplatin for 24 h and detected H3K9me2 levels. H3K9me2 levels decreased with 0.5 μM cisplatin relative to control but increased when cisplatin concentrations exceeded 10 μM (Figures 5D, E, p < 0.05, n = 3). H3K9me2 levels decreased relative to control after low-concentration cisplatin treatment in vivo and in vitro. When the concentration of cisplatin increased, the level of H3K9me2 increased, and the expression of FOXG1 and the autophagy pathway were inhibited.
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FIGURE 5
 Changes in H3K9me2 levels in the cochlea and OC-1 cells after treatment with different cisplatin concentrations. (A) Western blotting of changes in H3K9me2 levels in the cochlea after treatment with different cisplatin concentrations. (B) Quantification of the western blotting in (A). (C) Immunofluorescence staining for H3K9me2, phalloidin, and DAPI in the cochlea after cisplatin treatment. (D) Western blotting of changes in H3K9me2 levels after treatment with different cisplatin concentrations for 24 h. (E) Quantification of the western blotting in (D). (F) Western blotting of changes in H3K9me2 levels with different BIX01294 concentrations for 24 h. (G, H) Quantification of the western blotting in (F). (I) Western blotting of changes in FOXG1 and LC3B levels after treatment with different BIX01294 concentrations for 24 h. (J, K) Quantification of the western blotting in (I). (L) TEM of the changes in autophagic vacuoles and autolysosomes after treatment with 2 μM BIX01294 for 24 h. (M) Quantification of the autophagic vacuoles changes in (L). (N) Quantification of the autolysosomes changes in (L). *p < 0.05, **p < 0.01.


BIX01294 is an inhibitor of euchromatic histone methyltransferase G9a that can transiently and reversibly inhibit H3K9me2 activity by competing with G9a for substrates (Kubicek et al., 2007; Kondengaden et al., 2016; Milite et al., 2019). H3K9me2 inhibition by BIX01294 can induce autophagy in various cell types, including glioblastoma cells (Ciechomska et al., 2016). Previous studies have shown that BIX01294 can reduce HC loss in organ of Corti explant under cisplatin treatment (Yu et al., 2013).

We treated OC-1 cells with different concentrations (0.5, 1, 2, 3, and 5 μM) of the G9a inhibitor BIX01294 for 24 h to inhibit H3K9me2 levels and detected their viability with CCK-8. Viable OC-1 cell numbers gradually decreased as the BIX01294 concentration increased (Supplementary Figure 1A, p < 0.05, n = 6). We performed flow cytometry on the BIX01294-treated OC-1 cells to detect changes in the ratios of apoptotic and dead cells. The apoptotic and dead cell ratios of OC-1 cells increased significantly as BIX01294 concentrations increased (Supplementary Figures 1B–D, p < 0.05, n = 3). We also performed Mito-SOX flow cytometry to detect mitochondrial ROS in the OC-1 cells treated with BIX01294. ROS levels in OC-1 cells increased significantly as BIX01294 concentrations increased (Supplementary Figures 2A, B, p < 0.05, n = 3).

Next, we treated OC-1 cells with different BIX01294 concentrations (0.5, 1, 2, 3, and 5 μM) for 24 h and detected G9a and H3K9me2 levels. G9a and H3K9me2 levels gradually decreased as BIX01294 concentrations increased (Figures 5F–H, p < 0.05, n = 3). We then detected FOXG1 and LC3B levels, which gradually increased as BIX01294 concentrations increased (Figures 5I–K, p < 0.05, n = 3). To confirm the changes in autophagy after BIX01294 treatment, we treated OC-1 cells with 2 μM BIX01294 for 24 h and performed TEM. The 2 μM BIX01294 treatment group showed significantly increased autophagic vacuoles and autolysosomes compared to the control group (Figures 5L–N, p < 0.05, n = 3). FOXG1 and LC3B levels significantly increased after BIX01294 treatment, indicating that H3K9me2 may be an upstream regulator of FOXG1 and autophagy. After treating OC-1 cells with BIX01294, the H3K9me2 level decreased significantly, and the expressions of FOXG1 and LC3B increased significantly. Overall, FOXG1 and autophagy levels increased and H3K9me2 levels decreased in response to low-concentration cisplatin. At high concentrations of cisplatin, the levels of FOXG1 and autophagy decreased, while the level of H3K9me2 increased. These findings suggest that H3K9me2 may be the upstream regulator of FOXG1 and autophagy.



H3K9me2 may regulate autophagy pathway activation through FOXG1

We used small interfering RNAs (siRNAs) to knock down Foxg1 expression in OC-1 cells and quantified FOXG1 and LC3B levels. LC3B levels decreased significantly after FOXG1 knockdown (Figures 6A–C, p < 0.05, n = 3). Next, we constructed a plasmid to overexpress FOXG1 in OC-1 cells and found that FOXG1 expression increased after plasmid transfection (Figures 6D, E, p < 0.05, n = 3). Then, we treated OC-1 cells transfected with the Foxg1-overpressing plasmid with cisplatin; this overexpression rescued the decrease in autophagy levels caused by cisplatin (Figures 6F, G, p < 0.05, n = 3). These results indicate that FOXG1 might upregulate autophagy during cisplatin injury.
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FIGURE 6
 FOXG1 and BIX01294 may regulate autophagy pathway activation, and the BIX01294-induced autophagy activation pathway may be FoxG1-dependent. (A) Western blotting of FOXG1 and LC3B levels after Foxg1 knock down. (B, C) Quantification of the western blotting in (A). (D) Western blotting of the Foxg1 overexpression plasmid's transfection efficiency. (E) Quantification of the western blotting in (D). (F) Western blotting LC3B levels with Foxg1 overexpression and cisplatin treatment. (G) Quantification of the western blotting in (F). (H) Western blotting of LC3B levels with Foxg1 knockdown and BIX01294 treatment. (I) Quantification of the western blotting in (H). (J) Western blotting of FOXG1 and LC3B levels after cisplatin and BIX01294 treatment. (K, L) Quantification of the western blotting in (J). *p < 0.05, **p < 0.01, ***p < 0.001.


We further explored whether FOXG1 silencing inhibited BIX01294-induced LC3B activation and found that FOXG1 was required for BIX01294-induced autophagy activation (Figures 6H, I, p < 0.05, n = 3). Finally, we treated OC-1 cells with BIX01294 followed by cisplatin and found that BIX01294 prevented the decreases in FOXG1 and autophagy levels caused by cisplatin (Figures 6J–L, p < 0.05, n = 3). These results indicate that H3K9me2 may regulateg autophagy through a FOXG1-dependent pathway.



FOXG1 and H3K9me2 regulate autophagy pathway activation through autophagy-related miRNAs

Many microRNAs (miRNAs) regulate the autophagy pathway and influence various body processes (Khodakarimi et al., 2021), including miR-34a, miR-96, miR-182, and miR-183, which are associated with apoptosis and autophagy. For example, miR-34 overexpression significantly decreased ovarian cancer cell proliferation by activating apoptosis and autophagy (Jia et al., 2019). miR-96 overexpression inhibits autophagosome formation in the hippocampus by inhibiting Atg7 and Atg16L1 expression (Gan et al., 2017). Reduced miR-182 expression inhibits RAB10 expression, reducing cell viability and autophagy and promoting apoptosis in gastric cancer cells (Duan et al., 2022). miR-183 knockdown in medullary thyroid carcinoma increases LC3B expression, reducing cell proliferation (Abraham et al., 2011). Therefore, we studied the relationships among FOXG1, H3K9me2, and autophagy-related miRNAs.

We extracted RNA from OC-1 cells after siRNA-Foxg1 treatment and detected changes in several autophagy-related miRNAs with rt-PCR. miR-34a, miR-96, miR-182, and miR-183 expression levels decreased FOXG1 expression decreased. In contrast, miR-15a and miR-124 levels did not change significantly (Figure 7A, p < 0.05, n = 3). We treated OC-1 cells pretreated with BIX01294 or overexpressing FOXG1 with 30 μM cisplatin for 24 h and extracted RNA to detect miR-34a, miR-96, miR-182, and miR-183 expression levels. miR-34a, miR-96, miR-182, and miR-183 levels decreased after cisplatin treatment, and pre-treatment with BIX01294 or FOXG1 overexpression prevented this decrease (Figure 7B, p < 0.05, n = 3).
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FIGURE 7
 Autophagy levels of OC-1 cells change through the regulation of miR-34a, miR-96, miR-182, and miR-183 expression. (A) rt-PCR of changes in miR-34a, miR-96, miR-182, and miR-183 expression with Foxg1 knockdown (B) rt-PCR of the expression in miR-34a, miR-96, miR-182, and miR-183 changes after cisplatin treatment with BIX01294 pre-treatment or Foxg1 overexpression. (C) rt-PCR of miR-34a, miR-96, miR-182, and miR-183 expression inhibition efficiency. (D) Western blotting of changes in LC3B levels after miR-34a, miR-96, miR-182, and miR-183 inhibition. (E) Quantification of the western blotting in (F). (F) Western blotting of changes in LC3B levels after BIX01294 treatment with miR-34a, miR-96, miR-182, and miR-183 inhibition. (G) Quantification of the western blotting in (F). (H) rt-PCR of miRNA mimic efficiency for enhancing miR-34a, miR-96, miR-182, and miR-183 expression. (I) Western blotting of changes in LC3B levels after cisplatin treatment with miR-34a, miR-96, miR-182, and miR-183 mimics. (J) Quantification of the western blotting in (F). *p < 0.05, **p < 0.01, ***p < 0.001.


Next, we studied the regulatory effect of miRNAs on the autophagy pathway. We used an miRNA inhibitor to inhibit target miRNA expression in OC-1 cells and determined the inhibition efficiency of miR-34a, miR-96, miR-182, and miR-183 by rt-PCR, revealing significantly inhibited expression (Figure 7C, p < 0.001, n = 3). Then, we quantified LC3B levels with miR-34a, miR-96, miR-182, and miR-183 inhibition, revealing significantly decreased expression (Figures 7D, E, p < 0.05, n = 3). Furthermore, we examined BIX01294's regulatory effect on autophagy with miR-34a, miR-96, miR-182, and miR-183 inhibition. LC3B levels were decreased after BIX01294 treatment when these four miRNAs were inhibited (Figures 7F, G, p < 0.05, n = 3).

miRNA mimics are commonly used to overexpress target miRNAs. We used miRNA mimics to overexpress miR-34a, miR-96, miR-182, and miR-183 in OC-1 cells and assessed their overexpression efficiency with rt-PCR, revealing that they were all significantly overexpressed (Figure 7H, p < 0.001). Next, we quantified LC3B levels with miR-34a, miR-96, miR-182, and miR-183 overexpression after cisplatin treatment and found that they were increased (Figures 7I, J, p < 0.05, n = 3), indicating that overexpressing these miRNAs facilitates autophagy activation under cisplatin treatment.

FOXG1 knockdown decreased the levels of miR-34a, miR-96, miR-182, and miR-183 and inhibited the autophagy pathway. Our results showed that the level of autophagy significantly decreased when the expression of the above miRNAs was inhibited. The expression levels of these miRNAs were inhibited after high-dose cisplatin treatment, and this inhibition could be recovered by BIX01294 treatment or overexpressing FOXG1. BIX01294 could not activate the autophagy pathway when these miRNAs were inhibited. However, the overexpression of the above miRNAs could restore autophagy under cisplatin treatment. Our results showed that miR-34a, miR-96, miR-182, and miR-183 were related to the activation of the autophagy pathway, and FOXG1 autophagy regulation is miRNA-dependent.



MiRNA levels are associated with apoptosis ratios and ROS levels in OC-1 cells

We performed flow cytometry on OC-1 cells with inhibited miR-34a, miR-96, miR-182, and miR-183 expression to detect changes in the ratios of apoptotic and dead cells and found that these ratios were significantly increased (Figures 8A–C, p < 0.05, n = 3). We also performed Mito-SOX flow cytometry to detect mitochondrial ROS levels in these cells and found that they were significantly increased (Figures 8D, E, p < 0.05, n = 3). The apoptosis and death ratios and the ROS levels of the OC-1 cells, significantly increased as the miRNA levels decreased, suggesting that these miRNAs play an important protective role in OC-1 cell survival.
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FIGURE 8
 Flow cytometry of apoptosis and ROS levels with miR-34a, miR-96, miR-182, and miR-183 regulation in the OC-1 cells. (A) Annexin V flow cytometry of apoptosis with miR-34a, miR-96, miR-182, and miR-183 inhibition. (B) Quantification of the apoptosis ratio in (A). (C) Quantification of the cell death ratio in (A). (D) Mito-SOX flow cytometry of cellular ROS level with miR-34a, miR-96, miR-182, and miR-183 inhibition. (E) Quantification of the data in (D). (F) Annexin V flow cytometry of apoptosis after BIX01294 treatment with inhibiting miR-34a, miR-96, miR-182, and miR-183. (G) Quantification of the apoptosis ratio in (A). (H) Quantification of the cell death ratio in (F). (I) Annexin V flow cytometry of apoptosis after cisplatin treatment with miR-34a, miR-96, miR-182, and miR-183 mimics. (J) Quantification of the apoptosis ratio in (I). (K) Quantification of the cell death ratio in (I). *p < 0.05, **p < 0.01, ***p < 0.001.


We also found that BIX01294 treatment induced OC-1 apoptosis with miR-34a, miR-96, miR-182 and miR-183 inhibition (Figures 8F–H, p < 0.05, n = 4). Furthermore, miR-34a, miR-96, miR-182, and miR-183 overexpression reduced cisplatin-induced apoptosis in OC-1 cells, indicating that overexpression of autophagy-related miRNAs protects OC-1 cells from cisplatin-induced injury (Figures 8I–K, p < 0.05, n = 4). These results indicate that these miRNAs could rescue OC-1 cell damage during cisplatin injury.



BIX01294 can protect against cisplatin-induced ototoxicity in vivo

To investigate the role of H3K9me2 in hearing during cisplatin-induced injury, we administrated BIX01294 via intraperitoneal injection before and during cisplatin administration in vivo. The groups were treated as follows: 2 mg/kg cisplatin, 2 mg/kg cisplatin +20 mg/kg BIX01294, and 2 mg/kg cisplatin +40 mg/kg BIX01294. We administrated BIX01294 via intraperitoneal injection to CBA/CaJ mice on the day before the initiation of cisplatin injections and half an hour before each furosemide injection. The ABR results showed that 40 mg/kg BIX01294 intraperitoneal injection could rescue cisplatin-induced hearing loss, while the hearing changes in the 20 mg/kg BIX01294 group were not significant compared to the cisplatin-only group (Figures 9A, B). The protective effect of BIX01294 on cisplatin-induced hearing loss was more obvious at low-frequencies. BIX01294 rescued the ABR threshold shift at 16 kHz (Figure 9C). We sacrificed the mice after the ABR test, and the cochlea was dissected after fixation and decalcification. We used Myosin 7a and phalloidin to label HCs and quantify HC loss. We observed that the loss of outer HCs in mice in the cisplatin +40 mg/kg BIX01294 group was significantly reduced compared to that in the cisplatin-only group, especially in the apical and middle turns (Figures 9D, E, p < 0.05). These results suggest that BIX01294 reduced the ototoxicity caused by cisplatin and protected hearing in CBA/CaJ mice.
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FIGURE 9
 Results of the mouse hearing loss treated with cisplatin and BIX01294. (A) Statistical scatter plot of the click ABR. (B) Statistical line chart of the tone burst ABR threshold shifts. (C) Tone burst ABR at 16 kHz. (D) Immunofluorescence staining with myosin7a, phalloidin and DAPI of middle turn in the cochlea. (E) Quantification of the immunofluorescence staining in the cochlea. *p < 0.05, **p < 0.01, ***p < 0.001.





Discussion

Cisplatin is clinically used to treat tumors but has ototoxic side effects. Studying the mechanism of cisplatin-induced ototoxicity is crucial in hearing research. In this study, we conducted related mechanistic experiments since FOXG1-related epigenetics appeared to play a role in cisplatin-induced HC damage.

Auditory system studies have revealed hundreds of miRNAs that are differentially expressed during mammalian inner ear development and aging (Weston et al., 2006; Rudnicki et al., 2014). miRNAs participate in proliferation, apoptosis, and transcription factor regulation, thus playing important roles in organ development and maturation (Harfe, 2005), including sensory organs and systems (e.g., the inner ear and auditory system) (Conte et al., 2013). Transcription factors control miRNA expression at the transcriptional level (Nenna et al., 2022). In an animal acute LPS-induced hearing loss model, the histone deacetylase 2 Hdac2/transcription factor Sp1/miR-204-5p/apoptosis suppressor gene Bcl-2 regulatory axis mediated apoptosis in the cochlea (Xie et al., 2021). FOXG1 is a nuclear transcription factor that participates in morphogenesis and cell fate determination and proliferation and is required for mammalian inner ear morphogenesis (Zhang et al., 2020). In this study, we knocked down FOXG1 expression in OC-1 cells and observed decreased autophagy levels and altered levels of autophagy-related miRNAs, including miR-34, miR-96, miR-182, and miR-183. Autophagy levels also decreased when these miRNAs were inhibited. We demonstrated that reducing FOXG1 expression decreases the autophagy level by reducing miR-34a, miR-96, miR-182, and miR-183 expression levels, leading to cisplatin-induced ototoxicity.

H3K9me2 modification is one of the most abundant and dynamic histone modifications and its levels are highly variable in disease development and pathogenesis (Bhaumik et al., 2007). Studies have shown that BIX01294 can reduce the resistance of tumors to cisplatin by inhibiting H3H9me2 and increase the tumor chemosensitivity by enhancing autophagy (Li et al., 2020; Fu et al., 2023). Herein, we found that cisplatin-induced injury increased H3K9me2 levels, and H3K9me2 inhibition increased FOXG1 expression and autophagy levels in OC-1 cells.

This study demonstrated that inhibition of H3H9me2 by BIX01294 in vivo can reduce the damage to the inner ear hair cells caused by cisplatin, indicating that the regulation of epigenetics can reduce the ototoxicity of cisplatin in vivo. Therefore, whether overexpression of FOXG1 and miRNA in vivo can also reduce the ototoxicity of cisplatin will become a new research goal in ototoxicity prevention and treatment. Many inner ear gene therapy methods exist for cochlear hair cells and supporting cells, such as synthetic adeno-associated virus approaches (Zhu et al., 2019). Because of the low transduction rate of adeno-associated virus in the cochlea, researchers have designed AAV-inner ear for gene delivery in the mouse cochlea and achieved a good therapeutic effect (Tan et al., 2019). RNase readily degrades miRNA in the plasma; thus, researchers have used exosomes produced by lentiviral overexpression of miR-21 as a carrier to deliver miR-21 to the inner ear, preventing hearing loss from ischemia-reperfusion (Hao et al., 2022). Injecting miR-375 agomir can alleviate nasal mucosa inflammation in allergic rhinitis mice (Wang et al., 2018). However, the ability to overexpress FOXG1 and miRNA efficiently in the inner ear remains limited. Preventing and treating hair cell damage and hearing loss caused by cisplatin through gene therapy is a new focus of inner ear research.

We used the cisplatin ototoxic OC-1 cell line and the CBA/CaJ mouse model to determine FoxG1's role and mechanism in cisplatin-induced ototoxic HC degeneration. We found that cisplatin decreased FOXG1 expression and autophagy levels, and that H3K9me2 played a role in cisplatin-induced ototoxicity. Reduced FOXG1 expression resulted in a series of miRNA changes that reduced autophagy activity and led to ROS accumulation and subsequent cochlear HC death. Following miRNA inhibition, autophagy levels decreased, but ROS levels and the apoptosis ratio increased, leading to HC death (Figure 10). By epigenetic regulation, we found that combining G9a inhibition with cisplatin has the potential to rescue hearing trauma and sensory hair cells loss. This protocol might represent an improvement for patients to limit chemotherapy-induced hearing loss. Our study has identified a potential target for future auditory HC protection against cisplatin injury.


[image: Figure 10]
FIGURE 10
 Mechanism of FOXG1-related epigenetic modifications in cisplatin-induced HC damage.




Materials and methods


Animals

Six-week-old male SPF-grade CBA/CaJ mice (RRID: IMSR_JAX:000654) were obtained from SPF (Beijing) Biotechnology Co. They were kept for 1 week after purchase to allow them to adapt to the environment before the experiments began. All experimental work passed the ethical review for animal experiments and was conducted according to Committee on Animal Research policies at Tongji Medical College, Huazhong University of Science and Technology.



Drugs

Cisplatin was obtained from Yunnan Botanical Pharmaceutical Co., furosemide from Henan Runhong Pharmaceutical Co., and BIX01294 from APExBIO (cat no. A1909).



In vivo drug treatment

The in vivo experiments used male SPF-grade CBA/CaJ mice. The cisplatin group were given furosemide and cisplatin to create the animal model. First, furosemide at 200 mg/kg was injected intraperitoneally. Next, half an hour later, cisplatin at 0.5, 1, 1.5, or 2 mg/kg was given subcutaneously. Then, 1 h later, 0.5 ml isotonic sodium chloride solution was given intraperitoneally. The control group was injected with isotonic sodium chloride solution. All injections were performed for three consecutive days. In the cisplatin +BIX01294 group, BIX01294 at 20 mg/kg or 40 mg/kg was injected intraperitoneally. BIX01294 was injected on the day before the start of cisplatin injection and half an hour before each furosemide injection.



ABR

The ABR was measured before and 3 days after treatment. After anesthesia induction, the mice were placed in a soundproof room and kept warm with a warm water bag. Electrodes were inserted into the ear to be tested, the contralateral ear, and subcutaneously in the middle of the head. A TDT device measured the click ABR and tone burst ABR at 8, 16, 24, 32, and 40 kHz. Each frequency was measured from 90 dB and lowered by 10 dB each time until there was no response to determine the threshold for each frequency.



Cell culture

The OC-1 cells were cultured in a 37°C incubator with 5% CO2 in a complete culture medium of high-glucose DMEM (Hyclone) supplemented with 10% fetal bovine serum (Gibco) and 50 units/ml penicillin. Cultured cells were passaged when they reached 80%−90% confluence. Cells were digested with 0.25% trypsin, and the digestion was terminated with the complete medium. The cells were collected in a 5 ml EP tube, centrifuged at 1,500 rpm for 5 min at room temperature, and the supernatant was discarded. Thereafter, 2 ml of the complete culture medium was added to resuspend and inoculate an appropriate amount in a 10 cm Petri dish.



CCK-8

The cells were seeded in 96-well plates at the appropriate density and treated with the appropriate drugs 24 h after inoculation. Each group comprised six sub-wells. After treatment, the drugs were removed, and 100 μl DMEM containing 10% CCK-8 reagent was added to each well. Each well's absorbance at 450 nm was measured after 30 min and 1 h in the 37°C incubator.



Transfection

siRNA-Foxg1 was designed and synthesized by Tsingke Biotechnology Co. to knock down Foxg1 expression in OC-1 cells, Foxg1 overexpressing plasmid was designed and synthesized by Shanghai GenePharma Co. to upregulate Foxg1 expression. The miRNA inhibitors and miRNA mimics were designed and synthesized by Guangzhou RiboBio Co. to inhibit or increase target miRNA expression. The OC-1 cells were passaged, seeded in six-well plates for 24 h, cultured to 50%−60% confluence, and transfected in Opti-MEM using lipo3000 reagent. At 6–8 h after transfection, the Opti-MEM was replaced with the complete culture medium.



Rt-PCR

Total RNA was extracted from cells using TRIzol reagents. A miRNA rt-PCR reagent (Guangzhou RiboBio Co.) and a reverse transcription kit (Takara) to perform miRNA reverse transcription and rt-PCR.



Protein extraction

Cells were digested using 0.25% trypsin, which was stopped using a complete culture medium. Briefly, cells were collected in a 1.5 ml EP tube, centrifuged at 1,500 rpm for 5 min at room temperature, and the supernatant was discarded. Next, cells were resuspended in a RIPA buffer containing phosphatase inhibitors, protease inhibitors, and PMSF and left to lyse on ice for 20 min. Then, a 5 × loading buffer was added to the lysed mixture, which was boiled at 95°C for 15 min and stored at −20°C.

The cochlea was dissected, removed, and soaked in phosphate-buffered saline (PBS). Next, a pre-chilled RIPA buffer containing phosphatase inhibitors, protease inhibitors, and PMSF was added. Then, the cochlea was crushed and sonicated at 20% energy for 5 s before centrifugation at 12,000 rpm and 4°C for 10 min in a low-temperature high-speed centrifuge. Finally, the supernatant was aspirated, and a 5 × loading buffer was added to the mixture, which was boiled at 95°C for 15 min and stored at −20°C.



Western blotting

SDS-PAGE gel electrophoresis was performed to separate the proteins. The proteins on the gel were transferred to PVDF membranes, which were blocked with 5% nonfat milk in TBST for 1 h at room temperature on a shaker. The membrane was placed in the primary antibody, incubated overnight using a refrigerator shaker, washed three times with TBST for 5 min each, and then incubated with a 1:5,000 secondary antibody for 1 h at room temperature. Washing with TBST was performed thrice for 5 min each, and exposure to film was achieved using an ECL solution in a dark room. The films were developed, fixed, and air dried. After scanning the films, we analyzed the immunoblot bands using Image J. The primary antibodies used were anti-FOXG1 antibody (Abcam, ab18259), anti-LC3B antibody (Sigma-Aldrich, L7543), anti-G9a antibody (Abcam, ab185050), and anti-H3K9me2 antibody (Abcam, ab176882).



Flow cytometry

Mito-SOX Red (Thermo Fisher Scientific) was used to analyze mitochondrial ROS production. After trypsinization, the OC-1 cells were collected via centrifugation and washed with PBS. The cell pellets were then resuspended in a solution containing Mito-SOX Red for 15 min at 37°C in the dark and analyzed via flow cytometry (FACSCalibur, BD Biosciences,).

FITC/annexin V (BD Biosciences) was used to analyze apoptosis and PI to differentiate between live and dead cells. The OC-1 cells were trypsinized and collected via centrifugation at 1,000 rpm for 5 min, washed with PBS, resuspended in binding buffer, and aliquoted at 1 × 105 cells (100 μl) into a 5 ml flow tube. FITC/annexin V and PI were added to the tube, and the mixture was vortexed gently, incubated at room temperature for 15 min in the dark, and analyzed via flow cytometry within 1 h.



TEM

The OC-1 cells were fixed in 2.5% glutaraldehyde (Sigma-Aldrich) for 24 h and 1% osmic acid (Sigma-Aldrich) for 1–2 h, dehydrated with acetone (Sinopharm Chemical Reagent), and embedded with Araldite CY212 (TAAB). Ultrathin sections were stained with alcohol uranyl acetate (Polysciences) and alkaline lead citrate (Sigma-Aldrich). The sections were gently washed with distilled water and observed under a JEM 1230 transmission electron microscope (JEOL Ltd.).



Immunofluorescence staining

Anti-FOXG1 antibody (Abcam, ab18259), anti-LC3B antibody (Sigma-Aldrich, L7543), anti-H3K9me2 antibody (Abcam, ab176882), Moysin7a (Proteus Biosciences, 25-6790), rhodamine phalloidin (Yeasen), and DAPI (Solarbio) were used to analyze the FOXG1 expression and detect autophagy, H3K9me2, HCs, and microfilament structure and nucleus, respectively.

The samples were incubated in 4% paraformaldehyde (Sigma-Aldrich) for 1 h and then blocked with 0.5% Triton X-100 (blocking medium) for 1 h. The primary antibodies were then added at a 1:400–1:1,000 dilution and incubated overnight at 4°C. The samples were washed thrice with PBST, incubated with fluorescent secondary antibodies for 1 h at room temperature in the dark, rewashed thrice with PBST, and reincubated with rhodamine phalloidin and DAPI for 30 min in the dark. After sealing the slides with clear nail polish, we imaged them using a confocal microscope.



Data analysis

All data were presented as means ± SDs. All experiments were repeated at least thrice. Statistical analysis was performed using Microsoft Excel and GraphPad Prism 8. Statistical significance was determined using a two-tailed unpaired t-test when comparing two groups and using one-way ANOVA and Dunnett's multiple comparison test when comparing more than two groups. p-values of <0.05 were considered statistically significant.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author/s. The raw data from the figures presented in the study are publicly available. This data can be found here: https://www.jianguoyun.com/p/DSZBQ_EQmd-ECxjv094EIAA.



Ethics statement

The animal study was reviewed and approved by the Committee on Animal Research of Tongji Medical College, Huazhong University of Science and Technology.



Author contributions

W-jK and Z-hH conceived and designed the study and reviewed and edited the manuscript. Y-rM, S-yZ, ML, Y-yD, and XH performed the experiments. Z-hH, Y-rM, and S-yZ analyzed the data and wrote the manuscript. All authors have read and approved the published version of the manuscript.



Funding

This work was financially supported by the National Natural Science Foundation of China (Nos. 81873700, 82222017, and 82271183), Hubei Province's Key Research and Development Program (No. 2022BCA046), the Fundamental Research Funds for the Central Universities (2042022kf0059), and the Knowledge Innovation Program of Wuhan-Shuguang (2022020801020493).



Conflict of interest

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



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2023.1064579/full#supplementary-material

SUPPLEMENTARY FIGURE 1. Cell viability and apoptosis flow cytometry results for the OC-1 cells treated with different BIX01294 concentrations. (A) CCK-8 cell viability after treatment with different BIX01294 concentrations for 24 h. (B) Annexin V flow cytometry of apoptosis in cells treated with different BIX01294 concentrations for 24 h. (C) Quantification of the apoptosis ratio in (B). (D) Quantification of the cell death ratio in B. *p < 0.05, **p < 0.01, ***p < 0.001.

SUPPLEMENTARY FIGURE 2. Mito-SOX flow cytometry of OC-1 cells treated with BIX01294. (A) ROS level of treated with different BIX01294 concentrations for 24 h. (B) Quantification of the data in A. *p < 0.05.
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Frequencies 0.25 KHz 0.5KHz 1KHz 2KHz 4KHz 8KHz

Group 1 (dB) 15.75'% 312 20.50 £+ 1.10 20.50 £ 2.50 20.75 4+ 0.90 2025 +1.21 35.75 £ 0.63
Group 2 (dB) 25.29 £+2.50 25.29 £0.87 20.37 £1.20 25.33£0.75 35.33 £02 38.37 £1.50

The average postoperative differences in A-B gap: group 1 (dB) 22.25 + 1.59; group 2 (dB) 28.33 & 1.10. t = 3.772, P < 0.05.
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Groups Striolar HCs% Extrastriolar HCs% Striolar SCs% Extrastriolar SCs%

Dual AAV-CAG-2w (N =5) 23.14£225 27.05£2.10 57.65+7.21 60.33 £ 5.69
Dual AAV-CMV-2w (N = 5) 31.14 £ 4.02 27.31 £3.05 49.27 £ 10.05 55.17 £8.29
Neonatal-2w (N = 5) 52.88 £3.11 4493 +2.06 71.92 £5.47 7211 £3.61
Damaged-2w (N = 6) 56.78 £ 8.15 59.28 £7.81 66.18 £ 6.02 65.11 £ 6.45
Adult-3m (N = 5) 27.96 £ 4.32 33.11 £ 1.40 64.96 £ 5.13 74.71 £ 3.64
Neonatal-3m (N =5) 35.60 &£ 5.60 3143 +£4.38 4441 £8.72 45.68 £9.32
Damaged-3m (N = 5) 36.13 £ 3.60 39.15+£4.03 66.57 £ 4.52 65.88 £ 4.36
Sequential-2w (N = 6) 38.87 £1.25 37.59 £ 0.55 75.46 £ 2.99 71.96 £ 3.51
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Frequencies 0.25 KHz 0.5KHz 1KHz 2KHz 4KHz 8KHz

Group 1 (dB) 40.66 £+ 0.21 40.25 +0.10 40.55 + 0.75 33.64 +0.62 35.25 £0.31 40.35 £0.11
Group 2 (dB) 40.51 £0.31 40.00 £0.11 40 4+0.85 35.50 +0.52 35.50 £0.10 35.00 £0.21

The average preoperative BC: group 1 (dB) 38.45 = 0.35; group 2 (dB) 37.75 = 0.35. t = 0.207, P > 0.05.
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Frequencies 0.25 KHz 0.5KHz 1KHz 2KHz 4KHz 8KHz

Group 1 (dB) 30.55 + 1.1 35.25+0.91 20.66 £ 0.81 20.66 % 0.51 22.33£0.32 35.25 £ 0.67
Group 2 (dB) 35.25:40.55 35.25 £ 0.67 20.65 £ 0.25 20.55 +0.45 24.05£0.13 35.25 £ 0.65

The average preoperative differences in A-B gap: group 1 (dB) 27.45 + 0.72; group 2 (dB) 28.50 £ 0.45. t = 0.341, P > 0.05.
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Frequencies 0.25 KHz 0.5KHz 1KHz 2KHz 4KHz 8KHz

Group 1 (dB) 40.50 £0.11 40.50 & 0.21 30.25£0.35 35.75+0.55 35.540.10 44.00 £0.12
Group 2 (dB) 40.29 £ 0.41 40.37 £0.32 35.33 £ 021 35.33£0.55 3529 £10.51 43.37 £0.10

The average preoperative differences in A-B gap: group 1 (dB) 37.75 + 0.24; group 2 (dB) 38.33 £ 0.35. t = 0.576, P > 0.05.
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Variable

Number
Age (years)

Sex

Side

Type (Dornhoffer)

Presentation

Group
Group 1 Group 2
29 36
514+17.0 49 +1.33
Male 15 Male 19
Female 14 Female 17
Right 19 Right 20
Left 10 Left 16
121 123
118 I12
110 II1
With vertigo 5 With vertigo 9
Without vertigo 24 Without vertigo 27
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Frequencies 0.25 KHz 0.5 KHz 1 KHz 2 KHz 4KHz 8 KHz

Groupl (dB) 35.29 £0.56 35.37 £0.52 30.33 £ 047 25.33+£0.72 30.29 £0.38 37:37 £0.23
Group 2 (dB) 35.00 £+ 1.20 30.50 £+ 0.39 30.75 £ 0.55 30.50 4 0.84 35.25 £ 0.46 37.50 £+ 0.88

The average preoperative BC: group 1 (dB) 32.33 = 0.48; group 2 (dB) 33.25 & 0.72. t = 0.419, P > 0.05.
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Stage I: Pre-fistula (blue line)

Stage I1: Small istula 2 mm

Stage I1I: Fistula 2-4 mm

Stage IV: Invasion of one (a) or more (b) semicircular canal/s
Stage Vi

(a) Invasion of the vestibule

(b) Invasion of the vestibule and cochlea

Stage VI:

(@) Fistula limited to the stapes footplate

(b) Promontorial fistula
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GPCR family Subtypes Roles in cochlea Localization Genetic modulation References
Class B1 GPCRs
VIP and PACAP receptors VPACIR Possibly acting as neurotransmitters SGN - Feng and Liu, 2015
PACIR Protection of NIHL HC, SC, SGN, ANFE, ENE SV PACIR™/~ mice Ruel et al., 2021
TgHPACIR mice
Corticotropin-releasing factor receptors CRFR1 Maintaining normal auditory function ISC, HSC, DC, BC CRFRI~/~ mice Graham and Vetter, 2011
Involved IHC and HC innervation development CRFRI1-GFP mice
CRFR2 Constitutively modulates hearing sensitivity ISC, HSC, DC, IBC, SGNs, CC, BoC CRFR2~/~ mice Graham et al., 2010
Protection of NIHL
Calcitonin receptors CGRPR Associated with increased cochlear nerve activity - - Dickerson et al., 2016

SGN, Spiral Ganglion Neuron; HC, hair cell; SC, supporting cell; ANE, afferent nerve fiber; ENF, efferent nerve fiber; SV, Stria Vascularis; ISC, inner sulcus cell; HSC, Hensen cell; DC, Deiters’ cell; BC, border cell; IBC, inner border cell; CC, Claudius cell;

BoC, Boettcher cell.
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GPCR family

Class B2 GPCRs
Adhesion G protein-coupled receptor C

Adhesion G protein-coupled receptor V

Adhesion G protein-coupled receptor A

Subtypes

CELSR1

VLGR1

GPR125

Roles in cochlea

Guide OHC orientation

Involved in the stereociliary development of hair cells

Cause Usher syndrome type IIC (USH2C) in humans

No effect on cochlear development and hearing

HC, hair cell; SC, supporting cell; OHC, outer hair cell; SGN, Spiral Ganglion Neuron; IC, interdental cell.

Localization

HC, SC

HC

OHC, SGNS, IC

Genetic modulation

CELSRI~/~ mice
CELSRICrh/Crsh mouse
CELSRIS¥/59 mice
VLGRI™/~ mice
VLGR1/delTM7 mice
VLGRIBUB/BY mice
VLGRIF& mice
GPR125~/~ mice

Gprl 25tacz/lacZ mice

References

Duncan et al.,, 2017
Curtin et al., 2003

Yagi et al., 2005
McMillan and White, 2004

Skradski et al., 2001

Sun et al., 2021
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GPCR family

Class C GPCRs

Metabotropic glutamate receptors

GABA B receptors

Calcium-sensing receptors

Class C Orphans receptors

Subtypes

mGluR1

mGluR2

mGluR4
mGluR7

mGluR8
GABA B(1a,2)

CaSR

GPR156

Roles in cochlea

Enhance efferent inhibition of IHCs

Promote excitatory neurotransmission in SGN I

Inhibit efferent dopamine release onto IHCs

Associated with ARHL and NIHL

Knockout results in hearing deficits

Affect OHC function

Modulate the strength of the SGN-HC synapse

Maintain cochlear Ca>* homeostasis

EMX2 > GPR156 > Gu; signaling cascade is

required for HC orientation

Localization

SGN, HC

SGN 1, efferent lateral olivocochlear
GABAergic fiber

IHC
HC

HC
SGN

Fibrocytes of the spiral ligament and spiral
limbus, SMC of the spiral modiolar arteries
and epithelia of the osseous spiral lamina

HC

Genetic modulation

mGluR7~/~ mice

GABA BI-GFP reporter mouse
GABA Bla~/~ mice
GABA B1b~/~ mice

GPR156~/~ mice

GPR156%°"2 zebrafish
GPR156"*3%3 zebrafish

References

Yeetal.,, 2017
Peng et al., 2004

Doleviczenyi et al., 2005

Klotz et al., 2019
Changetal., 2018
Fisher et al., 2020
Klotz et al., 2019
Maison et al., 2009

Wedemeyer et al., 2013

Minakata et al., 2019

Kindt et al., 2021

SGN, Spiral Ganglion Neuron; HC, hair cell; IHC, inner hair cell; SMC, smooth muscle cell.
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GPCR family Subtypes Roles in cochlea Localization Genetic modulation References
Class F GPCRs
Frizzled receptors FZD1 - HC, SC FZD1™/~ mice Yu etal.,, 2010
FzZD2 Guide OHC orientation HC, SC, SGN I FZD2~/~ mice Yu etal., 2010
A marker as one distinct type I SGN Grandi et al., 2020
FzZD3 Guide planar polarity of HC with FZD6 HC, SC, SGN ATOHI1-Cre: FZD3~/~ mice Stoner et al., 2021
Guide Type II SGN peripheral axons turning with FZD6 NEURODI-cre: FZD3~/~ mice Wang et al., 2006
FZD3~/~ mice Ghimire and Deans, 2019
FZD3~/~; FZD6™/~ mice
FZD4 Knockout results in the late onset hearing loss HC FZD4~/~ mice Wang et al., 2001
FZD6 Guide planar polarity of HC with FZD3 HC, SC FZD6™/~ mice Wang et al., 2006
Guide Type II SGN peripheral axons turning with FZD3 FZD3~/~; FZD6~/~ mice Ghimire and Deans, 2019
FZD9 Promote hair cell regeneration IPhC, IBC, DC FZD9-CreER; ROSA26-tdTomato Mice Zhang et al., 2019
SMO Affect cochlear development: cochlear duct and saccule were absent when HC, NSC FOXG1-Cre; SMO'"0xp/ = (SMO”k”) mice Muthu et al., 2019

knockout

Affect hair cell differentiation: apical HCs appear disorganized and reduced

when knockout

Affect hearing function: hearing loss at low frequencies when knockout

Promote cochlear NSC transplantation

EMX2-Cre; SMO™/~ (SMO®*?) mice

Brown and Epstein, 2011

Tateya et al., 2013
Huang et al,, 2018

HC, hair cell; SC, supporting cell; SGN, Spiral Ganglion Neuron; IPhC, inner phalangeal cell; IBC, inner border cell; DC, Deiters’ cell; NSC, neural stem cell.
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GPCR family

Class A GPCRs

Vasopressin and oxytocin receptors

Endothelin receptors

Glycoprotein hormone receptors

Lysophospholipid (S1P) receptors

P2Y receptors (Purinergic receptors)

Subtypes

V2R

EDNRB

TSHR

S1PR1

S1PR2

S1PR3
P2YR1

P2YR2

P2YR4

P2YR6

P2YR12

Roles in cochlea

Play a role in endolymphatic hydrops (EH)

Associated with human Meniére’s disease (MD) with
hearing loss

Associated with human Waardenburg-Shah syndrome
(WS-1IV) [a kind of genetic hearing loss (GHL)]

Affect hearing function: severe congenital deafness when
knockout

SV’s melanocytes are defective and the SGN undergoes
postnatal degeneration when knockout

TSHR hyt/hyt mutant mice (autosomal recessive) develop

severe hearing loss

Affect OHC development and function

Associated with human autosomal recessive hearing loss
(ARHL)

Lead to progressive hearing loss when knockout or mutated
Affect the development of SV at the onset

Inhibit damage caused by ototoxicity

No hearing impairment phenotype when knockout

Play an important role in the burst firing before hearing
onset

Induce the propagation of Ca2+ waves

Mediate to inhibit Na+ uptake in cochlear RMs

Induce the propagation of Ca2+ waves
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drug-induced hearing impairment
Protects against noise-induced auditory cell damage

Ototoxicity induced by cisplatin treatment was inhibited,
and inflammation and oxidative stress were reduced

Anti-oxidation, prevent cell apoptosis

Protects the mouse cochlea from noise damage, cisplatin
induced ototoxicity, and age-related hearing loss, and
reduces the death of auditory cells

Coupled with G proteins that promote adenylate cyclase
Coupled with Gs proteins that promote adenylate cyclase
Coupled with G;, proteins inhibit adenylate cyclase
activity

Deleted as part of a recessive mouse mutant (hb/hb) that
exhibits severe hearing impairment

Involved in the regulation of Wnt/B-catenin activity by
playing a permissive role in the Wnt/B-catenin signaling
pathway

Regulate cochlear development and promote hair cell
regeneration

Regulation of progenitor cell proliferation
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HC, hair cell; SGN, Spiral Ganglion Neuron; SV, Stria Vascularis; SC, supporting cell; RM, Reissner’s Membrane; OHC, outer hair cell; OSC, outer sulcus cell; IHC, inner hair cell; PC, Pillar cell; DC, Deiters’ cell; HSC, Hensen cell; OC, Organ of Corti; IPC,

inner Pillar cell; SLE, spiral ligament fibrocytes.
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