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SUMMARY
Here, we present a protocol for the isolation, purification, and culture of primary marginal cells from the mouse stria vascularis, and for establishing in vitro models of oxidative stress and cellular senescence to study cochlear lateral wall disorders.

ABSTRACT
The stria vascularis is a key structure in the inner ear responsible for generating and maintaining the endocochlear potential (EP), and its dysfunction is closely associated with various forms of hearing loss. The stria vascularis is composed of marginal cells, intermediate cells, and basal cells, among which marginal cells play a central role in the generation and maintenance of the EP. Therefore, establishing an in vitro primary culture model of marginal cells is essential for investigating the biological characteristics of the stria vascularis and its involvement in hearing loss–related disorders.

In this study, we successfully isolated and cultured primary marginal cells from the stria vascularis of neonatal mice. Strial tissues were obtained by microdissection, digested with type II collagenase, and purified by differential plating to remove most fibroblasts, with cultured cells reaching over 80% confluence by day 7. Immunofluorescence staining demonstrated stable expression of cytokeratin 18 (CK18) and potassium voltage-gated channel subfamily Q member 1 (KCNQ1), confirming successful isolation, high purity, and preserved physiological function of marginal cells.

Based on this model, in vitro oxidative stress and cellular senescence models were established using hydrogen peroxide (H₂O₂) and D-galactose, respectively. Treated cells exhibited significantly increased intracellular reactive oxygen species (ROS) levels and senescence-associated β-galactosidase (SA-β-gal) positivity, indicating high sensitivity of primary marginal cells to oxidative stress and senescence-inducing stimuli. Collectively, this study establishes a stable and reproducible system for the culture and modeling of mouse primary marginal cells, providing a reliable in vitro platform for investigating stria vascularis dysfunction and related mechanisms.

INTRODUCTION
[bookmark: _Hlk216867820]In the auditory system, various tissues within the cochlea work in concert to convert complex sound waves into electrical signals1. The stria vascularis regulates the ionic composition of the endolymph and generates the Endo-cochlear Potential (EP), thereby maintaining cochlear homeostasis and ensuring the normal function of inner and outer hair cells. It is composed of three distinct cell types: marginal cells, intermediate cells, and basal cells. Marginal cells form a polarized epithelial monolayer that directly faces the endolymph and is sealed by tight junctions. The basolateral membrane of marginal cells is enriched with two key potassium transporters, Na⁺/K⁺-ATPase and NKCC1, which are involved in regulating sodium and potassium ion transport in the stria vascularis. The function of Na⁺/K⁺-ATPase has been demonstrated to be directly associated with the EP2,3. KCNQ1/KCNE1 K⁺ channels are located at the apical membrane of marginal cells and generate an additional K⁺ diffusion potential that contributes to the formation of the EP. Therefore, the EP relies on an electrically isolated space and two K⁺ diffusion potentials in the stria vascularis4. Thus, marginal cells are the key cells responsible for generating and maintaining the EP.

The stria vascularis (SV) has been demonstrated to play a critical role in the pathogenesis of multiple disorders associated with sensorineural hearing loss (SNHL), including age-related hearing loss (ARHL), noise-induced hearing loss (NIHL), hereditary hearing loss (HHL), and drug-induced hearing loss (DIHL). In addition, several other hearing disorders, such as autoimmune inner ear disease (AIED), autoinflammatory inner ear disease (AID), and Ménière’s disease (MD), although etiologically distinct, have also been shown by recent studies to involve the SV in their underlying pathogenic mechanisms5,6. Therefore, establishing reliable cellular models for investigating the pathogenesis of hearing loss is essential. Studies have demonstrated that reduced marginal cell density serves as a strong predictor of the Endo-cochlear Potential (EP) throughout the murine lifespan, while the atrophy of the stria vascularis represents an early characteristic lesion in ARHL7,8. In vitro culture of marginal cells can provide a reliable model for studying the pathogenesis of ARHL and exploring potential therapeutic targets. Beyond ARHL, recent studies have revealed a high correlation and possible underlying relationship between the stria vascularis and other auditory disorders, suggesting that in vitro marginal cell models may have broader applications5,9,10.

This study describes a protocol for the dissection and culture of the stria vascularis from neonatal mouse cochleae, followed by the purification of marginal cells using differential plating, thereby providing a reliable cellular model for research on stria vascularis-related pathologies.

PROTOCOL
The neonatal mouse pups (P0-3) were provided by Biont. All experimental procedures were in compliance with the Guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication, revised 2011) and approved by the Animal Ethics Committee of Renmin Hospital of Wuhan University (WDRM202400019).

1. Sterilization and material preparation

1.1 Prepare the dissection tools, including two pairs of micro-dissection forceps, one pair of standard forceps, one pair of surgical scissors, and one pair of micro-dissection scissors. Sterilize all tools using an autoclave and dry them in a 60 °C incubator for 4 h.

1.2 Prepare 100 mL of epithelial cell medium-animal (EpiCM-a medium) according to the manufacturer's instructions. Add fetal bovine serum (FBS), epithelial cell growth supplement (EpiCGS-a), and penicillin/streptomycin solution to the basal medium to achieve final concentrations of 2% FBS, 1% EpiCGS-a, and 1% penicillin/streptomycin.

1.3 Disinfect the stereomicroscope stage and housing with 75% ethanol. Then, place the autoclaved dissection tools and the disinfected microscope inside a biological safety cabinet. Expose all items to UV light for 30 min to ensure complete sterility before initiating the dissection procedure.

2. Dissection and temporal bone isolation for auditory epithelium collection

2.1 Euthanize neonatal mouse pups (P0-3) after 4% isoflurane anesthesia, disinfect with 75% ethanol, and perform decapitation on ice. Use other ethically approved methods if required.

2.2 Immobilize the head with fingers, open the scalp along the sagittal suture using micro-dissection scissors, separate the scalp bilaterally with fingers, and excise it.

2.3 Bisect the neonatal mouse's head along the midline using micro-dissection scissors. Remove brain tissue with forceps to expose the temporal bones (Figure 1A).

2.4 Observe bilateral temporal bones at the cranial base, remove other unnecessary bones, and retain the temporal bone tissue containing the cochlea (Figure 1B).

2.5 Transfer one temporal bone to a 35 mm sterile dish containing fresh Hank's Balanced Salt Solution (HBSS) on ice.

2.6 Transfer the other temporal bone under the microscope, secure the temporal bone tissue with one pair of forceps, and use another pair to perform blunt dissection of the surface muscle tissue until the white semicircular ossicle ring is visible (Figure 1C). After confirming cochlear positioning, continue blunt dissection downward until translucent cochlear tissue is observed (Figure 1D).

NOTE: Steps 2.6-2.7 should be performed on ice.

2.7 Using micro-dissection forceps, carefully remove a small piece of the bone wall at the apical turn of the cochlea, gently insert one side of the forceps into the cochlea, and separate the bone wall from the membranous labyrinth. Remove the bone wall and extend the membranous labyrinth tissue in fresh Hank's Balanced Salt Solution (HBSS) (Figure 1E).

2.8 Secure the basilar membrane with one pair of forceps, and carefully separate the stria vascularis with another pair of forceps. Transfer it to a 1.5 mL microcentrifuge tube containing 1 mL of 1mg/mL collagenase type II solution placed on ice (Figure 1F).

2.9 Repeat the above steps to harvest the stria vascularis from the other side.

3. Enzymatic disaggregation for obtaining marginal cells of stria vascularis

3.1 Incubate the microcentrifuge tube containing the harvested tissue in 1mg/mL collagenase type II solution at 37 °C for 30 min. 

NOTE: The collagenase type II solution was prepared by diluting collagenase type II in phosphate-buffered saline (PBS; 2.7 mM KCl, 2.0 mM KH₂PO₄, 137 mM NaCl, 10 mM Na₂HPO₄).

3.2 Centrifuge the tube at 300 × g for 8 min.

3.3 Carefully remove the supernatant. Add 1 mL of culture medium, gently triturate to resuspend the cells, and centrifuge again at 300 × g for 8 min.

3.4 Aspirate the supernatant and add 1 mL of fresh culture medium to terminate digestion. Triturate to obtain a single-cell suspension, transfer the suspension to a 15 mL conical tube, and add additional medium to adjust the total volume to 10 mL.

3.5 Mix the cell suspension thoroughly by repeated pipetting, then transfer 1 mL of the suspension to each well of a 6-well plate. Culture the cells in 2 mL of DMEM supplemented with 2% FBS, 1% EpiCGS-a, and 1% penicillin/streptomycin solution at 37 °C in a 5% CO₂ incubator.

3.6 Replace the medium daily and monitor cell status. Clustered growth of marginal cells can typically be observed 2 days after plating.

4. Purification of marginal cells

4.1 On day 3 of culture, observe the appearance of numerous spindle-shaped fibroblasts surrounding the cobblestone-like clusters of marginal cells (Figure 2B).

4.2 Exploiting differences in adhesion rates, gently pipette to partially remove the spindle-shaped fibroblasts. Using a 1 mL pipette, gently flush the D-Hanks’ balanced salt solution over large areas in each of the four quadrants. Monitor the cell purification under a microscope, and adjust the force and direction of pipetting accordingly. Generally, large-area flushing is performed twice. After each round, examine the fibroblast density microscopically; based on these observations, apply localized gentle pipetting to densely populated fibroblast areas to achieve a sparse and uniform distribution across the culture dish.

NOTE: An appropriate density of fibroblasts was retained, as complete removal or excessive purification may restrict the growth of primary cells. We recommend maintaining an approximate 2:1 ratio of marginal cells to fibroblasts.

4.3 Cease purification when fibroblasts appear sparsely distributed among marginal cell clusters under microscopic examination. Remove the supernatant and add 2 mL of fresh culture medium to continue cultivation.

5. Immunofluorescence staining

5.1 On day 2 post-purification, examine cell morphology under a microscope. When observing adequate cell cluster formation and appropriate density, aspirate culture medium and wash cells three times with phosphate-buffered saline (PBS, pH 7.4).

5.2 Fix cells with 4% paraformaldehyde for 15 min at room temperature. After removing fixative solution, wash cells three times with PBS (5 min per wash).

5.3 Permeabilize cells with 0.5% Triton X-100 for 15 min. Remove the solution and wash cells three times with PBS (5 min per wash).

5.4 Block cells with PBS containing 10% goat serum for 30 min at room temperature.

5.5 Incubate cells with rabbit anti-mouse CK18 monoclonal antibody (diluted 1:300 in PBS containing 3% goat serum) overnight at 4 °C.

5.6 Wash cells three times with PBS (10 min per wash). Incubate with Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (diluted 1:300 in PBS) for 1 h at room temperature.

5.7 Remove secondary antibody and wash cells three times with PBS (10 min per wash).

5.8 Apply 1-2 drops of antifade mounting medium containing DAPI onto slides, mount coverslips, and examine specimens using a confocal laser scanning system.

NOTE: Except for washing steps, all incubation solutions, including antibodies, were added in volumes sufficient to completely cover the cells.

6. H₂O₂ treatment and ROS staining

6.1 After 7 days of culture, when MCs have formed a confluent monolayer, induce oxidative stress by treatment with 1 mM H₂O₂. Prepare the 1 mM working solution by diluting the 30% H₂O₂ stock solution 1:1000 in epithelial cell medium. Incubate the experimental groups with this working solution, while treating control groups with epithelial cell medium alone.

6.2 Following 16 h of treatment, carefully remove the medium and wash the cells with PBS. Evaluate intracellular ROS levels in MCs using a Reactive Oxygen Species Assay Kit according to the manufacturer's protocol.

6.3 Remove the culture medium, then add diluted MitoTracker Red CMXRos (a mitochondria-selective dye) and DCFH-DA to the cells, and incubate at 37 °C in a cell culture incubator for 30 min.

6.4 Wash the cells three times with PBS (5 min each), mount the coverslips, and observe the samples using a confocal laser scanning microscope.

7. D-galactose treatment and SA-β-gal staining

7.1 After 7 days of culture, when MCs form a confluent monolayer, D-galactose powder was dissolved in EpiCM-a medium to prepare a 40 mg/mL D-gal working solution. Incubate experimental groups with this solution (2 mL per well of a 6-well plate, 48 h, at 37 °C) to induce cellular senescence, while treating control groups with the same volume of Epi medium alone.

7.2 Following 48 h of treatment, carefully remove the medium and wash cells with PBS. Assess cellular senescence in MCs using the SA-β-gal staining kit according to the manufacturer's instructions.

7.3 Fix cells with fixative solution for 15 min at room temperature. After removing the fixative, wash cells three times with PBS (5 min per wash).

7.4 Incubate cells with SA-β-gal staining working solution containing 5% X-Gal (1 mL per well of a 6-well plate) overnight at 37 °C in a humidified incubator without CO₂.

7.5 Capture images of SA-β-gal staining under bright-field illumination using a microscope.

8. Statistical analysis

8.1. For comparisons between H₂O₂-treated and control groups regarding mean immunofluorescence intensity of ROS staining, and between D-galactose-treated and control groups regarding the proportion of SA-β-gal-positive cells, apply t-tests following assessments for normality and log-normality.

REPRESENTATIVE RESULTS

Growth and morphological characteristics of cultured cells
Using this protocol, we successfully established primary cultures of marginal cells isolated from the murine cochlea. On day 2 of culture, light microscopy revealed that the cells had adhered to the substrate and begun to form clustered colonies (Figure 2Aa). On day 3, we purified the cells (Figure 2B). Subsequent observations over the following days revealed that the primary marginal cells underwent exponential expansion, exhibiting a characteristic cobblestone-like morphology and reaching approximately 80% confluency by day 7 (Figure 2Ab-d).

On day 2 after cell purification, immunofluorescence (IF) staining revealed CK18 expression (Figure 2C), and quantitative IF analysis showed an 85-90% CK18-positive rate, confirming that primary marginal cells of sufficient purity were obtained. 

Validation of physiological function of cultured cells
On day 2 after cell purification, KCNQ1 expression was detected by immunofluorescence (IF) (Figure 2D), and quantitative analysis showed that 85-90% of the cells were KCNQ1-positive. These results indicate that the obtained primary marginal cells expressed characteristic membrane proteins, suggesting that they retained their native physiological functions.

Oxidative stress injury in cochlear strial marginal cells induced by H₂O₂ treatment
[bookmark: _Hlk216867697]Before establishing an oxidative stress model in marginal cells using H₂O₂, we assessed the effects of different H₂O₂ concentrations on cell viability using the CCK-8 assay and determined the IC₅₀ from the dose-response curve, ultimately selecting 1 mM H₂O₂ for subsequent experiments (Figure 3A,B). In the untreated control group, DCFH-DA staining showed only low levels of green fluorescence, indicating a low basal ROS state in primary marginal cells. In contrast, H₂O₂ treatment markedly increased intracellular green fluorescence, presenting as intense diffuse or granular patterns, indicative of substantial ROS accumulation within the cells (Figure 3C,D).

Senescence induction in cochlear strial marginal cells by D-galactose treatment
Microscopic analysis revealed that D-galactose-treated marginal cells (MCs) exhibited significant morphological alterations compared to untreated controls, including cell flattening and abnormal elongation of cellular processes. Following SA-β-gal staining, the D-galactose-treated group demonstrated intense blue staining, while control cells showed minimal or negligible staining. Statistical analysis confirmed a significant increase in the proportion of SA-β-gal-positive cells in the D-galactose-treated group compared to controls (Figure 4A,B).

FIGURE AND TABLE LEGENDS
Figure 1: Procedure for temporal bone dissection and isolation of the cochlear lateral wall. (A) Decapitation of the mouse and opening of the skull along the sagittal suture. (B) Removal of brain tissue to expose the temporal bones at the cranial base. (C) The exposed ossicle ring after removal of the surrounding bone and superficial tissue of the temporal bone. (D) The bony labyrinth exposed following removal of the ossicle ring and underlying tissues. (E) The isolated cochlear duct separated from the modiolus after removal of the bony shell. (F) Careful mechanical separation of the stria vascularis (SV) from the organ of Corti (OC) using forceps, proceeding from the basal to apical turns. Abbreviations：OC = organ of Corti； SV = stria vascularis.

Figure 2: Cultured marginal cells observed under light microscopy and immunofluorescence staining for CK18 and KCNQ1. (A) (a–d) Light microscopy images showing marginal cells at 2, 4, 6, and 7 days in culture. (B) Comparison of marginal cells before and after purification on day 3: (a) before purification; (b) after purification. (C) Representative immunofluorescence image showing CK18 (green) and DAPI (blue) staining in cells on day 2 post-purification. (D) Representative immunofluorescence image showing KCNQ1 (green) and DAPI (blue) staining in cells on day 2 post-purification. Scale bar = 50 μm.

Figure 3: Cells viability after treatment with different concentrations of H₂O₂ and ROS staining following treatment with 1 mM H₂O₂. (A) Effects of different H₂O₂ concentrations on cell viability were assessed using the CCK-8 assay. (B) The impact of H₂O₂ on cell viability was analyzed by calculating the IC₅₀.  (C) Representative immunofluorescence images showing DCFH-DA (green) and Mito-Tracker (red) staining in control and 1mM H₂O₂-treated groups at day 7 of culture. (D) Statistical analysis of mean DCFH-DA (green) fluorescence intensity between control and 1mM H₂O₂-treated groups. Data are from three independent experiments and presented as mean ± SEM; ****p < 0.0001. Scale bar =50 μm.

Figure 4: SA-β-gal staining following D-galactose treatment. (A) Cellular senescence was assessed using SA-β-gal staining in control and D-galactose-treated groups at day 7 of culture. (B) Statistical analysis of the proportion of SA-β-gal-positive cells. Data are from three independent experiments and presented as mean ± SEM; ****p < 0.0001. Scale bar = 50 μm.

DISCUSSION
For decades, research on hearing loss has primarily focused on the role of sensory hair cells and their synaptic connections with spiral ganglion neurons11. Numerous published studies have been devoted to establishing and optimizing in vitro culture models of hair cells, which have played an indispensable role in investigating hair cell damage, regeneration, and the effects of ototoxic drugs12,13. However, a growing body of research and reviews has highlighted the long-overlooked critical role of the stria vascularis in the auditory system6. The stria vascularis is responsible for regulating the ionic composition of the endolymph and generating the endocochlear potential (EP), upon which hair cells depend to maintain their normal function14. Pathological studies have confirmed that aging and degeneration of the stria vascularis are early characteristic lesions in age-related hearing loss (ARHL)15. Focusing solely on hair cells while neglecting the stria vascularis is comparable to observing the end result of hearing impairment while overlooking its underlying root causes. Therefore, this study was designed to establish a method for isolating and culturing marginal cells from the murine cochlear stria vascularis, which is essential for investigating the independent role of the stria vascularis in conditions such as age-related hearing loss (ARHL).

Our protocol enables efficient acquisition of high-purity marginal cells through precise microdissection, collagenase type II digestion, and purification via differential plating. A critical technical consideration is the exceptional sensitivity of SV marginal cells to hypoxia and mechanical damage; therefore, the duration from animal euthanasia to tissue immersion in digestion solution should be minimized. During dissection, the number of neonatal pups processed simultaneously should not exceed five, ensuring the entire isolation procedure can be completed within 30 min. Furthermore, all dissection steps are performed on ice to maximize cell viability, which is crucial for subsequent successful culture. Utilizing differential adhesion rates, cell purification via trituration constitutes a critical step for obtaining high-purity marginal cells. We determined that the optimal window for purification occurs 2–3 days after initial plating. Premature purification may lead to loss of incompletely adhered marginal cells, whereas delayed purification risks excessive fibroblast proliferation and stronger adhesion, ultimately compromising marginal cell purity. The intensity of purification must be stringently controlled. We recommend performing gentle, multi-directional trituration to remove non-adherent cells while preserving a subset of fibroblasts to secrete essential growth factors and provide microenvironmental support for marginal cells. These supporting cells provide necessary growth factors and create a conducive microenvironment for marginal cell maintenance. On day 2 after purification, CK18 was selected as an epithelial marker for stria vascularis marginal cells due to its clear lineage specificity. 

Additionally, immunofluorescence staining for KCNQ1 was performed. KCNQ1 is a key potassium channel located on the apical membrane of marginal cells, essential for maintaining the Endo-cochlear potential and K⁺ recycling, and its specific expression is widely used to assess marginal cell functional status16. Our results showed clear KCNQ1-positive signals in the cultured cells, indicating that the primary marginal cells retained their core physiological properties in vitro. This confirms that our culture system provides a functionally competent and reliable in vitro model for subsequent mechanistic studies.

The primary cell culture model of the cochlear stria vascularis established in this study provides an ideal system for investigating the pathological mechanisms of ARHL. We subjected the cells to H₂O₂ treatment to induce oxidative stress, and subsequent detection revealed a significant increase in intracellular ROS levels. Furthermore, D-galactose treatment was employed to induce cellular senescence, resulting in a marked elevation in senescence-associated SA-β-gal positivity. These findings collectively demonstrate that this in vitro model effectively simulates oxidative and senescent damage to the cochlear stria vascularis, representing an ideal tool for studying the mechanisms underlying related hearing disorders.
[bookmark: _Hlk216869638]
[bookmark: _Hlk218251010][bookmark: _Hlk218251080][bookmark: _Hlk216994751][bookmark: _Hlk218251262]In studies of age-related hearing loss (ARHL), although numerous reports have investigated primary cells from rats17-19, mice offer distinct advantages in terms of strain and model resources. First, a variety of well-validated accelerated aging and age-related hearing loss models have been established in mice, including C57BL/6, CBA/J, DBA/2J, BALB/cJ, and SAMP8 strains, etc20,21. In contrast, rats currently lack mature strains with comparable accelerated aging or natural susceptibility to ARHL, and available models primarily rely on standard strains such as SD, Fischer 344, or Wistar rats22. In these rat strains, hearing decline typically begins after 12 months of age, progresses slowly, and exhibits considerable inter-individual variability. Beyond ARHL, stria vascularis atrophy or dysfunction is also a characteristic pathological feature of various forms of congenital deafness. Relevant reviews have summarized that certain congenital hearing loss pathologies are directly associated with strial atrophy or fibrosis, typically caused by mutations in genes such as GJB2, COCH, and MYH9, as well as hereditary disorders like Usher syndrome and Alport syndrome23,24. Mice also serve as primary models for studying hereditary deafness, such as GJB2- or TMC1-knockout mice, which consistently exhibit hearing deficits in vivo and have been extensively used for mechanistic studies and validation of gene therapies22. Therefore, establishing a primary marginal cell model in mice holds irreplaceable value in auditory research from both genetic and physiological perspectives. In contrast, gene-edited rat models have been less frequently applied in studies of hearing loss. Although in vitro gene editing of primary rat cells is technically feasible, this approach is limited by the short survival time of primary cells and the low efficiency of knocking out or knocking in large genes or complex regulatory elements in vitro25. 

[bookmark: _Hlk218020676]Based on our experimental experience, we found rat cochleae are larger and have clearer anatomical structures, making dissection easier and yielding a higher number of cells; however, the greater amount of connective tissue increases the likelihood of fibroblast contamination during isolation. In contrast, mouse cochleae are smaller and more technically demanding to dissect, with a higher risk of inadvertently including adjacent connective tissue, which may also result in a relatively higher proportion of fibroblasts in culture. Nevertheless, by applying differential plating and appropriate culture control, marginal cells with relatively high purity can be obtained from both species. Therefore, both animals are technically feasible for marginal cell isolation and culture. Thus, establishing and reporting methods for the primary culture and modeling of mouse marginal cells is both necessary and of significant importance for studying diseases associated with dysfunction of the cochlear lateral wall.

[bookmark: _Hlk216867914]This study has several inherent limitations. We used D-gal treatment to induce senescence in marginal cells. Our results indicate that in vitro–cultured marginal cells can recapitulate key features of cellular aging. However, aging in vivo is a complex process, and this in vitro model cannot fully reproduce the multifactorial nature and chronic progression of ARHL. In addition, the limited lifespan and proliferative capacity of primary cells resulted in markedly reduced growth and restricted passaging after day 7, limiting their utility for long-term mechanistic studies. Future efforts will focus on optimizing culture conditions through the addition of specific growth factors or the use of co-culture systems to better mimic the in vivo microenvironment and maintain cellular function and viability. We also plan to explore established immortalization strategies, including hTERT overexpression, SV40 large T antigen, or their combination26. We will attempt to apply these established systems to marginal cells to evaluate their feasibility in extending cell lifespan while preserving epithelial phenotype and specialized functions.
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